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PREFACE 

As explained in previous volumes of this series, Volumes I and II were 

written with a view to covering the fundamental ideas and current con¬ 

cepts of catalysis. The remaining volumes are intended to give the factual 

material as well as the interpretations that have been applied to specific 
fields of catalytic reactions. 

Catalytic hydrogenation has sometimes been divided into those reactions 

in which hydrogen is simply added to unsaturated bonds and those reac¬ 

tions in which, in addition, bonds are broken to form products such as 

water vapor, hydrogen sulfide, hydro-halogens or small hydrocarbons. 

Today the field of catalytic hydrogenation is even broader and can hardly 

be covered by this classification. It includes isomerization reactions that 

will take place in the presence of, but not in the absence of adequate hy¬ 

drogen; cyclization of paraffins and olefins to form cyclic compounds in the 

presence of hydrogen; and the synthesis of higher hydrocarbons, alcohols, 

and other compounds from hydrogen and simple molecules like carbon 

monoxide and carbon dioxide. Because of the complexities of any systematic 

classification that one might use and because of the difficulty of getting all 

the chapters in a given classification completed at one time, it has been 

found necessary to do a certain amount of mixing of these various types of 

hydrogenation in the three volumes (Volumes III, IV, and V) of this series 

devoted to various aspects of hydrogenation. 

Volume III included for the most part simple hydrogenation and dehy¬ 

drogenation reactions in which hydrogen is added to unsaturated bonds or 

is removed from saturated bonds to form unsaturated molecules. The only 

exception to this was a chapter on the hydrogenation of organic nitro com¬ 

pounds. Volume IV is devoted primarily to Fischer-Tropsch synthesis and 

related syntheses. Chapters 1 to 4 are given over to the Fischer-Tropsch 

synthesis reactions and catalysts. Chapter 5 covers the closely related field 

of isosynthesis, while Chapter 6 deals with the hydrogenation of carbon 

monoxide under such conditions as to produce methane as a principal 

product rather than higher hydrocarbons. Chapter 7 describes work that has 

been done on the destructive hydrogenation of high molecular weight com¬ 

pounds such as those of which coal and tar are composed. Finally, Chapter 8 

recounts the development of a process for coiling straight chain hydro¬ 

carbons into rings. This necessarily entails some dehydrogenation if the 

starting materials are saturated hydrocarbons but could take place without 

dehydrogenation if the starting materials were suitable olefins. Along 

with cyclization is considered further dehydrogenation to form aromatics 

by a reaction referred to as aromatization. 

iii 
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IV PREFACE 

Perhaps a word of explanation is needed relative to the scope of Chapter 

8. The present chapter covers the field of cyclization and aromatization up 

to the time that it became identified with the petroleum industry as a 

hydro-reforming process. This latter subject will be treated in detail in a 

later volume. 
The editor wishes to extend a special vote of thanks to the U. S. Bureau 

of Mines for permitting a group of its experienced research scientists to 

report the work on the hydrogenation of carbon monoxide and of coal. 

These subjects have long been under a detailed study by the Bureau and 

constitute good examples of some of the excellent catalytic research that 

has been done by research workers in laboratories sponsored by the U. S. 

Government. He also appreciates the willingness of Dr. H Steiner of Man¬ 

chester, England, to summarize his own and other early work in the im¬ 

portant field of cyclization and aromatization. 

As pointed out in a previous volume, each of the special fields of catalysis 

is being treated in the present series in such a way as to present not only a 

wealth of factual material but also to summarize current concepts as to 

the way in which the various reactions are probably taking place on 

catalyst surfaces. It is hoped that this blending of the practical and the 

theoretical will be useful to those in industry who are looking for new and 

profitable catalytic reactions as well as to those in and out of industry who 

are interested in the detailed mechanisms by which catalysts operate. 

Paul H. Emmett 

Baltimore, Md. 

June 15, 1956 
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CHAPTER 1 

THE THERMODYNAMICS OF THE HYDRO¬ 
GENATION OF CARBON MONOXIDE 

AND RELATED REACTIONS 

Robert B. Anderson 

Chief, Branch of Coal-to-Oil Research, Division of Solid Fuels 

Technology, Bureau of Mines, Pittsburgh, Pa. 

Introduction 

This chapter describes the thermodynamics of many organic and inor¬ 

ganic reactions a number of which occur in the Fischer-Tropsch synthesis. 

For some of those that do not occur in the synthesis, the free energy 

changes are positive and sizable yields cannot be expected. However, many 

others are thermodynamically possible but do not occur to an appreciable 

extent for kinetic reasons. When two or more reactions involving the same 

reactants are thermodynamically possible, the yields depend upon their 

relative reaction rates as well as the velocities of subsequent reactions. 

Catalysts for the hydrogenation of carbon monoxide are quite specific or 

selective with respect to both the type of molecule (paraffins, olefins, alco¬ 

hols, etc.) and the structure of its carbon chain. 

The thermodynamics of the hydrogenation of carbon monoxide have 

been discussed by Smith24 and Myddleton16; however, only relatively few 

compounds were considered by these authors. In addition, the calculations 

of Smith were based on older thermodynamic data that in some instances 

were not too reliable. Captured German documents contain two reports 

on the thermodynamics of synthesis reactions6’22. The thermodynamic 

studies of the American Petroleum Institute by Rossini and co-workers21 

have provided excellent data for a wide variety of hydrocarbons, and these 

data are the basis of thermodynamic calculations involving hydrocarbons 

reported in this chapter as well as in other recent papers on this subject20’26. 

The thermodynamic data on the synthesis of alcohols, reduction of oxides, 

and the formation of carbides and carbonyls represent what appear to be 

the best available values. For reactions described in this chapter the stand¬ 

ard state of gaseous components is 1 atm. Calculations are based on hydro¬ 

carbons and water in the vapor phase and carbon as graphite. 

1 



2 CATALYSIS 

Hydrogenation of Carbon Monoxide 

Reactions for the hydrogenation of carbon monoxide may be represented 

by Eqs. 1-3 for the formation of paraffins, monoolefins, and alcohols. 

(2n -f- 1) IIo 4" nCO = CnH2n_|-2 4~ wH20 (1A) 

2nH2 + nCO = C„H 2* + nH20 (2A) 

2nH2 + nCO = CnH2„+1OH + (n - 1) H20 (3A) 

(n 1) H2 -f" 2nCO = CnH2n+2 4~ tiC02 (IB) 

nH2 4” 2nCO = CnH2n 4~ wC02 (2B) 

(n + 1) H2 + (2n - 1) CO = CnH2„+1OH + (n - 1) C02 (3B) 

Equations marked A produce water and those marked B carbon dioxide. 

Similar equations can be written for molecules with cyclic carbon chains 

and diolefinic or acetylenic bonds. Equations 3A and 3B are identical for 

n = 1. 

Heats of Reaction 

Data on the heats of reaction are of great practical importance because 

removal of this heat is one of the most difficult engineering aspects in 

Fischer-Tropsch processes. Excessive catalyst temperatures usually lead 

to less desirable products, carbon deposition, and disintegration and de¬ 

activation of the catalyst. Enthalpies, calculated from the API thermody¬ 

namic tables21 for reactions producing hydrocarbons plus water (e.g., Eqs. 

1A and 2A) are given in Figure 1, where heat of reaction per carbon atom 

is plotted as a function of temperature. The heats of reaction vary only 

slightly with temperature. For paraffins the heat of reaction per carbon 

atom increases (becomes less negative) with increasing carbon number, and 

for olefins these heats decrease with increasing carbon number. Enthalpy 

changes for reactions yielding hydrocarbons and carbon dioxide (Eqs. IB 

and 2B), which are greater than those for the corresponding reactions pro¬ 

ducing water, many be obtained by adding the enthalpy change of the 

water-gas reaction, about 9.0 kcal, to the values given in Figure 1. They, 

too, are relatively independent of temperature and fall in the same order 

as heats for reactions producing water. The values in Figure 1 are, for 

straight-chain paraffins and 1-olefins; however, since the enthalpies for 

isomers with branched chains or the double bond in other positions differ 

by only very small amounts, these data are sufficiently accurate for most 

purposes. 
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Reactions producing elemental carbon may be represented by the follow¬ 
ing equations (the latter not involving hydrogen): 

H2 + CO = Cg + H2O (4A) 

2CO = Cg + CO2 (4B) 

Figure 1. Heats of reaction of formation of hydrocarbons by reactions of type A 

(water as the oxygenated product), expressed as kcal per mol per carbon atom of the 

hydrocarbon. Heats of reactions of type B (carbon dioxide as the oxygenated product) 

are obtained by adding the heat of reaction of the water gas reaction (w.g.) to the 

heats for reaction of Type A. 

The heats of reaction in kcal (AH values), calculated from API tables21, are 

Temperatures (°C) 

Reaction 127 227 427 

4A -31.7 -32.0 -32.3 

4B -41.4 -41.5 -41.4 

Enthalpy changes in reactions producing alcohols have been calculated 

from heat of combustion data at 18°C summarized by Hougen and Wat¬ 

son10. These values approximate the heats of reaction at higher temperatures 

since such data are usually very nearly temperature-independent. The 
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data listed below are for the production of gaseous alcohol and water vapor 

at 18°C by Eq. 3A. 

Methanol 

Ethanol 

Propanol-1 

AH, kcal/mole 

-23.9 

-58.9 

-98.0 

AH/tt, kcal/mole/carbon atom 

-23.9 

-29.5 

-32.7 

Free Energies of Reaction 

Equilibrium constants for typical Fischer-Tropsch reactions according 

to Eqs. (1A) and (IB), respectively, are defined as 

Acq = 
> pn 

CnH2n+2^H2Q 

P2n+1 pn 
h2 -to co 

and K, eq 
P CnH2n-l_2EcQ2 

Pn+l T)2n 
H2 rco 

where P is the partial pressure in atmospheres. Equilibrium constants for 

other types of hydrocarbons are defined in a similar manner. For exact 

calculations fugacities rather than partial pressures should be employed; 

however, in the range of pressures normally used in the Fischer-Tropsch 

synthesis, 1 to 40 atms., calculations based on partial pressures are usually 

sufficiently accurate. 
The synthesis reactions involve a decrease in the number of moles, hence 

equilibrium conversion at a given temperature increases rapidly with 

pressure, or at a higher pressure a given equilibrium conversion is possible 

at higher temperatures. This may be illustrated by writing the equilibrium 

constant for Eq. (1A) in terms of mole fractions, N, and total pressure, P. 

P2nKea = 
N CnH2n-f 2 A£2o 

CO 

It is difficult to specify a value of the equilibrium constant below which 

the yield is so low that the reaction may be considered to be insignificant. 

With Fischer-Tropsch catalysts known today, the upper limits of pressure 

and temperature, about 30 to 40 atms. and 400°C, are determined by 

changes in selectivity and rate of deterioration of the catalyst. For example, 

Figure 2 indicates that 80 per cent conversion of 2H2 + ICO gas to 1-de- 

cene is thermodynamically possible up to about 422, 443, or 460°C at 20, 
30, or 40 atms., respectively. 

The standard free energy change, AF°, of a chemical reaction is related 

to its equilibrium constant by the usual definition 

— AF° - RT In Keq 

Equilibrium data for the hydrogenation of carbon monoxide to hydro¬ 

carbons and water (e.g., Eqs. 1A and 2A) are presented in Figures 3 to 5, 
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Figure 2. Influence of temperature and pressure on equilibrium conversion in a 
typical synthesis reaction. 

Figure 3. Standard state free energies of formation of paraffins by reactions of 

type A (water as the oxygenated product), expressed as kcal per mol per carbon atom 

of the hydrocarbon. Standard state free energies of reactions of type B (carbon dioxide 

as the oxygenated product) may be obtained by adding the free energy of the water 

gas reaction (w.g.) to the free energies of reactions of type A. 
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where the standard free energy change per carbon atom of the hydrocar¬ 

bon, AF°/n, is plotted as a function of temperature. For reactions of type 

IB and 2B, producing hydrocarbon and carbon dioxide, AF°/n may be 

obtained by adding AF° for the water-gas reaction (w.g.) to values given 

in Figures 3 to 5. Figures 3 and 4 show data for n-paraffins and 1-olefins 

TEMPERATURE, *C. 

Figure 4. Standard state free energies of formation of olefins by reactions of type 

A (water as the oxygenated product), expressed as kcal per mol per carbon atom of 

the hydrocarbon. Standard state free energies of reactions of type B (carbon dioxide 

as the oxygenated product) may be obtained by adding the free energy of the water 

gas reaction (w.g.) to the free energies of reactions of type A. 

only, because these values usually differ from those of branched or double¬ 
bond isomers by very small amounts. 

The plots in Figures 3 to 5 closely approximate straight lines. Graphs of 

this type for reactions producing hydrocarbons and carbon dioxide (type 

B) are also linear, since the AF°/n values are obtained by adding AF° 

for the water-gas reaction (which varies linearly with temperature) to the 

values for reactions of type A. AF°/n for methane is more negative than 

the values for all other hydrocarbons, and below 530°C is more negative 

than that for the formation of graphite. For paraffins the AF°/n curves are 

approximately parallel but are displaced to more positive values with in- 
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creasing carbon number. The magnitude of the positive displacement of 

these lines decreases with increasing molecular weights and the values ap¬ 

parently approach a limit near the line for w-eicosane. The slopes of curves 

for 1-olefins (Figure 4) change with increasing carbon number but appear 

to approach the same limit as the n-paraffin lines. Below 300°C, AF°/n 

Figure 5. Standard state free energies of formation of various types of hydrocar¬ 

bons by reactions of type A (water as the oxygenated product), expressed as kcal 

per mol per carbon atom of the hydrocarbon. Standard state free energies of reactions 

of type B (carbon dioxide as the oxygenated product) may be obtained by adding the 

free energy of the water gas reaction (w.g.) to the free energies of reactions of type A. 

values for olefins become more negative with increasing carbon number, 

while above 500°C (except for ethylene) they become more positive with 

increasing carbon number. For cyclic and aromatic hydrocarbons (Figure 

5), AF°/n values are approximately the same as those for monoolefins of 

the same carbon number in the temperature range of the Fischer-Tropsch 

synthesis, 200 to 400°C. Diolefins and acetylenic hydrocarbons have more 

positive AF°/n values than monoolefins. 

Free energy data for production of alcohols by Eq. (3A) are given in Fig¬ 

ure 6 which was prepared from data summarized on p. 21 of reference 25. 

Although, in general, these data are less exact than the API data on hy- 
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drocarbons21, they are probably sufficiently accurate for the present pur¬ 

poses. The standard state free energies per carbon atom, AF°/n, form a 

series of approximately parallel lines. As the carbon number increases, 

the values become more negative and possibly approach a limit somewhere 

near that for 20u, 1-eicosene. For reactions given by Eq. (3B) the free en¬ 

ergy change is computed from the data in Figure 5 by multiplying AF°/n 
by n and adding (n — 1) times the free energy change for the water-gas 

Figure 6. Standard free energy changes for reactions producing alcohols according 

to Equation 3A. 

reaction. Thus, for ethanol formed according to Eq. (3B) at 300°C AF° = 

n(AF°/n) + (n — l)AF°w.g. 

AF° = (2 X 1.0) -4.0 = -2.0 kcal/mole, 

logioAeq = 2000/2.303 RT = 0.758 

Keq = 5.7 

This value is higher than that for ethanol formed according to Eq. (3A), 
Keq = 0.18. 

Of the primary, straight-chain alcohols considered here, large equilibrium 
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yields are possible except for methanol. The equilibrium conversions of 
2H2 + ICO gas to methanol are 

Pressure, atm. (absolute) 22S°C 

% Conversion to Methanol 

250°C 300°C 

1 0.3 0.1 
10 21.7 8.8 1.3 
30 57.0 39.0 10.2 
50 55.0 22.0 

Hydrogenation of Carbon Dioxide 

The hydrogenation of carbon dioxide to paraffins and olefins can be ex¬ 

pressed by the following equations: 

(3n -b 1)H2 + nC02 = CnH2j!+2 -j- 2wH20 (5) 

3nH2 nC02 = CnH2n -f- 2wH20 (6) 

The enthalpy changes of these reactions may be obtained by subtract¬ 

ing the enthalpy changes of the water-gas reaction, about —9 kcal, from 

the value of AH/n given in Figure 1; i.e., the heats of reaction of Eqs. 

(5) and (6) are less negative by 9 kcal per mole per carbon atom than those 

for Eqs. (1A) and (2A). Similarly, the standard free energy per carbon 

atom, AF°/w, is obtained by subtracting AF° for the water-gas reaction 

from the values for AF°/n in Figures 3 to 5. Thus, at temperatures below 

800°C, AF° values for Eqs. (5) and (6) are less negative than those for 

Eqs. (1A) and (2A). 

Reactions of Water with Carbon Monoxide or Carbon 

These reactions may be represented by the following equations: 

H20 + CO = H2 + C02 (7) 

(n + 1)H20 + (3 n + l)CO = CnH2n+2 + (2 n + 1)C02 (8) 

7iH20 + 3nCO = C„H2n + 2nC02 (9) 

(n + 1)H20 + + K)Cg = C„H2n+2 + }4(n + 1)C02 (10) 

nH20 + %nCB = C„H2n + 34WC02 (11) 

In addition to reacting according to Eqs. (7), (8), and (9), water can react 

with carbon monoxide to produce formic acid, but, according to Pichler 

and Buffleb18, appreciable yields of formic acid are not produced at pres¬ 

sures and temperatures of the Fischer-Tropsch synthesis. Equilibrium con¬ 

stants and standard free energy and enthalpy changes of the water-gas 
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shift reaction, Eq. (7), are presented in Table 1. Standard free energy 

changes per carbon atom of hydrocarbons reacting according to Eqs. (8) 

and (9) are presented in Figure 7, and similar data for Eqs. (10) and (11) 

are given in Figure 8. All of these data were computed from the API 

tables21. The thermodynamics of reactions 8 and 9 have recently been dis¬ 

cussed by Koelbel and Engelhardt12. 

Figure 7. Standard free energy changes for the production of paraffins and olefins 
from water and carbon monoxide. 

The equilibrium constants of the water-gas shift reaction (Eq. 7) are 

sufficiently large at synthesis temperatures so that at equilibrium virtually 

all of the water or carbon monoxide is consumed. The reaction is mildly 
exothermic, AH ^ — 9 kcal/mole. 

Reactions of water with carbon monoxide according to Eqs. (8) and (9) 

are accompanied by more negative free energy changes and are more exo¬ 

thermic than reactions 1A and 2A by about 18 kcal per carbon atom 

of hydrocarbon, and by 9 kcal per carbon atom than reactions IB and 2B. 

The synthesis of hydrocarbons according to Eqs. (10) and (11), which 

approximate the over-all reactions involved in the production of synthetic 

liquid fuels from coal, is accompanied by positive AF°/n values at all 
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temperatures. Since there is a decrease in the number of moles in Eqs. 

(10) and (11), the extent of conversion should increase with pressure; never¬ 

theless, even at pressures as high as 1,000 atmospheres the equilibrium 

yield of hydrocarbons is low. However, coal is much more reactive than 

graphite, and with some coals these reactions may be thermodynamically 

possible. Reactions 10 and 11 are endothermic as shown by data in Table 2. 

Figure 8. Standard free energy change for the production of hydrocarbons from 

water plus carbon. 

Table 1. Thermodynamic Data for the Water-Gas Shift Reaction0 

Temp. (°C) Ke q AF° kcal/mole AH kcal/mole 

27 9.01 X 10“ -6.798 -9.837 

127 1.48 X 103 -5.800 -9.710 

227 1.32 X 102 -4.848 -9.520 

327 27.1 -3.932 -9.294 

427 9.01 -3.057 -9.051 

627 2.21 -1.415 -8.553 

827 0.949 +0.116 -8.071 

1027 0.547 + 1.557 -7.621 

a From data of Ref. 21. 

Reactions of Hydrocarbons and Alcohols 

With the exception of methane and ethane, all hydrocarbons are ther¬ 

modynamically unstable with respect to graphite and hydrogen at tempera¬ 

tures above 100°C, and the free energies of formation of methane and ethane 

become positive at about 550 and 200°C, respectively. 
The equilibrium constants of isomerization reactions of paraffins or ole¬ 

fins usually do not differ by more than a factor of ten, but in some cases 

the differences may be more than 100-fold. Equilibrium composition data 

for pentanes, pentenes, and hexanes, computed from the API tables21, 

are given in Figures 9, 10, and 11, respectively. 
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Hydrogenation of olefins is thermodynamically possible under all con¬ 

ditions normally encountered in the Fischer-Tropsch synthesis. As the 

carbon number increases from 2 to 10, the equilibrium constants for the 

reaction, 1-olefin + H2 = ft-paraffin, decrease from 8 X 107 to 1.7 X 106 

at 227°C and from 4.8 X 103 to 2.2 X 102 at 427°C. 

Alcohols can decompose in three ways: (1) dehydrogenate to an alde¬ 

hyde, (2) deformylate to an olefin or paraffin with a carbon number one 

less than that of the alcohol, or (3) dehydrate to the corresponding olefin. 

Equilibrium constants for the dehydration of alcohols are given in Table 3. 

Next, thermodynamic data are presented for a variety of reactions of 

hydrocarbons with (a) other hydrocarbons, (b) hydrogen to yield methane 

and lower saturated hydrocarbons, (c) hydrogen and carbon monoxide to 

yield higher hydrocarbons. Equilibrium constants of a number of typical 

Table 2. Heats of Reaction of Water and Carbon Yielding 

Hydrocarbons According to Eqs. 10 and 11 

Temperature = 427°C 

Carbon No. 

AH kcal/mole 

Paraffin Olefin 

i + 2.85 — 

2 + 10.9 +33.4 
3 + 17.0 +36.2 

6 +34.2 +53.9 
10 + 57.6 +77.4 

reactions between hydrocarbon molecules are given in Table 4, and similar 

data for the incorporation of hydrocarbons into the synthesis are given in 

Table 5. Free energy calculations for incorporating methane into the syn¬ 

thesis have been presented by Prettre20. Data of this type according to the 
equation 

(2 ft + 1 — 3a;)H2 + (ft — x)CO + xCH4 = CnH2n+2 + (ft — :r)H20 (12) 

are shown in Figure 12 in which the standard free energy change per mole 

of ft-decane (n = 10) is plotted as a function of temperature for values of 

x from 0 to 10. Similar data are presented in Figure 13 for the incorporation 
of ethylene by the equation 

(2n + 1 — 4y)H2 + (ft - 2y)CO + t/C2H4 

= CnH2n+2 + (ft — 2i/)H20 
(13) 

to form ft-decane with y varying from 0 to 5. Figure 14 gives the standard 
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Figure 9. Equilibrium composition of pentane isomers. 

Figure 10. Equilibrium composition of pentene isomers. 

Figure 11. Equilibrium composition of hexane isomers. 
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free energy changes per mole of w-decane for the incorporation of ethanol 

by the equation 

(2n + 1 - 4z)H2 + (n - 2z)CO + zC2H6OH 
(14) 

= C„H2n+2 + in — z) H20 

for n = 10 and z varying from 1 to 5 For reactions analogous to Eqs. 

(12) and (14), but in which carbon dioxide is produced, the standard free 

energies are more negative. 

By approximate thermodynamic methods, Wenner27 estimated the equi¬ 

librium constants of the reactions of synthesis gas with ethylene and propyl¬ 

ene to give propionaldehyde and isobutyraldehyde, respectively, to be 

Table 3. Equilibrium Constants for the Dehydration of Alcohols® 

CnH2n+1OH - C„H2„ + H20 

Alcohol 
logio Keq 

127°C 227°C 327°C 

Ethanol 0.66 1.89 2.72 
Propanol-1 2.20 3.27 3.99 
Butanol-1 1.76 2.96 3.78 
Hexanol-1 2.31 3.66 4.60 

° Equilibrium constants calculated from approximate free-energy equations of 
R. R. Wenner, Ref. 27. 

6 X KP and 2.5 X 109 at 25°C and 324 and 1.6 at 227°C. These reactions 
are typical of those occurring in the oxo synthesis. 

General Conclusions Based on Thermodynamics of Synthesis 

Reactions 

1. Reactions producing carbon dioxide (Eqs. IB and 2B) have more 

negative AF° values (larger equilibrium constants) than corresponding 
reactions producing water (Eqs. 1A and 2A). 

2. The standard free energy changes per carbon atom, AF°/n, for re¬ 

actions producing methane are more negative than for corresponding re¬ 

actions producing higher hydrocarbons. The free energy of formation of 

carbon is more negative than AF°/n values for higher hydrocarbons. Hence, 

the production of higher hydrocarbons (rather than methane or carbon) 
must depend on the selectivity of the catalyst. 

3. The equilibrium conversion of synthesis increases with pressure. 

Thus, the highest temperatures at which 80 per cent of 2H2 + ICO gas 
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can be converted to 1-decene and water are 298° at 1 atm., 443° at 30 
atms., and 474 at 50 atms. Because of detrimental effects of high pres- 

Table 4. Equilibrium Constants for Reactions Between Hydrocarbons" 

Reaction" 

27°C 

logio Kqq 

227°C 427°C 

Temperature at 
which Aeq = 1, °C 

1. CH4 C2H6 = C3H8 -)- H2 -10.453 -6.514 -4.709 >427 
2. CH4 -j- C4H10 = CfiHf; -j- H2 -10.155 -6.357 -4.614 >427 
3. CH4 -f- C8Hi8 = C9H20 “I- H2 -10.341 — 6.457 -4.684 >427 
4. CH4 + C2H4 = C3Id8 +7.096 + 1.387 -1.032 325 
5. CH4 + C4H8 = C6H12 +5.081 +0.008 -2.143 228 
6. CH4 -f- C8Hi6 = C9H20 +4.739 +0.233 -2.343 240 
7. C2H4 -(- C2Hg = C4H10 +8.826 +2.424 -0.288 398 
8. C2H4 + C4H10 = CeHi4 +9.040 +2.471 -0.300 398 
9. C2H4 -|- C8Hi8 = C10H22 +8.833 +2.353 -0.382 390 

10. 2C2H4 = C4H8 + 11.139 +3.960 +0.919 521 

11. C2H4 + c4h8 = C6Hi2 +9.202 +2.611 -0.172 410 

° Computed from data of Ref. 21. 

b All hydrocarbons in this table are w-paraffins or 1-olefins. 

Table 5. Incorporation of Hydrocarbons into the Products of 

the Synthesis" 

Reaction1* 

27°C 

logio Keq 

227°C 427°C 

Temper¬ 
ature at 
which 

•^eq = 1, 
°C 

1. CH4 -f- 4H2 “I- 2CO = C3H8 ~f“ 2H2O 26.935 6.241 -2.875 349 
2. CH4 + 3H2 + 2CO = C3H6 + 2H20 11.934 0.026 -5.268 228 

3. CH4 + 8H2 + 4CO = C6H12 + 4H20 55.897 13.675 -4.910 360 

4. CH4 7H2 4CO = C5H10 4H2O 40.825 7.466 -7.241 312 

5. CH4 + I6H2 + 8CO = C9H20 + 8H20 113.270 28.106 -9.348 363 

6. CH4 + 15H2 + 8CO = C9H18 + 8H20 98.190 21.884 -11.689 341 

7. C2H4 + 5H2 + 2CO = C4H10 + 2H20 46.214 15.179 + 1.547 >427 

8. C2H4 + 4H2 + 2CO = C4H8 + 2H20 30.977 8.814 +0.924 >427 

9. C2H4 + 17H2 + 8CO = C10H22 + 8H20 132.444 36.916 -5.047 395 

10. C2H4 + 16H2 + 8CO = C10H20 + 8H20 117.364 30.694 -7.388 376 

11. C4H8 + 13H2 + 6CO = C10H22 + 6H20 101.467 28.103 -4.123 393 

12. C4H8 + 12H2 + 6CO = Ci0H20 + 6H20 86.387 21.880 -6.464 368 

" Computed from data of Ref. 21. 

6 All hydrocarbons in this table are w-paraffins or 1-olefins. 

sures and temperatures on the stability, selectivity, and activity of cata¬ 
lysts, the upper ranges of possible temperature and pressure are not ap¬ 
proached in usual synthesis processes, the practical upper limits for iron 
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Figure 12. Standard free energy changes in the incorporation of methane. 

Figure 13. Standard free energy changes in the incorporation of ethylene. 
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catalysts being about 400°C and 30 to 40 atms. The upper limits of tem¬ 

perature and pressure for cobalt and nickel are considerably lower than 
for iron. 

4. In the above ranges of temperature and pressure, sizable yields are 

thermodynamically possible of all types of hydrocarbons with the excep¬ 

tion of acetylene. The equilibrium constants of cyclic and aromatic hydro¬ 

carbons, which aie found in only small amounts m Fischer-Tropsch prod¬ 
ucts, are about equal to those for monoolefins of the same carbon number 

Figure 14. Standard free energy changes in the incorporation of ethanol. 

5. The free energies of reactions resulting in hydrocarbons containing 

the same number of carbon atoms become more negative in the order: 

diolefins, monoolefins, paraffins. 

6. Large yields of alcohols, except methanol, from the hydrogenation of 

carbon monoxides are thermodynamically possible under usual Fischer- 

Tropsch conditions. The equilibrium percentages of 2H2 + ICO gas con¬ 

verted to methanol at 30 atms. are 57, 39, and 10 per cent at 225, 250, 

and 300°C, respectively. 

7. Hydrogenation of carbon dioxide to hydrocarbons or alcohols, except 

for acetylene and methanol, is thermodynamically possible under most 

synthesis conditions. 
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8. The equilibrium constants of the water-gas shift reaction, H20 + CO 

= H2 + C02, are large at Fischer-Tropsch temperatures. Hence, if equi¬ 

librium were attained for the water-gas reaction, almost all of the water 

produced by primary synthesis reactions should be converted to carbon 

dioxide. The fact that nearly all of the oxygen appears as water in the 

synthesis on nickel and cobalt, and more than 25 per cent in the synthesis 

on iron must be due to the relatively low rate of the water-gas reaction. 

9. Reactions of water plus carbon monoxide to produce hydrocarbons 

are accompanied by more negative values of AF° and AH than correspond¬ 

ing reactions of hydrogen and carbon monoxide. 

10. Reactions of water plus graphite to give hydrocarbons have positive 

values of AF° and AH. These reactions, which approximate the desired 

over-all equations for the production of synthetic fuels from coal, are 

thermodynamically impossible under all practical conditions and can pro¬ 

ceed only upon gasification of coal at high temperatures (>700°C) followed 

by synthesis at temperatures below 500°C. 

11. Equilibrium data for the isomerization of paraffins and olefins in¬ 

dicate that the concentrations of the major products of the Fischer-Tropsch 

synthesis, n-paraffins and 1-olefins, greatly exceed the equilibrium values. 

Hence, the isomer distribution results from the mechanism of chain growth 

and is not greatly affected by subsequent isomerization reactions. 

12. Hydrogenation of olefins and dehydration of alcohols are thermody¬ 

namically possible under usual synthesis conditions. Thus, alcohols must 

be a primary product of the synthesis, while olefins and paraffins may be 

produced by dehydration of alcohols and hydrogenation of olefins, respec¬ 
tively, as well as by primary reactions. 

13. Hydrocracking of paraffins (the reverse of Eqs. (1), (2) and (3) of 

Table 4) is thermodynamically possible at Fischer-Tropsch temperatures; 

but the forward reaction, combination of methane with paraffins, is not 

possible. Reactions involving the combination of two olefins or of an ole¬ 

fin with a paraffin are thermodynamically possible. 

14. The standard-state free energy changes for reactions of methane, 

hydrogen, and carbon monoxide become more positive with increasing 

ratios of moles of methane to carbon atoms in the hydrocarbon. Befow 

300°C the reactions are thermodynamically favorable up to a ratio of 0.3. 

15. Reaction of any amount of ethylene or ethanol with hydrogen- 

carbon monoxide mixtures is thermodynamically possible at all Fischer- 

Tropsch temperatures. The incorporation of methanol is thermodynami¬ 

cally favored over that of ethanol, while higher alcohols are less likely to 

be incorporated. Similarly, ethylene has a greater thermodynamic tend¬ 
ency to incorporate than higher olefins. 
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Thermodynamics of Reactions of Iron, Cobalt, and Nickel 

In the remainder of this chapter the thermodynamics of reactions of iron, 

cobalt, and nickel are considered. Apparently, data for ruthenium are not 

available; however, enough information may be gathered from its known 

behavior to predict its possible reactions in the synthesis. First, its oxide 

is easily reducible; second, carbides of ruthenium have not been prepared; 

and third, the formation of ruthenium carbonyl requires considerably higher 
pressures than necessary for the iron group elements. 

Thermodynamics of Oxides 

MFe304 + H2 = MFe + H2 (12A) 

MFeo04 + CO = %Fe + C02 (12B) 

Fe304 T" H2 = 3FeO + H20 (13A) 

Fe304 + CO = 3FeO + C02 (13B) 

FeO + H2 = Fe + H20 (14A) 

FeO + CO = Fe + C02 (14B) 

CoO + H2 = Co + HoO (15A) 

NiO + H2 = Ni + H20 (16A) 

For the foregoing reactions, equilibrium constants, defined as K = 

Vh2o/Ph2 or K — Pcoi/Pco , are plotted as functions of reciprocal tem¬ 
perature in Figure 15. The solid lines are taken from data of Emmett and 

Shultz for iron8 and cobalt7, and of Pease and Cook for nickel17. High-tem¬ 

perature measurements on cobalt by Kleppa11 and on nickel by Fricke and 

Weilbrecht9 are shown by circles. The ease of reducibility of oxides in¬ 

creases in the order iron, cobalt, and nickel. At synthesis temperatures the 

ranges of the ratio Ph2o/Ph2 are 0.013-0.14, 79-130, and 390-1400 for 
iron, cobalt, and nickel, respectively. The equilibrium ratios for iron are 

exceeded under almost all synthesis conditions, but the ratios for cobalt 

and nickel are rarely attained. The values of pcojpco required to oxidize 

the metals are 10 to 100 times greater than corresponding values for 

Ph2o/Ps.2 ■ Ferrous oxide is thermodynamically unstable below about 

570°C. Ferric oxide is readily reduced to magnetite; neither ferric nor fer¬ 

rous oxide occurs in used iron catalysts. 

Thus, the formation of oxides of cobalt and nickel is thermodynamically 

improbable in the synthesis, while the formation of magnetite depends 
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upon the partial pressures of water and carbon dioxide: (a) at very low 

partial pressures oxidation does not occur; (b) at moderate partial pres¬ 

sures iron may be oxidized by water, while the oxide may be reduced by 

carbon monoxide; and (c) at higher partial pressures oxidation by both 

water and carbon dioxide is possible. In any case, magnetite is the iron 

oxide found in used iron catalysts. Surface layers of metals appear to oxi¬ 

dize more readily than the bulk. Thus, Almquist and Black1 and Brunauer 

Figure 15. Equilibrium constants for the reduction of iron, cobalt, and nickel 

oxides. Solid curves for reduction with hydrogen, and broken curves for reduction 

with carbon monoxide. 

and Emmett4 found that the surface was partially oxidized if the Ph2o/Ph2 

was even one-thousandth of the equilibrium value for the bulk material. 

Thermodynamics of Carbides of Iron, Cobalt, and Nickel 

Thermodynamic data, chiefly from studies of Browning and Em¬ 

mett2' 3' 13, are available for Hagg iron carbide (~Fe2C), eementite (Fe3C), 

cobalt carbide (~Co2C), and nickel carbide (Ni3C). Free energies of forma¬ 

tion of these carbides are summarized in Table 6. These data are in agree¬ 

ment with older work of Watase26 on eementite and Sehenck23 on nickel 

carbide. In the Fiseher-Tropsch temperature range these carbides have 

positive free energies of formation, i.e., they are unstable with respect to 

decomposition to metal and carbon. However, reactions producing car¬ 

bides from carbon monoxide such as 
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3Fe + 2C0 = Fe3C + C02 

2Fe + 2C0 = Fe2C (Hagg) + C02 

(17) 

(18) 

have negative standard free energy changes. For Eq. (17), AF° is -16.6 

and —12.9 kcal at 227 and 327°C, respectively. For Eq. (18) AF° is —16.2 

and —12.3 kcal. No data are available for the free energy of formation of 

hexagonal iron carbide, but it is probably more positive than that of Hagg 

carbide since hexagonal carbide is known to transform to the Hagg phase 
at synthesis temperatures. 

Table 6. Free Energies of Formation of Carbides of Iron, Cobalt, 

and Nickel 

Temp. (°C) 

AF°, kcal/mole 

Cementite" 
3Fe + Cg = FeaC 

Hagg Carbide" 
2Fe + Cg = Fe2C 

Cobalt Carbide6 
2Co + Cg = Co2C 

Nickel Carbide6 
3Ni + Cg = NijC 

0 +4.487 

127 4.043 

177 +3.866 

227 3.461 3.821 +2.400 +7.127 

327 2.82 3.458 4.653 
377 3.140 

427 2.16 

° Browning, L. C., DeWitt, T. W., and Emmett, P. H., Ref. 2. 

6 Browning, L. C., and Emmett, P. H., Ref. 3. 

Browning and Emmett computed equilibrium constants for the hydro¬ 

genation of Hagg iron carbide to paraffinic and olefinic hydrocarbons as 

shown in Table 7. The bulk-phase carbide can be hydrogenated to sizable 

amounts of paraffins with carbon numbers less than 5 at 227°C, while at 

327°C only methane and ethane can be formed in sizable quantities. Ole¬ 

fins cannot be produced in appreciable quantities at any of these tempera¬ 

tures. Cementite is more stable than Hagg carbide, and its hydrogenation 

of hydrocarbons is thermodynamically less favorable. Reversing reactions 

A and B of Table 7 provides a possible method of preparing carbides. At 

327°C it is thermodynamically possible to prepare Hagg carbide and ce¬ 

mentite by treating iron with paraffins of carbon numbers greater than 2 

or with any olefin. Carbides of iron can also be produced from methane at 

this temperature; however, the rate of carbide formation is low due to un¬ 

favorable thermodynamics. Carbides are produced from methane at a 

moderate rate at 450 to 500°C but at these temperatures only cementite 
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is formed. Equilibrium calculations for the hydrogenation of cobalt and 

nickel carbides lead to the same conclusions as those for iron carbides, i.e., 

olefins and higher paraffins cannot be formed in this manner. 
These data preclude the hydrogenation of bulk-phase carbides as a step 

in the Fischer-Tropsch mechanism. However, formation of higher hydro- 

Table 7. Equilibrium Constants for Hydrogenation of Fe2C (Hagg)“ 

A. nFe2C -f- {ri T 1)H2 — C^H^.^ + 2/tFe 

B. nFe2C + nH2 = C„H2n + 2nFe 

Temp. (°C) n 

logio Keq 

Paraffins, Reaction A Olefins, Reaction B 

177 2 + 4.827 -5.19 

4 2.580 -5.28 

6 0.93 -6.80 

8 -0.85 

227 2 +2.829 -5.07 

4 0.184 -6.19 

6 -2.421 -8.65 

8 -5.136 

327 2 +0.339 -5.11 

4 -3.933 -8.03 

6 -8.190 -12.16 

8 -12.58 

377 2 -5.22 

4 -8.94 

6 -14.02 

427 2 -0.67 

4 -5.71 

6 -10.52 

8 -15.77 

“ Emmett and co-workers, Ref. 13. 

carbons from one or more interstitial carbon atoms and several carbons 

from carbon monoxide is thermodynamically possible. 

Iron carbides and metallic iron are oxidized in the Fischer-Tropsch 

synthesis. Typical equations for the oxidation of Hagg carbide by water are: 

Fe2C + %H20 - %Fe304 + Cs + %II2 (19) 

Fe2C + !>^H20 = HFe204 + CO + i>^H2 (20) 

(21) Fe2C + %H20 = %Fe*04 + MC8H18 + 3%4h2 
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AF° values for these equations are given in Table 8. Reactions according 

to Eqs. (19) and (21) are thermodynamically possible under synthesis 

conditions, Eq. (20) may proceed depending upon the concentrations of 

water, hydrogen, and carbon monoxide in the gas stream. The free energy 

changes of corresponding reactions of cementite are more negative than 

those of Hagg carbide. Similar reactions for cobalt and nickel carbides 

have positive free energy changes because the free energies of oxidation 
of these metals are more positive. 

Thermodynamics of Nitrides of Iron 

The thermodynamics of the nitrides of iron have been studied rather 

completely, but no thermal data are available for nitrides of cobalt and 

nickel. Carbonitrides of these metals have only recently been described, 
and as yet there are no thermodynamic data. 

Table 8. Free Energies for Reactions of Water with Hagg Carbide 

AF°, kcal/mole 

227°C 327 °C 

Eq. 19 -14.38 -12.56 
Eq. 20 +0.88 -0.75 
Eq. 21 -9.05 -4.81 

The following phases are known in the iron-nitrogen system: y'-(Fe4N), 

e-(~Fe3N to ~Fe2N), and f-(Fe2N). Equilibrium data for the formation 

of y'- and e-iron nitride have been determined by Lehrer14 and Brunauer, 

Jefferson, Emmett, and Hendricks5. Figure 16 presents equilibrium con¬ 
stants for the equations 

2Fe4N + 3H2 = 8Fe + 2NH3 (22) 

8Fe3N T 3H2 = 6Fe4N T 2NH3 (23) 

where Fe3N in Eq. (23) represents the lower nitrogen limit of the €-phase. 

Also included in this figure is a scale of the percentage of ammonia (in an 

ammonia-hydrogen mixture at 1 atm.) corresponding to the equilibrium 

constants. The values of the equilibrium constants and the ammonia con¬ 

tent of the gas increase with decreasing temperatures. Thus, the ammonia 

contents of ammonia-hydrogen mixtures at 1 atm. are about 37 and 30 per 

cent for formation of Fe4N and 77 and 70 per cent for Fe3N at 400 and 

444°C, respectively. Formation of e-iron nitrides of higher nitrogen con¬ 

tent requires higher ammonia concentrations than those cited above as, 
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shown in Figure 17; the concentration required to produce a nitride of a 

given nitrogen content is again lower at 444 than at 400°C. Although 

nitriding at a higher temperature is more favorable thermodynamically, 

Figure 16. Equilibrium constants of the formation of iron nitrides by Equation 22 

(Curve A) and Equation 23 (Curve B). 
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Figure 17. Equilibrium nitrogen content of iron nitrides as a function of the per¬ 

centage of NH3 in NH3-H2 mixtures. 

this advantage is counterbalanced by the fact that most catalytic materials 

decompose ammonia into nitrogen and hydrogen at an appreciable rate 

above 400°C. 

Thermodynamics of Carbonyls 

A consideration of carbonyls of the catalytically active metals is of im¬ 

portance in this discussion because (a) removal of the active metal by for- 
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mation of a volatile carbonyl is probably an important factor in limiting 

the Fischei-Tropsch synthesis to relatively low pressures compared with 

those used for the alcohol and iso-syntheses, and (b) carbonyls or carbonyl- 

type surface complexes may be intermediates in the reaction. The volatile 

carbonyls Ni(CO)4, [Co(CO)4]2, Fe(CO)5, and Ru(CO)5 are of special 

interest.. The thermodynamic tendency for their formation apparently de¬ 

creases in the above order, although equilibrium data are available only 

foi iron and nickel. In addition to these compounds a number of carbonyls 

Table 9. Formation of Iron Pentacarbonyl“ 

Fe + 5CO = Fe(CO)6 

Temp. (°C) logic Kp Temp. (°C) logic Kp 

100 -3.53 250 -11.38 
150 -6.77 300 -13.06 
200 -9.32 350 -14.48 

a H. Pichler and H. Walenda, Ref. 19. 

TEMPERATURE ,*C 

Figure 18. Equilibrium concentrations of Fe(CO)5 at different pressures and tem¬ 
peratures. 

of lower volatility are known, such as Fe2(CO)9 , as well as hydrocarbonyls 
of cobalt, Co(CO)4H, and iron, Fe(CO)4H2. 

Table 9 lists equilibrium constants for the formation of iron pentacar- 

bonyl, and Figure 18 gives equilibrium concentrations of this carbonyl as 

a function of temperature and pressure19. The solid curves Gi-G5 represent 

equilibrium concentrations at various temperatures and pressures, and 

the dotted curves D4-D4 represent the percentage of carbonyl in saturated 

vapor. The solid line connecting the intersections of corresponding D and 

G curves, denoted by I-TV, represents the maximum possible concentra¬ 

tion of carbonyl in the gas phase, because at this line the partial pressure 

of carbonyl equals its vapor pressure. A sharp vertical rise in this curve 
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occurs at the critical temperature of iron carbonyl. For iron catalysts under 

10 atms. of 1H2 + ICO gas, the equilibrium concentrations of iron penta- 

carbonyl are 10“5 and 10-8 volume-per cent at 200 and 300°C, respectively. 

The equilibrium data of Montgomery and Tomlinson15 for the formation 

of nickel tetracarbonyl are given in Table 10. These equilibrium constants 

are about 1000 greater than those for iron pentacarbonyl. 

Note: The equilibrium between dicobalt octacarbonyl and cobalt tricarbonyl ac¬ 

cording to [Co(CO)3]4 + 4 CO 2[Co(CO)4]2 in the temperature range 73° to 137°C. 

has been described by R. Ercoli and F. Barbieri-Hermitte, Atti accad. nazl. Lincei, 

Rend., Classe sci. fis., mat. e nat. 16, 249 (1954). 

Table 10. Formation of Nickel Carbonyl0 

Ni + 4CO = Ni(CO)4 

Temp. (°C) logio Kp 

20 4.64 

30 3.93 

40 3.13 

50 2.41 

70 1.18 

90 0.04 

110 -0.95 

a See Ref. 15. 
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CHAPTER 2 

CATALYSTS FOR THE FISCHER-TROPSCH 
SYNTHESIS 

Robert B. Anderson 

Chief, Branch of Coal-to-Oil Research, Division of Solid Fuels Technology, 

Bureau of Mines, Pittsburgh, Pa. 

Scope of the Chapter 

This chapter describes the development of catalysts and factors deter¬ 

mining their behavior in the hydrogenation of carbon monoxide. A brief 

history of catalysts and process development, including pertinent features 

of the design of commercial reactors and the requirements for successful 

catalysts in each reactor is presented, followed by a description of typical 

apparatus for testing catalysts and the analytical methods employed. The 

available data from tests of various types of catalyst and the factors in¬ 

fluencing their activity, selectivity, and stability are considered next. 

Cobalt and nickel catalysts, which are similar in many ways, are discussed 

first, iron catalysts next, and then ruthenium. Finally, the poisoning of 

catalysts by sulfur compounds is described. 

A large mass of data is available for tests of catalysts of different compo¬ 

sitions and modes of preparation, and the problem of presenting a readable 

and coordinated description is formidable. This difficulty arises in part 

from diversity of possible combinations, as well as from the fact that 

catalyst pretreatment and operating conditions many times produce more 

drastic changes in catalytic behavior than composition. Since the historical 

aspects are presented early in the chapter, the detailed consideration of 

factors influencing catalysts is presented in chronological order only where 

convenient, and in general the data are grouped under topics such as the 

effect of promoters, the effect of carriers, pretreatment methods, etc. 

For bibliographical information the reader is referred to the compre¬ 

hensive bibliography of the Bureau of Mines2a and to reviews cited in 

references 93a, 104a, 181, and 198a. 

The Development of Fischer-Tropsch Catalysts and 

Processes 

In 1902, Sabatier and Senderens161 reported the hydrogenation of carbon 

monoxide and carbon dioxide to methane on reduced nickel and cobalt 

29 
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catalysts at atmospheric pressure and temperatures from 200 to 300°C 

In the ensuing half century, catalysts have been developed for the hydro¬ 

genation of carbon monoxide to straight- and branched-chain olefins and 

paraffins, methanol and higher alcohols with both straight and branched 

chains, as well as other oxygenated organic molecules. To appreciate this 

development, the reader must realize that this period may be considered 

the beginning of modern catalysis. The catalytic processes for the synthesis 

of ammonia, hydrogenation of olefinic compounds, and the refining of 

petroleum were yet to be discovered. The literature of catalysts and cata¬ 

lytic reactions was very meager, and the theoretical aspects of catalysis 

were virtually unknown. Hence, the search for suitable catalysts involved 

exhaustive empirical testing, as will be indicated by the methods of de¬ 

veloping the Fischer-Tropsch catalysts described in this chapter. In a 

sense, catalyst development still follows this course, but the chemist is 

guided by the immense store of experimental and theoretical knowledge 

collected in the intervening years. 
In 1913 and 1914, patents of the Badische Analin und Soda Fabrik18 de¬ 

scribed the hydrogenation of carbon monoxide on alkali-activated cobalt 

and osmium oxides supported on asbestos at 100 to 200 atmospheres and 

300 to 400°C to liquid products containing alcohols, aldehydes, ketones, 

fatty acids, and some aliphatic hydrocarbons. 

In 1923, Franz Fischer and Hans Tropsch61 of the Kaiser Wilhelm In- 

stitut fur Kohlenforschung, Mulheim-Ruhr, Germany, reported the pro¬ 

duction of an oily liquid by the hydrogenation of carbon monoxide on 

alkalized iron turnings at 100 to 150 atmospheres and 400 to 450°C. The 

process was given the name “Synthol” and the product “Synthin.” The 

Synthin contained chiefly oxygenated molecules plus small amounts of 

hydrocarbons, similar to the high-pressure process described above18. 

However, at about 7 atmospheres, the synthol catalyst produced chiefly 

olefinic and paraffinic hydrocarbons plus small quantities of oxygenated 

organic compounds. At atmospheric pressure and low temperatures, 200 

to 250°C, nickel and cobalt catalysts produced higher hydrocarbons in 

addition to methane. However, at these relatively low pressures and tem¬ 

peratures the catalysts rapidly lost activity, and a search was started for 

improved catalysts. These early results led to the premise that high pres¬ 

sures were unsuitable for the synthesis of higher hydrocarbons, and on this 

basis catalyst tests were usually made at atmospheric pressure. The choice 

of atmospheric operating pressure, although satisfactory for cobalt and 

nickel catalysts, was not suitable for the investigation of iron catalysts, 

which operate best in the range of 7 to 30 atmospheres. As a result, the 

development of practical iron catalysts was delayed many years. 

Early catalysts of Fischer and Tropsch were made by mixing metal 
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oxides or thermally decomposing metal nitrates. The oxides were usually 

reduced in hydrogen at 350°C before use in the synthesis. The resulting 

catalysts were finely divided powders which were difficult to handle. A 

variety of methods, including pressing oxides into a cake and crushing and 

the addition of binders and carriers, were used to obtain granular catalysts. 

The first catalyst with high activity and moderately long life was the 

precipitated nickel-thoria-kieselguhr catalyst reported in 193151. The best 

of these was precipitated with potassium carbonate from a solution of 

nickel and thorium nitrates in the presence of kieselguhr and had a compo¬ 

sition of 100 Ni: 18Th02:100 kieselguhr. This catalyst, after reduction in 

hydrogen at 450°C, gave a contraction of 70 per cent at 178°C with a flow 

of 2H2 + ICO gas of 1 liter per hour per gram of nickel at atmospheric 

pressure. The yield of C5+ reached 90 grams per cubic meter, corresponding 

to about two thirds condensed hydrocarbons and one third gaseous hydro¬ 

carbons in the total product. The catalyst remained active for at least 5 

weeks. This preparation was inactive unless reduced in hydrogen prior to 

synthesis. The presence of copper decreased the activity of these catalysts. 

A cobalt:thoria:kieselguhr (100:18:100) catalyst49 prepared in essen¬ 

tially the same manner as the active nickel catalyst, proved to be even 

better. After reduction in hydrogen at 350°C, this catalyst produced yields 

of C6+ hydrocarbons as high as 100 g/m3 of 2H2 + ICO at 195°C and 

atmospheric pressure and gave an average yield of C5+ of 82 g/m3 for 2 

months. Nevertheless, at that time this catalyst was considered to be 

impractical because of the scarcity of cobalt. 

The development of nickel catalysts was continued in the direction of 

replacing the thoria with less expensive promoters. In 1932, the best nickel 

catalyst, Ni:Mn0:Al203: kieselguhr, 100:25:10:100, was tested in an at¬ 

mospheric pressure pilot plant, and yields of 70 grams of liquid hydro¬ 

carbons per cubic meter of 2H2 + ICO gas at 190 to 210°C were attained. 

In 1934, Ruhrchemie employed a catalyst of this type in a larger pilot plant 

of about 1,000-tons per year capacity, and in this study the deficiencies of 

the nickel catalyst for commercial use—poor selectivity, short life, and 

excessive loss of catalyst metal and promoters in the synthesis and re¬ 

generation—became readily apparent. 
In 1934, cobalt catalyst development was undertaken at the Ruhrchemie 

laboratory under Roelen72. Although the cobalt catalyst of Fischer per¬ 

formed satisfactorily in the Ruhrchemie laboratory with yields of 120 

grams of C3+ per cubic of 2H2 + ICO gas for more than 60 days71, con¬ 

siderable research was done to produce a less expensive catalyst by changing 

the amount and type of kieselguhr and by decreasing the amount of thoria. 

For a short period, small amounts of copper were added to cobalt-thoria- 

kieselguhr catalysts to lower the reduction temperature so that this step 
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could be accomplished in the synthesis reactors; however, the presence of 

copper shortened the life of the catalyst considerably, and thereafter only 

copper-free catalysts were considered. These studies led to the Co:Th02: 

MgO: kieselguhr (100:5:8:200) preparation, which became the standard 

catalyst in the commercial synthesis in Germany during the period 1938 to 

1944. 
In 1935 to 1939, laboratory and pilot plant studies on Co-Th02-kiesel- 

guhr catalysts were made at the British Fuel Research Station, Green¬ 

wich141, and in general the results were comparable to those of the Germans. 

In 1936, Fischer and Pichler66' 57 • 68 reported that it was advantageous 

to operate precipitated, kieselguhr-supported cobalt catalysts at pressures 

from 5 to 15 atmospheres, this being termed the “medium pressure synthe¬ 

sis.” These results were contrary to early experience with decomposition- 

type catalysts. In the medium pressure synthesis, lower yields of gaseous 

hydrocarbons were obtained, the catalyst life was greater than in the at¬ 

mospheric synthesis, and periodic reactivation of the catalyst was un¬ 

necessary. However, the really important result of this discovery was that 

it directed future research into this range of pressure and led to the de¬ 

velopment of successful iron catalysts. 

In the period 1930-1936, when great progress47 was made in the develop¬ 

ment of nickel and cobalt catalysts, some research was continued on iron 

catalysts, chiefly because iron was inexpensive and readily available. The 

results, however, were not promising. The introduction of precipitated iron 

catalysts instead of earlier types and the use of kieselguhr as a support re¬ 

sulted in only slight improvements. Catalyst lives from 4 to 6 weeks and 

maximum yields of liquid hydrocarbon of 50 to 60 grams per cubic meter 

were attained. In the winter of 1936-1937, Fischer and Pichler59 - 123 - 131 in¬ 

creased the operating pressure on a precipitated iron catalyst from 1 to 15 

atmospheres. The yields were almost doubled and the life was increased 

several-fold. This discovery led to intensive research on iron catalysts by 

several German laboratories, with the ultimate goal of developing a satis¬ 

factory iron catalyst to replace the cobalt catalysts used in the synthesis 

plants. The developmental programs in the various laboratories followed 

rather divergent paths, and in 1943 the German government arranged 

comparative tests at Schwarzheide, the “Reichsamtversuch,” to select the 

most suitable iron catalyst for this purpose. The behavior of all of these 

catalysts was moderately good, indicating that remarkable progress had 

been made since the discovery of the medium pressure synthesis. Five of 

the six catalysts tested were precipitated iron oxide gels either with or 

without carriers; the sixth was a typical fused ammonia synthesis catalyst. 

Although a variety of promoters (copper, zinc oxide, alumina, calcium 

oxide) and carriers (kieselguhr, dolomite, silica gel) were used in these 
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preparations, the only additive essential to high activity and selectivity 

appeared to be alkali. Before synthesis, these catalysts were treated with 

hydrogen or H2 + CO mixtures to effect at least a partial reduction and, 
in some cases, conversion to carbides. 

In 1940, Pichler and Buffleb reported the unique synthesis of very high 

molecular weight hydrocarbons on ruthenium catalysts with 2H2 + ICO 

gas at pressure up to 1,000 atmospheres. At the higher pressures, waxes 

of average molecular weights up to 23,000 were obtained in sizable yields. 

In 1942, after a lapse of 12 years, research on the Fischer-Tropsch syn¬ 

thesis Avas resumed at the U. S. Bureau of Mines. This work and that in 

progress at the British Fuels Research Station were first concerned with 

factors influencing the production of active cobalt catalysts, principally of 

the Fischer or Ruhrchemie types, but by 1946 the research had shifted to 
iron catalysts. 

In the post World War II period, principally in the United States and 

in England, many of the new tools of catalytic research developed in the 

decade 1930 to 1940 were applied to the study of Fischer-Tropsch catalysts 

and reaction mechanism: the determination of surface area and pore 

volume of catalysts; qualitative and quantitative analysis of catalytic 

materials by x-ray diffraction and thermomagnetic analysis; electron dif¬ 

fraction and microscope studies of catalysts; and the use of isotopes, C13, 

C14 and deuterium, as tagged atoms in synthesis studies. In this period, 

kinetic studies arranged to permit simple interpretation of the variables of 

synthesis reactions were reported. 

Removal of the heat of the reaction is the most difficult engineering prob¬ 

lem in reactor design. The early pilot plant studies, as well as the German 

commercial plants from 1938 to 1944, employed fixed bed-externally cooled 

reactors of two types. The first reactor, used in the atmospheric pressure 

synthesis, consisted of a box filled with vertical parallel steel sheets spaced 

about 7 mm apart and traversed by horizontal cooling pipes through which 

water under pressure was circulated. The catalyst was placed between the 

steel plates. In the second, the medium pressure reactor, the catalyst was 

placed in a 10-mm annulus between concentric tubes which were provided 

with water cooling outside of the outer tube and inside the inner tube. 

Both of these reactors were difficult to fabricate and required large amounts 

of steel. Charging and removal of the catalyst was difficult. The removal of 

heat was rather ineffective, so that operation at low space velocities, from 

80 to 100 hr-1, was required to prevent overheating the catalyst. Although 

in the standardization of synthesis apparatus for the German war effort 

these reactors were selected, their inadequacy was realized and research on 

reactor design was continued. In the period 1938 to 1944, three processes 

evolved from this research: the oil-recycle process of I. G. Farben; the 
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oil-slurry process of Rheinpreussen, Ruhrchemie and I. G. Far ben; anti 

the hot-gas-recycle process of I. G. Farben. 
Since 1940. fluidized- and entrained-catalyst techniques have been de¬ 

veloped by American companies, especially M. W. Kellogg, Hydrocarbon 

Research, Standard Oil Development, and the Texas Oompany. In 1945, 

the U. S. Bureau of Mines began studies of the oil-recycle and slurry 

processes, and at present the oil-recycle process is well developed. Recent 

reports from Germany describe improved fixed-bed reactors; however, few 

details are available. The commercial synthesis plant of Carthage Hydrocol, 

Brownsville, Texas, utilizing the fluidized process, was not successful due to 

a variety of operating difficulties. At present, a commercial Fischer-Tropsch 

plant is under construction in the Union of South .Africa. It will employ 

both fixed-bed reactors of the type recently developed in Germany and 

entrained-catalyst units. 

In the next few pages, some of the pertinent features of reactor design 

will be summarized to provide the reader with a general picture of this 

subject. Fora recent detailed description of various processes, see Storch181. 

Since the major engineering problem is the removal of the heat of reaction 

from the catalyst bed, the reactors that have been investigated on a pilot- 

plant or larger scale have been classified on this basis: 

A. External cooling 

German commercial reactors in 1937-1944 

Fixed-bed 

a. Plate-type 

b. Double tubej 

c. Larger tubular reactors 

[Hydrocol process 
2. Fluid or entrained bed 

\Kellogg process 
B. Internal cooling 

1. Oil as heat transfer medium 

a. Fixed-bed, oil-circulation process 

b. Agitated-bed, oil-circulation process 

c. Fluid-bed, slurry process 

2. Gas as heat transfer medium, hot-gas-recycle process 

The early German fixed-bed reactors have been described on p. 33. 

Fluid-fixed bed reactors consist of large tubular reactors cooled by bayonet- 

type heat exchangers hung from the top of the unit. With iron catalysts, 

the reactor is usually operated at high temperatures, 325 to 350°C, to 

prevent catalyst agglomeration. Pressures of 20 to 40 atmospheres are used 

and fresh feed space velocities of 2,000 to 2,500 hi-1 with a recycle ratio of 

about 2:1. Patents describe cyclones and other devices for preventing- 

carry-over of catalyst and mechanisms for removing used and introducing 

fresh catalyst. Although this type of reactor operated successfully in large 
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pilot plant units, considerable difficulty apparently related to overheating 

of the catalyst was experienced in the operation of the commercial reactor 
of the Carthage Hydrocol plant. 

In the oil-circulation process, a fixed-bed catalyst is submerged in cooling 

oil. Synthesis gas and cooling oil are passed concurrently upward through 

the bed. 4 he cooling oil hows out the top of the reactor, through a heat 

exchanger, and enters the bottom of the reactor. Usual operating conditions 

in Bureau of Mines pilot plants are: pressure, 20 atmospheres; tempera¬ 

ture, 240 to 280°C; space velocity of fresh feed, 500 to 800 hr-1; and recycle 

ratio, 2 or 3. 4 he temperature increase in the bed is determined by the rate 

of circulation of cooling oil. With some catalysts, agglomeration of the 

particles led to plugging of the reactor. This difficulty was eliminated by 

increasing the velocity of the cooling oil sufficiently to agitate the particles. 

Other variations of the process involve the use of evaporative cooling by 

volatilization of cooling oil, and countercurrent how of oil and gas; how¬ 

ever, temperature control with these modifications is not as efficient- and 
occasionally localized overheating occurs. 

In the slurry process, a finely divided catalyst is suspended in cooling 

oil, and both catalyst and oil are circulated through an external heat ex¬ 

changer. Heavy products are removed through sintered metal filters. 

Operating conditions are similar to those of the oil-circulation process, 

except that the how of synthesis gas per unit weight of catalyst is several 
times larger in the slurry process. 

For the slurry and oil-circulation processes, large tubular reactors should 

be operable, provided that the synthesis gas and cooling oil are properly 

distributed across the inlet portion of the reactor. 

The hot-gas-recycle process employs a fixed-catalyst bed. High recircu¬ 

lation of end gas is required (the ratio of end gas to fresh feed being as 

high as 100), since the heat of reaction is dissipated by heating the gas. 

The gas is heated about 10°C in passing through the bed and then cooled 

by this amount in an external heat exchanger. Except for the high recycle 

ratios, operating conditions are somewhat similar to those of the fluidized 

synthesis: operating pressure 20 atmospheres, temperature 320 to 330°C, 

and space velocity of fresh gas of 270 hr-1. In German studies, the cost of 

recirculating gas was prohibitively high, due to the large pressure drop of 

the catalyst bed employed. New catalysts, such as activated steel lathe 

turnings recently developed at the Bureau of Mines, have a large void 

space and a very low pressure drop; thus, by employing these catalysts, 

one can substantially reduce the cost of recirculation. 

Figure 1 presents a simplified schematic representation of the pertinent 

features of Fischer-Tropsch reactors. The desired catalytic and physical 

characteristics of catalysts for the various reactors are summarized in 
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Table 1. Storch'79, 181 has compared the various reactors with iron and 

cobalt catalysts in terms of space-time yield, product distribution, and 

steel requirement for reactors, as given in Table 2. Hall, Gall, and Smith74 

presented synthesis data comparing the fixed-bed, slurry, and fluid reactors 

using the same catalyst and operating conditions. 

To product recovery Steom 

Fresh ond recycle gos 

Double tube fixed-bed reoctor Fluidized fixed-bed reoctor 

To product recovery 

Freeh ond recycle gos 

Slurry process 

To light product recovery 

Heovy product 

removol 

Oil circulotion process 

m Fixed- bed cotolyst 

ii 

Catalyst suspended in gas 

m Cotolyst suspended in oil 

Figure 1. Schematic representation of Fischer-Tropsch reactors. 

Experimental Methods for Testing Catalysts 

There are no reliable methods for evaluating Fischer-Tropsch catalysts 

except testing them in the synthesis. Although tests of short duration, a 

few hours to one day, may suffice to demonstrate qualitatively whether 

the catalyst is active or inactive and whether the products contain chiefly 

gaseous or condensed hydrocarbons, experiments of one week to several 

months are usually required for reliable data regarding activity, selectivity, 
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and stability of catalysts. In some cases, marked changes in the catalytic 

piopeities occur with time; thus activity and selectivity data taken in the 

fiist day will usually not adequately represent the average values deter¬ 

mined over a longer period of testing. Catalyst tests are usually made in 

small fixed diy-bed reactors, and the correlation between the results of 

these and other reactors varies from good to poor. In Bureau of Mines 

lesearch, the fixed-bed results correlated moderately well with data from 

the oil-circulation process, but not with results from the slurry process. 

Hall and co-workers74 found that data from fixed- and fluid-bed operation 

were comparable if proper corrections are made for differences in particle 

size of the catalyst. For fluidized-type reactors, the duration of the test can 

Table 1. Requirement of Catalysts for Fischer-Tropsch Reactors 

Type of Reactor 

Desirable Characteristics of Catalysts 

Activity Mechanical 
Strength 

Mechanical and 
Chemical Stability 

Pressure Drop in 
Catalyst Bed 

Externally cooled 

Fixed-bed High Moderate High Low 
Fluidized-bed Moderate High High Unimportant 

Internally cooled, oil 

phase 

Fixed-bed High Moderate High! Low to mod- 
Agitated-bed High High High/ erate 
Slurry High Unimportant Unimportant Unimportant 

Internally cooled, gas 

phase 

Hot gas recycle Moderate High High Low 

usually be shortened considerably, since flow of synthesis gas and the 

productivity per unit weight of catalyst usually exceed those of fixed-bed 

tests by a factor of 10, and a corresponding shorter catalyst life is expected. 

Reliable data for cobalt and nickel catalysts can be obtained at atmospheric 

pressure, but for iron, tests must be made at 5 to 30 atmospheres. Some 

typical apparatus for testing Fischer-Tropsch catalysts will be considered 

in the following pages. 

The testing units of Fischer and Tropsch described in 1930 appear to 

have been adequate for the purposes for which they were employed—the 

assaying of a large number of catalyst preparations at atmospheric pressure. 

These reactors consisted of a horizontal gas-heated aluminum cylinder, 

outside diameter 80 mm and inside diameter 24 mm, with four glass tubes 

of 4 to 5 mm inside diameter. 

In early experiments, the product gases were analyzed by typical volu- 
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metric gas analysis procedures in which hydrocarbons were burned with 

oxygen. This method gave only the average carbon number of the gaseous 

Table 2. Space-Time Yield of Various Fischer-Tropsch Processes_ 

Catalyst Temp. (°C) 
Pressure 
(atm.) 

Space-Time 
Yield’ of 

C3+ , kg/cm3/ 
hr (bbl./lOOO 

ft3/day) 

Liquid Product Distribution Steel in 
Converter 
(ton/bbl/ 

day) 
Gasoline Diesel Wax Alcohol 

Ruhrchemie Process 

Co 175-200 1 8 (45) 56 33 11 C 2.7 

Co 175-200 10 10 (57) 35 35 30 c 2.4 

Lurgi Recycle Process 

Co 190-224 10 13 (74) 50 25 25 6 1.9 

Fe 230 20 14 (79) 19 19 56 6 2.1 

Fe 275 20 14 (79) 68 19 8 5 2.2 

I.G. Liquid-Phase Process 

Fe 240-250 20 8 (45) 34 28 30 8 1.2 

Fe 300-310 20 16 (91) 55 33 9 3 1.0 

I.G. Oil Recycle Process 

Fe 240-290 25 30 (170) 51 10 29 10 0.7 

Internally Cooled Converter Process 

Co 175-225 7 20 (113) 35 35 30 c .8 

I.G. Hot-Gas Recycl e Process 

Fe 300-320 20 32 (181) 70 17 1 12 .7 

Fluidized Iron Catalyst Process 

Fe 300-320 20 32 (181) 75 15 1 9 .6 

° From Ref. 179. 

6 Weight of total product excluding methane, ethane, and ethylene, per volume 

of catalyst per unit time. 

c Very small. 

hydrocarbons. In later experiments, the exit gas, after removal of carbon 

dioxide and water, was passed through a trap at liquid nitrogen tempera¬ 

tures, and the gasol hydrocarbons, C2-C4, were separated by a simple 
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distillation of the condensate. Methane was estimated by combustion 

analysis of the scrubbed exit gas. In 1928 this condensation procedure was 

replaced by adsorption of light hydrocarbons in a charcoal scrubber. The 

hydrocarbons were stripped from the charcoal by heating and were con¬ 

densed in a liquid air trap. The receiver was heated to room temperature 

and the amount of gasoline was determined gravimetrically. 

The major criticisms that may be made of the early apparatus of Fischer 

are: (a) the reactor tubes were not in direct contact with a cooling medium 

or a material of relatively constant temperature, and overheating of the 

catalyst was possible. (However, the relatively low activity obtained in 

this period was in most cases due to poor catalysts rather than to over¬ 

heating) ; (b) the analytical methods were crude and laborious and did not 

provide a sufficiently detailed characterization of synthesis products. In 

subsequent research, fixed-bed catalyst testing reactors have been im¬ 

proved. The most efficient small-scale reactor described in Fischer’s papers57 

was the gas-heated, water-cooled unit (Figure 2). The apparatus shown 

was for two-stage operation, with two catalyst tubes in the first stage and 

one in the second. The temperature of the water bath surrounding the 

catalyst tubes was maintained by throttling the gas supply to the reactor 

with a temperature-sensitive element. In other laboratories, metal reactors 

with narrow catalyst tubes jacketed by baths of boiling liquids such as 

water, “Tetralin,” or “Dowtherm,” or narrow metal tubes surrounded by 

a close-fitting metal block have been successful under most fixed-bed 

catalyst testing conditions76. For adequate removal of heat, the diameter 

of reactor tubes should be no larger than 1.5 cm. In units in which the 

catalyst is placed in the annulus between concentric tubes, the separation 

between the tubes should be less than 7 mm. 
Methods for evaluating synthesis products have improved as new ana¬ 

lytical tools became available. A method developed by Schaarschmidt164 

was used in some German laboratories165 to estimate the extent of branching 

of hydrocarbons. However, this procedure, based on the separation of 

molecules containing tertiary carbon atoms by reaction with antimony 

pentachloride, has not been considered very reliable. Precision low-tempera¬ 

ture distillation has been used to separate gaseous hydrocarbons quanti¬ 

tatively; however, this method is quite laborious. In the last 10 years, 

combinations of precision distillation, chromatographic separation, and 

infrared and mass spectrometric, analyses have given excellent quantitative 

characterization of hydrocarbons up through the gasoline range as well as 

oxygenated molecules, dhe mass spectrometer has pioved to be an in¬ 

dispensable tool in analyzing product gases, and recently developed tech¬ 

niques for analysis of liquid samples will further increase the usefulness ot 

this instrument in synthesis research. 
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The formation of urea-adducts of straight-chain hydrocarbons and their 
derivatives136 should prove a useful analytical method for determining the 
fraction of straight-chain molecules in higher molecular weight fractions. 

The fixed-bed catalyst testing apparatus employed by the Catalyst Re¬ 
search and Testing Group of the U. S. Bureau of Mines at Bruceton, 
Pennsylvania, will be discussed in detail. Although the apparatus and pro¬ 
cedure are not necessarily the best in every respect, they represent typical 
present methods for catalyst testing which yield data as precise and repro- 

Figure 2. Two-stage laboratory-scale water-cooled reactor. (Reproduced from 
Ref. 57) 

ducible as can be desired from small-scale apparatus. At present the labora¬ 
tory (Figure 3) contains 16 testing units suitable for operation at pressures 
up to 21 atmospheres. A flow sheet for one of these units is shown in Figure 
4. Compressed synthesis gas from commercial steel cylinders is passed 
through a reducing valve, adjusted to maintain a pressure about 3 atmos¬ 
pheres in excess of the operating pressure, and through a charcoal trap to 
remove sulfur compounds and iron carbonyl. Gas flow is regulated by a 
geared-needle valve and measured by a capillary flow meter. The pressure 
drop across the calibrated capillary orifices is indicated on a manometer 
and recorded by a ring balance instrument. For atmospheric pressure tests, 
an inlet wet test meter may also be used. The gas flows downward over 
the catalyst in the vertical converter. Liquid and solid hydrocarbons and 
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Figure 3. Catalyst testing units of the Bureau of Mines. 

Figure 4. Flow diagram of catalyst testing apparatus. (Components within dashed 

lines are on front panel.) 
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water collect in a brass container within the wax trap, which has an easy- 

opening “0”-ring closure. More volatile hydrocarbons and part of the 

water are collected in the second trap cooled by a refrigeration system to 

about 1°C. The system pressure is then reduced to atmospheric with a 

gas-loaded back-pressure regulator. The exit gas at atmospheric pressure is 

passed through a wet and a dry carbon dioxide scrubber; the latter scrubber 

also removes most of the water vapor. The efficient, large capacity wet 

scrubber developed at the Bureau of Mines is described in Reference 105. 

In tests of cobalt and nickel catalysts, the carbon dioxide scrubbers are 

usually unnecessary. Gasol (C3 + C4) and volatile liquid hydrocarbons are 

removed by a charcoal trap. The exit gas flow is determined by an oil-filled 

wet test meter. Finally an exit gas sample is collected using a proportion¬ 

ating device consisting of two capillaries chosen so that about 1 per cent 

of the exit gas flows into the gas-collection bottle. The remainder of the gas 

goes into a purge line. 

Details of the construction of a typical reactor are shown in Figure 5. 

The reactor is constructed of iron pipe, the catalyst tube having an internal 

diameter of 0.625 inch. The catalyst is supported on wire gauze soldered to 

the top of the retention tube. The temperature of the catalyst tube is main¬ 

tained by controlling the pressure on the boiling liquid bath (“Tetralin” 

for 150 to 220°C, “Dowtherm A” for 200 to 400°C) in the steel jacket. For 

pressures from subatmospheric to 1 atmosphere gauge, the pressure con¬ 

troller described in Reference 180 or a Cartesian diver-type manostat is 

used. Higher pressures can be maintained satisfactorily by using a reducing 

valve to regulate cylinder nitrogen. The lower portion of the boiler is heated 

electrically, and the vapor is returned by the water-cooled condenser. An 

auxiliary electrical heater is provided to heat the lower portion of the 

catalyst tube to prevent the accumulation of solid hydrocarbons. The level 

of the boiling liquid is maintained above the top of the catalyst bed. 

This reactor provides as efficient heat removal as can be expected for a 

tubular, fixed-bed reactor. Temperatures measured within the catalyst 

tube usually differed from those in the boiler by less than 1 or 2°C; how¬ 

ever, when the boiler was operated at subatmospheric pressures a vertical 

temperature gradient of this magnitude, due to the hydrostatic pressure 
of the liquid, was observed11. 

In routine testing experiments12, 17 the space velocity and pressure are 

maintained constant and the temperature is varied to maintain the 

carbon dioxide-free contraction at about 65 per cent for iron catalysts with 

IH2 + ICO gas and 70 per cent for cobalt or nickel catalysts with 2H2 + 

ICO gas. Testing is usually continuous, with the exception of a 2-hour 

period once a week when the products are removed from the reactor. At 

this time the products from the wax and 0°C trap are removed, the exit 
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gas sampled, and the charcoal trap replaced with a regenerated one. The 

hydrocarbons are steam-distilled from the charcoal trap180. The liquid 

products condensed in ice are combined with liquid and solid products from 

Figure 5. Single tube converter (modified Downs type) 

the wax and ice traps. The charcoal trap gases are measured and a sample 

of this gas, as well as the exit gas sample, is analyzed by the mass spec¬ 

trometer. The carbon dioxide content of the exit gas is determined twice 

daily by a small Haldane apparatus on spot samples. 
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The condensed products are analyzed by a procedure designed to give 

meaningful data regarding molecular weight range and types of molecules 

present without being excessively laborious17. The “hydrocarbon” phases 

are separated from the aqueous layer, and the liquid apd solid “hydro¬ 

carbons” are divided into four fractions by a simple 1-plate distillation: 

(a) to 185°C at atmospheric pressure; (b) to 225°C at 10 mm (atmospheric 

equivalent of 352°C); to 225°C at 1 mm (atmospheric equivalent of 

464°C). The two lower-boiling fractions (a and b) are analyzed for func¬ 

tional groups by the infrared method of Anderson and Seyfried3. A hen 

desired, the aqueous phase is analyzed for water and oxygenated organic 

molecules by mass spectrometric analysis. 
Although pretreatment of catalysts at temperatures up to 400°C can be 

made in the testing units, these steps are usually done in a special alumi¬ 

num-bronze reactor17, shown in Figure 6. The procedure used in pretreating 

catalysts consisted of introducing a weighed sample of catalyst into the 

aluminum cooling vessel (in carbon dioxide if the catalyst had been pre¬ 

viously reduced). The block furnace, at temperature and with the desired 

gas flowing through it, was inverted, and the cooling vessel attached and 

swept free of carbon dioxide. Then the reactor was rotated to the position 

shown in Figure 6, causing the catalyst to fall into the heated zone. At the 

end of the pretreatment, the reactor was inverted and tapped with a ham¬ 

mer to insure that all of the catalyst would fall into the cooling vessel. The 

gas used in the pretreatment was passed through the reactor and cooling 

vessel until the sample cooled to less than 50°C. Then the gas flow was 

stopped and carbon dioxide was passed through the cooling vessel to pro¬ 

tect the catalyst against accidental oxidation in transfer. With carbon 

dioxide flowing, the cooling vessel was detached and the sample was poured 

through a rubber sleeve into the glass weighing bottle, which was also being 

flushed with carbon dioxide. This bottle was then closed with a ground 

glass cap and sufficient carbon dioxide was passed through the cap to re¬ 

move any air. The weight of the sample after pretreatment was obtained 

from the weight of the bottle plus catalyst. After weighing, the catalyst 

was either charged into a testing unit or returned to the block furnace for 

further pretreatment. In many experiments, weighed samples were removed 

between each step for chemical and x-ray analysis. In transferring the 

catalyst, the following precautions were always taken: (a) The catalyst 

was kept in a stream of carbon dioxide; (b) carbon dioxide was not passed 

over the sample until its temperature was less than 50°C; (c) all transfers 

were made through rubber or metal connections so that the catalyst was 

never exposed to air. 

Since sulfur-free (less than 0.5 grains per 1000 cubic feet) synthesis gas, 

required for catalyst tests, is usually not available commercially, a number 
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o* methods of gas generation are described*: 

(a) Carbon monoxide may be prepared and blended with commercial 

electrolytic hydrogen. Carbon monoxide from the dehydration of formic 

acid with phosphoric acid185 has a very high purity and is suitable for any 

use. A somewhat less pure carbon monoxide may be obtained by passing- 

oxygen or carbon dioxide over low-sulfur carbon at elevated temperatures. 

(b) Synthesis gas may be generated by gasification of carbon with water. 

Figure 6. Reduction unit for Fischer-Tropsch catalysts. (Reproduced with per¬ 
mission from Ref. 17) 

For small-scale preparation, an externally-heated bed of carbon is prefer¬ 
able'-73. 

(c) Methanol may be decomposed to 2H2 + ICO on a supported nickel- 
copper catalyst at 260 to 320°C167. 

(d) Gaseous or liquid hydrocarbons may be reformed with suitable 

amounts of steam and carbon dioxide over a nickel catalyst to give gases 

ranging from 1H2 + 5CO to pure hydrogen140. At the Bureau of Mines 

laboratory. Bruceton, Pennsylvania, synthesis gas is made by reforming 

natural gas33. The gas for catalyst testing is passed through a charcoal 

scrubber at elevated pressures and then compressed into steel cylinders. 

* For a general discussion of synthesis gas production, see reference 133. 
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Cobalt and Nickel Catalysts 

In the following pages the effects of the method of preparation and 

composition on the activity, selectivity, and life of cobalt and nickel cata¬ 

lysts are followed by a discussion of the pore geometry of these catalysts. 

Next, a discussion of the methods of pretreating catalysts, is followed by a 

resume of operating characteristics of catalysts and methods of regener¬ 

ation. Finally, the products from cobalt and nickel catalysts are described. 

As the following data will show, the behavior of cobalt and nickel catalysts 

is, in many respects, essentially the same; therefore, they will be discussed 

together. 

Precipitated Cobalt and Nickel Catalysts 

The usual method of preparation is the addition of an alkaline hydroxide 

or carbonate solution to a hot aqueous solution of cobalt or nickel nitrate 

plus promoter nitrates. Kieselguhr or other carriers are added as an aqueous 

slurry at the time of precipitation. The precipitation is usually accomplished 

as quickly as possible by rapid addition of solutions and efficient stirring. 

The precipitate is separated on a suction filter or filter press and washed 

free of ions with distilled water. The filter cake, a soft but coherent mass, 

is dried in air at 100 to 120°C and then broken or cut to the desired particle 

size. Since this procedure results in the production of fines, numerous 

schemes, consisting of forming or extruding the moist cake or pelleting of 

the dried cake, were employed to produce particles of usable size. Details 

of the methods of catalyst preparation are given on pp. 139 to 143 of 

Reference 181. 
The effect of the precipitant on the activity and selectivity of Co-Th02- 

kieselguhr catalysts as observed by Fischer and Koch49 is given in Table 3. 

In these tests, potassium carbonate wTas the best precipitant, ammonium 

carbonate next best, and then sodium carbonate. The table also shows that 

decomposition catalysts are inferior to precipitated preparations and that 

precipitated catalysts, lacking either promoter or kieselguhr, had lower 

activities than corresponding catalysts containing both components. Sub¬ 

sequent work at Ruhrchemie154 produced catalysts precipitated with 

sodium carbonate that approached in activity those precipitated with 
potassium carbonate. 

Tsutsumi190 found that active Co-Cu-U308 catalysts could be prepared 

from cobalt nitrate and acetate, but preparations from cobalt sulfate had 

low activity and those from the chloride wrnre inactive. Although the pre¬ 

cipitates were carefully washed, the low activity of preparations from the 

chloride and sulfate apparently resulted from residual ions. 

Earlier, Fischer and Meyer51 studied the influence of the precipitant on 

nickel-thoria-kieselguhr catalysts, as shown in Table 4. For this catalyst 
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composition, sodium carbonate was the best precipitant, with potassium 

carbonate a close second. Preparations made with sodium or potassium 

hydroxide were virtually inactive. The differences in activity may be due 

Table 3. Effect of Composition and Mode of Preparation of Cobalt 

Catalysts® 

(2H2 + ICO gas, 1 liter per gram of Co per hour, 1 atmosphere) 

Composition 

Temp. 
C°C) 

C6+ X 100 

Preparation Hours Cs+, cc/m? Total 
Hydro¬ 
carbons 

Co Th02 Kg 
tion (%) 

100 18 100 Heating of ni¬ 

trate 

200 72 3 — — 

100 18 — Prec. with 

(NH4)2C03 

205 57 12 14.5 — 

100 18 100 Prec. with 

(NH4)2CO;j 

200 36 66 121 56 

100 18 100 Prec. with 

Na2CO, 

210 109 40 61.5 — 

100 18 100 Prec. with 

k2co3 

195 160 69 142 71 

100 100 Prec. with 

k2co3 

210 138 44.5 47.5 

® From Ref. 49. 

Table 4. Influence of Precipitant on Synthesis with 100Ni:18Th02:100 

Kieselguhr Catalysts® 

(1 liter of 2H2 + ICO gas per hour per gram Ni at atmospheric pressure) 

Precipitant Temp. (°C) Hours 
Contraction 

(%) 
C6+, cc/m3 

c6+ x ioo 
Total 

Hydrocarbons 

(NH4)2C03 182 90 26.5 32 — 

Na2C03 178 40 62 103 64 

NaOH 190 45 3.8 — — 

KOH 180 40 0 — — 

k2co3 180 65 65 112 63.5 

khco3 180 117 48 66 ~43 

“ From Ref. 51. 

to the nature of the precipitated phases, basic carbonate or oxide, with re¬ 

spect to (a) the ease of removal of ions from the precipitate by washing, or 

(b) changes in structure of the precipitate on reduction. Another possi¬ 

bility is interaction of the precipitant with the kieselguhr. 
Influence of Promotors on Precipitated Cobalt and Nickel Cata- 
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lysts. Fischer and Koch49 studied the influence of thoria, manganese 

oxide, copper, and other promoters on precipitated cobalt-kieselguhr cata¬ 

lysts. Table 5 shows that the activity and the production of higher hydro¬ 

carbons increased to a maximum at 18 ThCh per 100 Co. Table 6 presents 

data for other promoters than thoria. Catalysts containing chromium or 

Table 5. Influence of Th02 Content on Synthesis with 

Co-Kieselguhr Catalysts® 

Co:kieselguhr = 100:100 

(1 liter 2H2 + ICO gas per hour per gram Co at 1 atmosphere) 

ThCh per 100 Co 
by Weight 

Temp. (°C) Hours 
Contraction 

(%) 
C6+, cc/m3 

C6+ X 100 

Total Hydrocarbons 

0 210 138 44.5 47.5 — 

12 185 64 55.5 102.5 67 

18 185 64 58.5 115.5 72 

24 185 64 16 17 — 

48 185 64 0 0 — 

° From Ref. 49. 

Table 6. Effect of Promoters Other Than Thoria in 

Cobalt-Kieselguhr Catalysts® 

(1 liter of 2H2 + ICO gas per hour per gram Co at 1 atmosphere) 

Promoters, 
parts per 100 Co 

Temp. (°C) 
Contraction 

(%) 
Highest Yield 

65+, cc/m3 

None 210 44.5 47.5 
20 Mn 215 54 68.5 
20 Mg 215 48 50 
20 Cu 215 17 15 
20 Zn 215 53 43 
20 A1 215 13 9.5 

° From Ref. 49. 

aluminum oxides were less active than the preparation without promoters, 

while catalysts promoted with oxides of manganese, magnesium, or zinc 

were at least as active as the unpromoted sample. Only the manganese 

oxide catalyst showed an improved selectivity over the unpromoted sample. 

Further studies were made of manganese oxide-promoted catalysts, as 

shown in Table 7. For Co-Mn-kieselguhr catalysts, sodium carbonate was 

a better precipitant than potassium carbonate. The addition of alumina to 

this catalyst decreased its activity. The addition of copper to the Co-Mn- 

kieselguhr catalyst decreased the activity somewhat without changing the 

selectivity significantly. The catalysts containing copper had the advantage 
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that the initial reduction in hydrogen at elevated temperatures (350°C) 

was not necessary, since the catalyst could be reduced by synthesis gas at 

usual synthesis temperatures. The first satisfactory catalyst used in Ruhr- 

chemie pilot plants, Co:Th02:Cu:kieselguhr = 100:18:2:200, was re¬ 

duced in hydrogen at 220°C. However, the catalysts containing copper had 

considerably shorter lives than copper-free samples, and copper-promoted 

catalysts were abandoned by Ruhrchemie in about 19351. These studies 

led to Co-ThOo-kieselguhr catalysts precipitated with sodium carbonate 

that closely approached the catalytic properties of those precipitated with 
potassium. 

In 1938, Roelen71’ 159 studied catalysts in which the thoria was partly 

Table 7. Activity and Selectivity of Co-Mii-Kieselguhr Catalysts3 

Co:kieselguhr = 100:100 

(1 liter of 2H2 + ICO gas per hour per gram Co at 1 atmosphere) 

Catalyst Composition, 
per 100 Co Precipitant Temp. (°C) Contraction 

(%) 
C&+, cc/m3 

18 Th02 k2co3 190 68.5 153 
15 Mn k2co3 205 71.5 120 
15 Mn Na2COr 200 71 144.5 
15 Mn + 5 A1 Na2C03 215 5 7 
15 Mn + 1 A1 Na2C03 215 57 83 

15 Mn + 5 Cu Na2C03 205 63 118 

15 Mn + 10 Cu Na2C0.3 205 61 118 

15 Mn + 20 Cu Na2C03 205 59.5 106 

3 From Ref. 49. 

replaced by magnesia, and this work led to the Co:Th02:MgO:kieselguhr 

(100:5:8:200) used in the German commercial plants until production 

was terminated by the invasion of Germany in 1945. A number of catalysts 

of varying compositions, as shown in Table 8, were prepared and tested 

according to the following schedule: The first 950 hours at 185°C, 950 to 

1,900 hours at 192°C, 1,900 to 2,200 hours at 193°C, and 2,200 to 2,800 

hours at 194°C. The catalysts were reactivated with hydrogen at 700, 2,200, 

and 2,500 hours. The data are given as percentages of the total output of 

useful products (presumably C3+) of the output of the best catalyst. 

According to the data of Table 8, the best catalyst composition was 

Co: Th02: MgO: kieselguhr = 100:5:10:200. This catalyst had a somewhat 

higher mechanical strength than the Co-Th02-kieselguhr preparation, a 

desirable property for use in the German fixed-bed reactors. The Co-MgO- 

kieselguhr catalyst gave slightly larger yields than the Co-Th02-kieselguhr 

preparation; however, the magnesia-promoted catalysts were said to be 
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more temperature-sensitive and difficult to control. Roelen72 stated that 

thoria also had a special role in partially diminishing the harmful effects of 

impurities such as copper, calcium, and aluminum. If pure chemicals and 

purified kieselguhr were used, satisfactory catalysts were obtained with as 

little as 2Th02 per 100 Co; but for the commercial preparation of catalysts 

from less pure components, 5Th02 was desirable. 

Similar Co-Th02-kieselguhr and Co-Th02-MgO-kieselguhr catalysts were 

prepared at the British Fuels Research Station and the Bureau of Mines, 

and the performance of the catalysts was about the same as observed by 

Table 8. Influence of Thoeia in CO :-Th02-MgO-KiESELGUHR Catalysts0 

Co: kieselguhr = 100:200 

(2H2 -f ICO gas at atmospheric pressure) 

Parts per 100 Co 

Output of products (%) 

ThOs MgO6 

5 10 100 

3 10 99 

2 10 99 

1 10 95 

0.5 10 95 

— 10 92 

— 15 92 

15 — 90 

° From Ref. 159. 

6 Based on Mg(N03)2 used as starting material. MgO is incompletely precipitated 

and only about 80% of the magnesia was found in the catalyst. 

German workers. The British workers usually added precipitated magnesia 

as a slurry in their preparations. The work of British and American labora¬ 

tories will be considered later in this discussion. 

Scheuermann166, of I. G. Farbenindustrie, Oppau, demonstrated that 

active cobalt catalysts without promoters and carriers could be prepared. 

These preparations were made by dropwise addition of potassium carbonate 

solution to a cobalt nitrate solution over a period of 40 to 50 hours, with 

both solutions at room temperature. The precipitate was filtered by suc¬ 

tion, washed, and dried at 110°C. Partial oxidation of the cobalt basic 

carbonate to Co:!04 in the drying step was desirable, since the presence of 

Co;j04 seemed to prevent excessive sintering on reduction. In any case, 

active catalysts were obtained only when the reduction was done at low 

temperatures. A partly oxidized preparation, after reduction in hydrogen 
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for 10 hours at 225°C, gave yields of 110 to 135 g/m3 at usual space ve¬ 

locities. Although the hie of these catalysts was short, the studies demon¬ 

strate that neither promoters nor carriers are necessary for the production 
of higher hydrocarbons. 

At the Oppau laboratory, the production of sizeable yields of wax was 

considered to be an essential feature of good catalysts, and the suitability 

of various preparations were judged on this basis Many of Fischer’s early 

tests were repeated, and essentially the same results were obtained in most 

instances. In atmospheric pressure tests, cobalt-kieselguhr catalysts were 

found to be almost as active as Fischer’s standard catalyst. This unpro¬ 

moted preparation remained active for at least 4 months with reactivation. 

Although the catalyst produced some paraffins at the start of the test, the 

wax yield was essentially zero after about 2 weeks. The addition of thoria 

to these catalysts increased the fraction of wax in the products; however, 

the over-all productivity of high-thoria catalysts decreased with increasing 

thoria content so that the total wax production (space-time-yield) de¬ 

creased with increasing thoria content. Similarly, wax production was in¬ 

creased by adding potassium or sodium carbonate; however, the alkali 

content also decreased the total conversion, so that the maximum paraffin 

production was found with a relatively low alkali content. Oxides of mag¬ 

nesium, manganese, cerium, and lanthanum were tried as substitutes for 

thoria, but at best these preparations were only as good as Fischer’s Co- 

Th02-kieselguhr catalyst. Koch and Billig96 also studied the effect of alkali 

on a standard Co-Th02-kieselguhr catalyst in the atmospheric synthesis. 

As sodium carbonate increased from 0 to 2 parts per 100 Co, the percentages 

of the condensed product boiling above 300°C rose from 11 to 21, respec¬ 

tively. One part of potassium carbonate was about as effective as two of 

sodium carbonate. The use of increased thoria and alkali to increase the 

wax yield in the atmospheric pressure synthesis was not of great importance, 

since it was soon discovered that higher yields of wax were attainable 

with all standard catalysts in the medium pressure synthesis66. At 10 

atmospheres, high yields of wax were obtained from Ruhrchemie “wax- 

producing” catalysts160, as shown in Table 9. Manganese oxide was a some¬ 

what better promoter than thoria for wax production. The low kieselguhr 

content also favors wax-production, and the high wax yields from both 

catalysts were largely related to this factor. 

Ghosh and Basak67 tested precipitated Co-Cu-Th02-Ce203-kieselguhr 

catalysts, with and without chromic oxide as a promoter, with high flows of 

1H2 -j- ICO at 5 atmospheres, as shown in Table 10. The catalysts with 

chromic oxide produced higher yields of C3+ hydrocarbons and lower yields 

of methane than the similar preparation without this promoter. 

Fischer and Meyer51 reported the effect of a number of promoters on 
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nickel catalysts, with and without kieselguhr, as shown in Table 11. Of the 

promoters described in thib table, thoria was the only additive that pro- 

Table 9. Ruhrchemik Wax-Producing Catalysts" 

(Space velocity of 2H2 + ICO gas = 100 hr-*; pressure = 10 atm.) 

100 Co: 15Th02: 
12.5 Kieselguhr 

100Co: 15Mn: 
12.5 Kieselguhr 

Temperature, °C 175-178 165-168 

CO conversion, per cent 85 65 

CO conversion, to CH4 10 11 

C3+/Ci+ 0.90 0.89 

Usage ratio, H2:CO 2.02 2.05 

Hydrocarbon yields, g/ni3 

C3 + C4 15 15 

CA 130 130 

Distillation 0/ C5+, wt-% 

<200°C 22 (16)'' 20 (18)ft 

200°-320°C 24 (12) 16 (12) 

320°-460°C 21 22 

>460°C 33 42 

° From Ref. 160. 
6 Numbers in parentheses represent volume per cent olefins. 

Table 10. Chromia as a Promoter for Cobalt Catalysts" 

1H 2 T ICO gas at 5 atm. 

(lOOCo: 12Cu:6.5Th02:0.7Cr203:165 kieselguhr) 

Temp. °C. 

With 13.5 Cr:Os Without Cr203 

Apparent 
Contrac¬ 

tion 

(%) 

Hydrocarbon, g/m3'' 
Space 

Velocity 
(Hr->) 

Apparent 
Contrac¬ 

tion 

(%) 

Hydrocarbon, g/m3& 
Space 

Velocity 
(hr-*) 

Ct+ cm C3 cm 

200 47 108 27.3 452 

205 53 159 25.3 590 39 108 29.3 540 

205 41 151 34.3 590 40 110 37.9 560 

210 39 89 48.2 603 

215 34.5 132 66.1 590 

° From Ref. 67. 

h Yields per cubic meter of synthesis gas consumed. 

duced desirable results, and the effect of the thoria content was studied in 

some detail, as shown in Table 12, where optimum activity and selectivity 

were observed for 18Th02 per lOONi. A 100Ni:25MnO: IOAI2O3: 100 kiesel- 
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guhr60 catalyst produced average yields of 85 grams of liquids per m3 of 

2H2 + ICO gas at 190 to 210°C for 4 weeks. 

Table 11. Tests of Nickel Catalysts'* 

How of 2H2 + ICO gas = 1 liter per hour per gram Ni 

Operating pressure = atmospheric 

Catalysts precipitated with Na2C03 

Composition Temp. (°C) Duration Contrac¬ 
tion 

(%) 

Condensed 
Hydro¬ 
carbons 

C.+ X 100 

(hr) Total 

(cc/m3) Hydrocarbons 

A. Preparation without kieselguhr 

Ni 

lOONi: 18Th02 
230 

180 

18 

42 
1.5 

14 
17 

— 

B. Precipitated on kieselguhr 

Ni 220 42 24 4 8 
90Ni: lOAg 240 40 32 _ 
90Ni: lOBi 240 40 0 _ 
99Ni: ICo 240 40 19 _ 
lOONi :15Al20:i 220 40 11 Trace _ 
lOONi :18Th02 180 42 40 63 70 
90Ni:10Cu:18ThO, 188 93 16 8 22 
lOONi :18Th0,:15Al,0, 182 90 8 6 

° From Ref. 51. 

Table 12. Effect of Th02 Content on 100Ni:100 Kieselguhr Catalysts'1 

Flow of 2H2 + ICO gas = 1 1/hr/g Ni 

Operating pressure = atmospheric. Temperature = 175°C 

Catalysts precipitated with K2C03 

ThO? per 100 Ni 
Duration 

(hr) 
Contraction 

(%) 

Condensed 
Hydrocarbons 

(cc/m3) 

C6+ x 100 

Total Hydrocarbons 

12 41 52 72 55 

18 41 65 113 64 

24 41 58 101 64 

a From Ref. 51. 

Numerous Co-Ni catalysts were tried in an effort to obtain the more de¬ 

sirable selectivity of cobalt catalysts with only a fraction of the cobalt 

normally required, but this goal was usually not achieved. Table 13 pre- 
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seats data from Ruhrchemie148. Although the ratio of C3+ to total hydro¬ 

carbons was higher for the 75Co-25Ni catalyst than for the corresponding 

Co catalyst, the largest yield of condensed hydrocarbons was obtained 

from the Co catalyst. The presence of nickel decreased the average molecu¬ 

lar weight of the products, as evidenced by larger yields of gasoline and 

smaller quantities of wax. 

Watanabe198 presented data for short atmospheric pressure experiments 

on a variety of nickel and nickel-cobalt catalysts containing various combi¬ 

nations and amounts of Mn, A1203 , Th02, and MgO as promoters and 

kaolin and kieselguhr as carriers. These data, in Table 14, show the maxi- 

Table 13. Tests of Co-Ni-Th02-KiESELGUHR Catalysts'1 

(1 liter of 2H2 + ICO gas per hour per gram Co at 10 atmospheres) 

Composition 
(parts by wt) 

100Co-15ThO2-?00 
Kieselguhr 

75Co-25Ni-15Th02- 
200 Kieselguhr 

50Co-50Ni-15ThC>2- 
200 Kieselguhr 

Temperature, °C 185 185-195 195-200 

CO converted, % 81 80 78 

CH4 , % of CO converted 11 8 15 

Cs+ X 100/total hydrocarbons 83 90 60 

Condensed hydrocarbons, g/m3 125 111 97 

Distribution of condensed hydrocar- 

bons, wt-% 

To 195°C (gasoline) 35 57 60 

195°-320°C (Diesel oil) 35 33 33 

Over 320°C (wax) 30 10 7 

Olefins, vol. % in 

Gasoline 19 12 12 

Diesel oil 10 7 5 

“ From Ref. 148. 

mum yields attained for the catalysts. With one exception the catalysts 

were very active, as indicated by high real contractions. For a given 

Ni-Co content, the yields of liquids varied over a moderately wide range 

and no simple relationship between promoter and carrier composition is 

apparent. However, as the ratio of cobalt to nickel increased, the yields of 

oil per cubic meter of synthesis gas converted increased, as shown in Figure 

7. Other Japanese papers95' 192• 193 described tests of cobalt-nickel-kieselguhr 

catalysts promoted with various combinations of thoria, alumina, manga¬ 

nese oxide, and uranium oxide. 

Scheuermann165 presented a brief summary of atmospheric pressure 

studies of precipitated cobalt-iron and nickel-iron catalysts which may be 

included at this point, since cobalt or nickel appeared to be the active 

phase, as evidenced by the fact that the principal oxygenated product was 
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water and not carbon dioxide. Fairly high yields were obtained with Co-Fe- 

kieselguhr catalysts, the yields decreasing with increasing iron content. 

The temperature for optimum yields of condensed hydrocarbons increased 

with the iron content. Ni-Fe-Al203 catalysts gave lower yields of liquid 
plus solid hydrocarbons, with the maximum being about 80 g/m3. 

Table 14. Synthesis Tests with Ni and Ni-Co Catalysts0 

(2H2 + ICO gas at 190°C and atmospheric pressure. Presumably constant flow 
per gram of Ni + Co). 

Catalyst Composition 
Reduc¬ 

tion 
Temp. 

(°C) 

Real 
Contrac¬ 

tion 

(%) 

Liquid -f- 
Solid 

Hydro¬ 
carbons6 
(cc/m3) 

Liquid + 
Solids 
(cc/m3 
Con¬ 

verted 
Ni Co Mn ThOj Kaolin Kiesel¬ 

guhr MgO 

100 ‘ - 20 — — 100 — 450 87 121 139 
100c — 20 — — 200 — 450 74 112 151 
100 — 20 — 100 200 450 87 120 138 
100 — 20 — 100 200 — 400 77 134 174 
100 — 15 3 — 200 — 450 97 129 133 
100 — 15 1 100 200 — 450 74 112 151 
100 — 20 1 100 200 — 450 87 129 148 
70 30 15 1 100 200 — 420 89 172 194 
70 30 15 3 25 200 — 420 82 164 200 
70 30 20 — 100 200 — 400 34 50 147 
70 30 20 1 — 200 — 410 78 123 158 
70 30 20 1 100 200 — 410 62 112 181 
70 30 20 3 25 200 — 410 96 151 157 
70 30 — 5 — 200 5 410 96 160 167 
70 30 — 5 50 200 5 410 93 157 169 
50 50 15 3 — 200 — 400 74 147 198 
50 50 15 3 25 200 — 400 71 147 207 
50 50 — 5 — 200 8 400 93 149 160 
50 50 — 5 50 200 8 400 91 162 178 
30 70 — 5 — 200 8 390 89 172 193 
30 70 — 5 25 200 

8 
390 87 167 192 

a From Ref. 198. 
6 Maximum yield of several experiments. 
c Catalysts also contained 10 A1203 . 

Carriers in Precipitated Cobalt and Nickel Catalysts. The ma¬ 

jority of successful cobalt and nickel catalysts employ kieselguhr as a 

carrier. Comparisons of cobalt and nickel catalysts, with and without 

kieselguhr, may be made from data in Tables 3 and 11. The optimum con¬ 

centration of kieselguhr has been found between 100 to 200 parts per 100 

parts of cobalt or nickel as shown in Table 15. From these data, Fischer 

and co-iyorkers49 - 61 chose 100 kieselguhr per 100 cobalt or nickel as the 
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Figure 7. Average oil yields from a variety of precipitated cobalt-nickel catalysts 
as a function of nickel content. 2H2 + ICO gas at atm. pressure and 190°C. (From 

Ref. 198) 

Table 15. Influence of Kieselguhr Content on Co-Th02 and 

NiTh02 Catalysts 

(Constant flow of 2H2 + ICO gas per gram of metal at atmospheric pressure) 

Kieselguhr per 
100 Co or Ni 

Temp. 
re) 

Contraction 

(%) 
C6+ 

(cc/m3) 
c6+ x too 

Total Hydrocarbons 

A . Co'-ThOi = 100:18« 

20 180 41.5 79.5 62 

50 180 61 118 66 

100 180 53.5 91 58 

150 180 54.5 113.5 70 

B. Ni'.ThOi = 100:18b 

33 180 59 67 41 

50 182 69 85 47 

100 180 65 112 63 

133 180 69 89 50 

200 190 49 
1 

70 53 

a From Ref. 49. Data for first 46-88 hours of tests. 
6 From Ref. 51. Data for first 45-138 hours of tests. 
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optimum for catalysts promoted with thoria. Ruhrchemie data155 indicated 

that catalysts containing 200 kieselguhr per 100 cobalt were superior, as 

shown m liguie 8. the activity ol catalysts with 200 parts of kieselguhr 

decreased less rapidly with time of testing than the preparation with 100 

kieselguhi and the yields of liquid products remained correspondingly 

higher. The ratio, Co.'kieselguhr = 100:200, was used in the standard 

Ruhrchemie Co-Th02-MgO-kieselguhr catalysts. 

Tests of Ruhrchemie wax-producing catalysts on p. 52 suggest that wax 

production was favored by low kieselguhr content. This tendency was also 

demonstrated by data of Scheuermann166 for cobalt-kieselguhr catalysts 

0 IOO 200 300 400 500 

HOURS OF OPERATION 

Figure 8. Effect of kieselguhr content on the variation of activity with time. 
(From Ref. 155) 

in Table 16. Here the yield of wax decreased with increasing kieselguhr 

content, while the methane production remained essentially constant. In 

the table, only the cobalt content is given, and for comparison, the cobalt 

content of standard catalysts will be useful: 

lOOCo: 18Th02.'100 kieselguhr, per cent Co = 32 

100Co:6ThO2:12MgO:200 kieselguhr, per cent Co = 24 

The absence of thoria and magnesia would increase the cobalt content by 

only 1 or 2 per cent. 

In 1933, Fischer and Meyer52 studied a number of the variables in the 

preparation of NiiMnrA^Ch:kieselguhr = 100:20:10:100 catalyst, at 

that time considered to be the best nickel catalyst. Synthesis tests on a 

series of catalysts containing three Johns Manville kieselguhrs and a num- 
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data were corrected to give the average catalyst activity for 4 weeks testing 

at 185°C. Synthesis tests of the same preparation were very reproducible, 

but tests of different catalyst preparations involving the same components 

Table 18. Activity of Co-Th02-MgO-KiESELGUHR Catalysts Compared 

with Analysis of Extractable Impurities and Other Properties 

of Kieselguhrs" 

(2H2 + ICO gas at atmospheric pressure) 

Kieselguhr Kiesulguhr Properties 
Activity 

of 
Catalyst 
in Syn- 

Name Type6 

Extractable Impurities (%) Bulk 
Density 

(g/o 

Surface 
Area 

(m2/g) A1+++ Fe+++ Ca«- PC>4S SOi = 

thesis0 

“Hyflo-Super- FC 0.05 0.03 0.00 0.00 0.00 220 1.9 52 

Cel” 63 

49 

“Hyflo-Super-Cel” FC .00 .00 .00 .00 .00 ~1.9 45 

(acid-extracted)d 

Johns Manville II C .17 .04 .00 .13 .09 200 5.5 88 

“Filter-Cel” N 1.23 .75 .12 .09 .11 149 22.2 
f 127 

1124 

“Filter-Cel” (acid N .00 .00 .00 .00 .00 170 20.8 167 

extracted)'' 

“Filter-Cel” (acid N .00 .00 .00 .00 .00 170 24.1 116 

extracted)' 

“Snow Floss” N .80 .70 .28 .15 .12 186 19.1 87 
“Dicalite 911” N 1.41 1.14 .35 .00 .26 245 29.3 93 

“Dicalite” (acid N .00 .00 .00 .00 .00 39.2 165 
extracted)® 

Portuguese N 1.61 .65 .00 .00 .11 345 17.5 166 

120 

German MC .43 1.49 .02 .00 .56 137 14.9 80 

“ From Ref. 13. 

b FC = flux calcined, C = calcined, N = natural, MC = mild heat treatment. 

r Activity expressed in cc (S.T.P.) of gas converted per gram of catalyst at 185°C. 

4 Kieselguhr extracted with hot nitric acid for 6 hours, washed, dried, and heated 
at 650°C for 2 hours. 

c Kieselguhr extracted with hydrochloric and nitric acid solution for 16 hourg at 

room temperature, washed and dried at 400°C. 

sometimes varied considerably, e.g., 120 and 166 for two preparations con¬ 

taining Portuguese kieselguhr. 

In the series of catalysts in Table 18, those prepared with flux-calcined 

kieselguhr (“Hyflo-Super-Cel”) were the least active. The catalysts con¬ 

taining calcined kieselguhrs (Johns Manville II and German) were more 

active than those containing “Hyflo-Super-Cel,” but only as active as the 
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least active preparations containing natural kieselguhrs. For the catalysts 

made with natural kieselguhrs, the activity appeared to vary inversely 

with the content of extractable iron, whereas no trend could be established 

between activity and the amount of extractable aluminum and other im¬ 

purities. Catalysts containing acid-treated natural kieselguhrs usually had 

high activities. Since calcined and flux-calcined kieselguhrs usually had low 

contents of extractable iron (with the exception of German kieselguhr), 

their low activities must result from their small surface area or from their 

ordered cristobalite structure, compared with a completely amorphous 

structure for natural kieselguhrs14. 

Electron micrographs of natural and calcined kieselguhrs, Figures 9 and 

10, at magnifications of 2,000 and 20,000, respectively, reveal a variety of 

intricate forms. The calcined samples had less fine structure than natural 

kieselguhrs. For the natural kieselguhrs, no correlation was found between 

catalytic activity and the geometry of the carrier, such as bulk density, 

surface area, or size or structure of the diatoms. For example, the activities 

of the catalysts containing the kieselguhrs with the smallest diatoms, 

“Snow Floss” and Portuguese, varied as widely as the activities for catalysts 

containing any of the natural guhrs. It is possible that these relationships 

may be obscured by impurities or by difficulty in reproducing catalyst 

preparations. Acid-extraction of natural kieselguhrs usually increases the 

activity of resulting catalysts; however, with the flux-calcined guhr, this 

treatment did not improve the activity. Previously, Hall and co-workers of 

the British Fuels Research Board had observed the beneficial effect of acid 

extraction on catalyst activity. Teichner184 found that extraction of a 

natural kieselguhr (“Filter-Cel”) with a hot mixture of hydrochloric and 

nitric acids increased its area from 18.5 to 27.3 m2/g. Apparently the acid 

treatment converted part of the kieselguhr to a silica gel-like structure. 

Similar results were obtained by Craxford34. With Ni-Mn-kaolin-kieselguhr 

catalysts198, the yields of oil under comparable conditions were 52 and 120 

cc/m3 for preparations with raw and nitric acid-washed kieselguhrs, re¬ 

spectively. 

The principal function of the kieselguhr in precipitated cobalt and nickel 

catalysts is to provide a framework, resembling on a microscopic scale a 

brush-pile into which the catalytic components are deposited by precipi¬ 

tation. The bulk volume of the kieselguhr defines the volume of the cata¬ 

lyst, in both the raw or reduced state, as shown by a plot of Ruhrchemie 

data148 on cobalt and nickel catalysts in Figure 11. The weight per cent of 

cobalt or nickel in the reduced catalyst is proportional to the weight of 

metal per liter of reduced catalyst. The bulk volume of unsupported cata¬ 

lysts usually decreases very markedly in reduction, and the resulting high 

density provides optimum conditions for catalyst overheating resulting in 
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Figure 9. Electron micrographs of kieselguhrs at a magnification of 2,000. 

Natural kieselguhrs—a. “Snow Floss” 

b. “Filter Cel” 

Flux-calcined kieselguhr—c. “Hyflo-Super-Cel” 
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Figure 11. Comparison of the active metal content per liter with weight per cent 

of active metal when kieselguhr content was varied. (From data of Ref. 148) 
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low activity and poor selectivity. In addition, the presence of kieselguhr 

increases the surface areas of the catalysts in both the raw or the reduced 

state by a greater amount than the area of the kieselguhr. Detailed data 

for the influence of kieselguhr and promoters on the geometry of cobalt and 

nickel catalysts will be presented later in this chapter (p. 70). 

Workers at I. G. Farben. at Oppau165 were skeptical of the use of kiesel¬ 

guhr in the preparation of commercial catalysts, since the “diatomite” 

available in Germany was variable in both structure and chemical com¬ 

position. Tests demonstrated that many kieselguhrs were improved by 

heating in air at 500 to 700°C. Further, the addition of small amounts of 

magnesium oxide (the manner was not stated) was said to make most 

kieselguhrs equally suitable for catalyst preparation. Tests were made with 

well-defined materials such as alumina, kaolin, magnesia, silica-gel, talcum, 

porcelain, etc., as carriers in cobalt catalysts. In general, these catalysts 

were poor, but with kaolin, alumina, and silica gel that had been heated 

to 500, 900, and 800°C, respectively, active catalysts were obtained. 

Wenzel202 described a cobalt-zinc oxide-alumina catalyst that produced 

over 70 per cent hard paraffin. The alumina for this catalyst had been 

heated to 800°C. A cobalt-1 per cent silver catalyst, prepared by slow pre¬ 

cipitation on a “narrow pore” silica gel, was said to be about as effective as 

a Co-Th02-kieselguhr catalyst. It had the advantage of being reducible in 

the synthesis reactors without the undesirable effects observed with cobalt- 

copper preparations and, in addition, did not require the use of thoria. 

Watanabe198 investigated Ni and Ni-Co catalysts containing kaolin in 

addition to kieselguhr (Table 14); the results, however, seem to indicate 

that kaolin plus kieselguhr has no advantage over kieselguhr alone. In a 

patent, Rubin146 reported that a fine mesh precipitated cobalt:magnesia: 

“Super Filtrol” (100:15:200) operated satisfactorily in a fluidized reactor 

at 200 to 210°C. The preparation containing “Super-Filtrol,” an acid- 

treated bentonite clay, was superior in the fluidized operation to similar 

catalysts precipitated on kieselguhr. 

Decomposition and Skeletal Cobalt and Nickel Catalysts 

In general, cobalt and nickel catalysts of these types are inferior to the 

precipitated preparations already described, and only a brief survey of the 

available data will be presented. The term, “decomposition catalysts,” as 

used here, includes preparations made by thermal decomposition to oxides 

of salts such as nitrates. In some cases, an easily oxidizable substance such 

as starch is mixed with nitrates, and on heating, this material undergoes a 

mild explosion, resulting in fine, fluffy oxide powder. For fixed-bed tests, 

these finely-divided preparations'must be formed into granules. Another 
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variation of decomposition catalysts is prepared by mixing a finely-divided 

cairiei such as kieselguhr with the salts or solution of salts and heating the 

mixture to decompose the salt. Also, porous granules of material such as 

silica gel may be impregnated with salt solutions and the salt decomposed 

thermally. “Skeletal” catalysts involve the preparation of an alloy of the 

active metal plus another element that can be readily leached from the 

alloy, leaving a skeleton of the active component. Raney nickel134 is the best 

known catalyst of this type. 

Decomposition catalysts of Fischer and Tropsch46 had low activity and 

poor selectivity. Later, Fischer and Meyer61 studied nickel catalysts of this 

type, after reduction in hydrogen at 350 to 450°C. With the exception of a 

nickel-alumina catalyst, the samples without kieselguhr were uniformly 

poor. Decomposition catalysts supported on kieselguhr were somewhat 

more active, and alumina was again the best promoter. Thoria was not a 

useful promoter. Data of Table 3 show that a Co-ThCL-kieselguhr decompo¬ 

sition catalyst had a very low activity compared with similar precipitated 

catalysts. Tsutsumi191 was able to prepare cobalt decomposition catalysts 

of approximately the same activity as precipitated catalysts; however, 

his best nickel catalysts were prepared by precipitation. 

A Bureau of Mines catalyst, prepared by impregnation of a microsphere 

(1 mm diameter) silica gel with cobalt and thorium nitrates and subsequent 

thermal decomposition of the nitrates, showed satisfactory activity, life, 

and selectivity. After reduction in hydrogen at 350°C, this preparation gave 

high conversions of 2H2 + ICO at a space velocity of 100 hr-1 at 190 to 

200°C, both at 1 and 7.8 atmospheres pressure, and about the same selec¬ 

tivity as standard Fischer-type catalysts. 

Fischer and Meyer53' 64 made a detailed study of nickel and cobalt skele¬ 

tal catalysts. Alloys were prepared by fusing mixtures of metallic nickel or 

cobalt with aluminum or silicon. The alloys were crushed to “lentil-size” 

granules (presumably pieces of 3 to 4 mm diameter) or ground to a fine 

powder and then leached with an excess amount of hot aqueous sodium 

hydroxide solution. Aluminum was readily dissolved, and the alkali was 

added slowly from a dropping funnel. For the granules, about 6 hours were 

required. Silicon dissolved more slowly and was never completely removed. 

The extracted material was washed with water and stored under ethanol. 

The skeletal preparations had a much higher bulk density than catalysts 

precipitated on kieselguhr. The granules of typical precipitated catalysts 

contained 0.09 to 0.10 gram of cobalt or nickel per cc compared with 0.8 g/cc 

for extracted skeletal catalysts. The skeletal catalysts were tested in 14 mm 

tubes at atmospheric pressure with a flow of 4 liters of 2H2 + ICO gas 

per hour per 5 grams of cobalt plus nickel. These dense catalysts usually 

gave poor results when packed tightly in the reactor, presumably due to 
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low activity and poor selectivity. In addition, the presence of kieselguhr 

increases the surface areas of the catalysts in both the raw or the reduced 

state by a greater amount than the area of the kieselguhr. Detailed data 

for the influence of kieselguhr and promoters on the geometry of cobalt and 

nickel catalysts will be presented later in this chapter (p. 70). 

Workers at I. G. Farben. at Oppau165 were skeptical of the use of kiesel¬ 

guhr in the preparation of commercial catalysts, since the “diatomite” 

available in Germany was variable in both structure and chemical com¬ 

position. Tests demonstrated that many kieselguhrs were improved by 

heating in air at 500 to 700°C. Further, the addition of small amounts of 

magnesium oxide (the manner was not stated) was said to make most 

kieselguhrs equally suitable for catalyst preparation. Tests were made with 

well-defined materials such as alumina, kaolin, magnesia, silica-gel, talcum, 

porcelain, etc., as carriers in cobalt catalysts. In general, these catalysts 

were poor, but with kaolin, alumina, and silica gel that had been heated 

to 500, 900, and 800°C, respectively, active catalysts were obtained. 

Wenzel202 described a cobalt-zinc oxide-alumina catalyst that produced 

over 70 per cent hard paraffin. The alumina for this catalyst had been 

heated to 800°C. A cobalt-1 per cent silver catalyst, prepared by slow pre¬ 

cipitation on a “narrow pore” silica gel, was said to be about as effective as 

a Co-Th02-kieselguhr catalyst. It had the advantage of being reducible in 

the synthesis reactors without the undesirable effects observed with cobalt- 

copper preparations and, in addition, did not require the use of thoria. 

Watanabe198 investigated Ni and Ni-Co catalysts containing kaolin in 

addition to kieselguhr (Table 14); the results, however, seem to indicate 

that kaolin plus kieselguhr has no advantage over kieselguhr alone. In a 

patent, Rubin146 reported that a fine mesh precipitated cobalt:magnesia: 

“Super Filtrol” (100:15:200) operated satisfactorily in a fluidized reactor 

at 200 to 210°C. The preparation containing “Super-Filtrol,” an acid- 

treated bentonite clay, was superior in the fluidized operation to similar 

catalysts precipitated on kieselguhr. 

Decomposition and Skeletal Cobalt and Nickel Catalysts 

In general, cobalt and nickel catalysts of these types are inferior to the 

precipitated preparations already described, and only a brief survey of the 

available data will be presented. The term, “decomposition catalysts,” as 

used heie, includes preparations made by thermal decomposition to oxides 

of salts such as nitrates. In some cases, an easily oxidizable substance such 

as starch is mixed with nitrates, and on heating, this material undergoes a 

mild explosion, resulting in fine, fluffy oxide powder. For fixed-bed tests, 

these finely-divided preparations must be formed into granules. Another 
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variation of decomposition catalysts is prepared by mixing a finely-divided 
carrier such as kieselguhr with the salts or solution of salts and heating the 
mixture to decompose the salt. Also, porous granules of material such as 
silica gel may be impregnated with salt solutions and the salt decomposed 
thermally. “Skeletal” catalysts involve the preparation of an alloy of the 
active metal plus another element that can be readily leached from the 
alloy, leaving a skeleton of the active component. Raney nickel134 is the best 
known catalyst of this type. 

Decomposition catalysts of Fischer and Tropsch46 had low activity and 
poor selectivity. Later, Fischer and Meyer61 studied nickel catalysts of this 
type, after reduction in hydrogen at 350 to 450°C. With the exception of a 
nickel-alumina catalyst, the samples without kieselguhr were uniformly 
poor. Decomposition catalysts supported on kieselguhr were somewhat 
more active, and alumina was again the best promoter. Thoria was not a 
useful promoter. Data of Table 3 show that a Co-ThCL-kieselguhr decompo¬ 
sition catalyst had a very low activity compared with similar precipitated 
catalysts. Tsutsumi191 was able to prepare cobalt decomposition catalysts 
of approximately the same activity as precipitated catalysts; however, 
his best nickel catalysts were prepared by precipitation. 

A Bureau of Mines catalyst, prepared by impregnation of a microsphere 
(1 mm diameter) silica gel with cobalt and thorium nitrates and subsequent 
thermal decomposition of the nitrates, showed satisfactory activity, life, 
and selectivity. After reduction in hydrogen at 350°C, this preparation gave 
high conversions of 2H2 + ICO at a space velocity of 100 hr-1 at 190 to 
200°C, both at 1 and 7.8 atmospheres pressure, and about the same selec¬ 
tivity as standard Fischer-type catalysts. 

Fischer and Meyer53' 64 made a detailed study of nickel and cobalt skele¬ 
tal catalysts. Alloys were prepared by fusing mixtures of metallic nickel or 
cobalt with aluminum or silicon. The alloys were crushed to “lentil-size” 
granules (presumably pieces of 3 to 4 mm diameter) or ground to a fine 
powder and then leached with an excess amount of hot aqueous sodium 
hydroxide solution. Aluminum was readily dissolved, and the alkali was 
added slowly from a dropping funnel. For the granules, about 6 hours were 
required. Silicon dissolved more slowly and was never completely removed. 
The extracted material was washed with water and stored under ethanol. 
The skeletal preparations had a much higher bulk density than catalysts 
precipitated on kieselguhr. The granules of typical precipitated catalysts 
contained 0.09 to 0.10 gram of cobalt or nickel per cc compared with 0.8 g/cc 
for extracted skeletal catalysts. The skeletal catalysts were tested in 14 mm 
tubes at atmospheric pressure with a flow of 4 liters of 2H2 + ICO gas 
per hour per 5 grams of cobalt plus nickel. These dense catalysts usually 
gave poor results when packed tightly in the reactor, presumably due to 
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overheating, as shown in Figure 12. In most of the tests the charge was 

spread in a thin layer over the bottom of the reactor tube. 

With Ni-Al catalysts, it was advantageous to reduce the extracted cata¬ 

lyst with hydrogen before synthesis. Data in part A of Table 19 indicate 

that the activity and selectivity improved as the nickel content increased 

up to about INi to 1A1 by weight. The aluminum was difficult to extract 

from an equiatomic alloy (INi to 0.46A1 by weight), and only partial re¬ 

moval of the aluminum was achieved. This sample was completely inactive 

at 206°C. Attempts were made to improve the catalyst by addition of pro¬ 

moters either to the original alloy or to the catalyst after extraction. Manga¬ 

nese and copper added to the original melt did not improve the catalysts, 
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Figure 12. tffect of partially filling the catalyst tube. Catalyst containing 5 

grams of Ni or Co, which would fill about 4 centimeters of catalyst tube, was spread 
over various lengths. (From Ref. 53) 

and the activity of catalysts containing copper decreased rapidly with time, 

impregnation of the extracted catalyst with thorium nitrate (part B of 

Table 19) improved both the activity and selectivity, whereas potassium 
carbonate had no activating effect. 

A number of cobalt-aluminum alloys were prepared, but all of these were 

poor catalysts, the highest yield of condensed hydrocarbons reported being 

43 cc/ m . Similar preparations containing copper were completely inactive. 
The inactivity of the Co-Al skeletal catalysts agreed with the observation 

that alumina acts as a poison for precipitated cobalt catalysts (Table 6). 

Hydrogen treatment of silicon skeletal catalysts at 350°C after extrac¬ 

tion decreased their activity appreciably, and in the tests described in Table 

20, this step was omitted. Usually, alloy catalysts containing silicon had 

better activity and selectivity than corresponding aluminum alloys. Addi¬ 

tion of copper to the melt produced poor catalysts. Impregnation of the 
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Table 19. Tests of Ni-Al Skeletal Catalysts" 

(4 liters 2H, + ICO gas per 5 g Ni at atmospheric pressure) 

Composition 

Catalyst Form6 Temp. (°C) Contraction 
(%) 

Liquid 
Hydrocarbons 

(ec/m3) Ni Al 

A. Variation of Ni to Al ratio 

1. 100 400 s 206 32 33 
2. 100 200 s 206 43 43 
3. 100 100 s 206 44 51 
4. 100 46 s 206 0 0 

B. Effect of promoters lOONi: 100AI alloy 

5. None G 206 46 62 
6. +0.5% K2CO:ff G 200 38 42 
7. +5% Thc G 195 39 68 

° AH catalysts reduced in hydrogen at 350°C after extraction. Extraction pro¬ 

cedure in tests 1 to 4 was different from that in tests 5 to 7. Data from Ref. 53. 

b S = powder; G = “lentil-size” granules. 

c Based on nickel content. Catalyst impregnated with potassium carbonate or 
thorium nitrate solution after extraction. 

Table 20. Tests op Ni-Si, Co-Si, and Ni-Co-Si Skeletal Catalysts" 

(4 liters 2H2 + ICO gas per hour per 5 g Co + Ni at atmospheric pressure) 

Ni : Co : Si Catalyst 
-Form6 

Hours of 
Extraction 

Temp. 
(°C) 

Contraction 
(%) 

Liquid 
Hydro¬ 
carbons 
(cc/m3) 

1. 100 — 100 s 5 205 32 47 
2. 100 

O
 

o
 

1—( 1 G 20 205 37 54 
3. 100 1 o

 
o

 

G 20 205 50 68 
4. — 100 100 S 18 200 51 90 
5. — 100 100 G 42 200 20 31 
6. 50 50 100 S d 198 51 90 
7. 50 50 100 G d 198 55 96 
8. 75 25 100 d d 194 53 72 
9. 67 33 100 d d 194 53 81 

10. 50 50 100 d d 194 51 80 
11. 33 67 100 d d 194 40 

■ 
70 

° From Ref. 53. 

b S = powder; G = “lentil-size” granules. 

c Impregnated with thorium nitrate solution after extraction (lOTh per lOONi). 

d Not specified. 
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leached alloy with thorium nitrate solution resulted in improved catalytic 

properties (test 3). Some of the highest activities and yields of condensed 

hydrocarbons were obtained with Ni-Co-Si alloys (tests 6 and 7). As illus¬ 

trated by these tests and experiments 4 and 5, there was no consistent 

relationship between particle size and activity. Presumably, this resulted 

from unknown factors involved in the extraction step, since the data indi¬ 

cate that a prolonged extraction as well as incomplete leaching resulted in 

catalysts of lower activity. Tests in which the ratio of nickel to cobalt was 

varied indicate that catalysts with higher nickel content were the most 

active, while the yields of condensed hydrocarbons increased to a maximum 

at a ratio of 2Ni to ICo. 

Figure 13. Effect of the extent of silicon extraction on performance of Ni-Co-Si 
skeletal catalyst. (From Ref. 53) 

Complete leaching of silicon was usually not possible with about 90 per 

cent removal of the silicon being the maximum. Figure 13 presents the varia¬ 

tion of contraction and yield of condensible hydrocarbons with the extent 

of extraction, of a Ni-Co-Si alloy. The activity and selectivity increased 

to constant values at about 75 per cent extraction of silicon. Iron was a 

poison for these catalysts, as shown in Figure 14. Iron skeletal catalysts 

containing either aluminum or silicon were inactive in the synthesis at 
temperatures as high as 260°C. 

In the tests described, the yields from skeletal catalysts were usually 

considerably lower than from precipitated preparation. However, the skele¬ 

tal catalyst was spread over the bottom portion of the reactor tube, the 

catalyst occupying roughly 10 per cent of the volume of the tube. Based 

on volume of catalyst, the space velocities per hour were about 600 com¬ 

pared with about 100 for precipitated catalysts. When five times this weight 
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of skeletal catalyst was spread over the same length of reactor tube and the 

same flow of synthesis gas (corresponding to a space velocity of 120) was 

used, contraction of 80 per cent and yields of condensible products of 160 
cc/m3 were attained at 170°C. 

Fischer and Pichleru6 state that the performance of cobalt-nickel skeletal 

catalyst was improved at operating pressures of 20 atmospheres and that 

the yield of condensed hydrocarbons was increased to about 80 g/m3 

(115 cc/m3). At temperatures as low as 170°C, this catalyst produced 
essentially no wax. 

IRON CONTENT, PARTS Fe PER 100 Ni +Co 

Figure 14. The influence of iron on productivity of Ni-Co-Si skeletal catalysts at 
195°C and atmospheric pressure. (From Ref. 53) 

Surface Areas and Pore Volumes of Cobalt and Nickel Catalysts 

A knowledge of the pore geometry of catalysts is very helpful in under¬ 

standing catalytic processes. These data provide basic information regard¬ 

ing the relationship of pore geometry to promoters and carriers, as well as 

the physical structure of the catalyst in the raw state, after pretreatment, 

after synthesis, or after reactivation. The relationship between pore geome¬ 

try and catalytic activity is very complicated, and a direct proportionality 

between catalytic activity and surface area may be expected in only special 

cases. The present pages describe surface area and pore volume data for 

precipitated cobalt and nickel catalysts. Surface areas were determined 

from the physical adsorption of nitrogen42 at — 195°C by the method of 

Brunauer, Emmett, and Teller27. Pore volumes were determined by the 
helium density-mercury density method7. 

At the Bureau of Mines, the surface areas and pore volumes of Co-Th02- 

kieselguhr and Co-Th02-MgO-kieselguhr preparation were determined for 
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the catalyst in the raw state7 and after reduction8, synthesis, regeneration9, 

and carbiding9. Data for raw catalysts and similar preparations lacking 

promoters and/or carriers7 are presented in Table 21. In addition to total 

surface areas per gram of raw catalyst, calculated areas for the cobalt basic 

carbonate-promoter complex, per gram of complex, i.e., everything in the 

catalyst except the kieselguhr, are given. In this computation, the areas 

of the kieselguhrs were assumed to be unchanged in the preparation of the 

catalyst and the areas of kieselguhr and complex were assumed to be addi¬ 

tive. Although this calculation may not be strictly correct, because the 

surface of the carrier may be covered or blocked by the precipitated com¬ 

plex, the area of the complex represents a minimum value which may be 

used in comparisons with areas of unsupported catalysts. 

In the raw catalyst, the area of the kieselguhr was only 10 to 20 per cent 

of the area of the complex. Cobalt basic carbonate (the preparation with 

neither kieselguhr nor promoters) had an area of 126 m2/g. The addition of 

promoters increased the areas of complex to 140 to 170 m2/g, but the area 

was not increased by addition of kieselguhr. The complex of Co-Th02- 

MgO-kieselguhr catalysts had the highest surface area. The areas of the 

complex of the preparations containing natural kieselguhrs were higher 

than corresponding areas for catalysts containing calcined kieselguhrs; 

however, aside from this observation, no relationship between the surface 

areas of catalyst and carrier was found. Pelleted catalysts had 10 to 15 per 

cent lower area than corresponding granules (filter-cake). 

Craxford34 found surface areas of raw cobalt catalysts prepared with 

acid washed Portuguese kieselguhr to be 129 and 130 m2/g, but with a 

sintered guhr (surface area = 1 m2/g) the area of the catalyst was 46 

m2/g. Johnson and Ries93 obtained areas varying from 200 to 300 m2/g for 

cobalt-kieselguhr catalysts. These high areas may have resulted from dif¬ 

ferences in method of preparation, since in their precipitation, kieselguhr 

was mixed with a boiling solution of sodium carbonate before addition of 
cobalt nitrate. 

For granular catalysts (broken filter cake), the external volume of the 

particles as measured by displacement of mercury was approximately equal 

to the bulk volume of kieselguhr in the sample. Most of the cobalt basic 

carbonate-promoter complex was precipitated in the larger pores or void 

space of the kieselguhr, as indicated by Figure 15, where the volume of 

mercury (at 1140 mm) displaced per gram of catalyst is a linear function 

of the volume ol mercury displaced by the kieselguhr in a gram of catalyst. 

The two points on the vertical axis are the volumes of mercury displaced 

by preparations without kieselguhr, corrected to the proper weight basis. 

The volume of the kieselguhr to a large extent determines the volume of the 

resulting granular catalyst. The kieselguhr acts as a “brush heap,” with 
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the cobalt basic carbonate-promoter complex being deposited in the void 

space and larger pores. In pelleted catalysts, the mercury volume of the 

catalyst is much less than the bulk volume of the kieselguhr and the brush- 

pile structure of the kieselguhr is compressed. 

The surface areas of the cobalt-promoter complex of the raw catalysts in 

Table 21 are of the same order of magnitude; however, after reduction in 

hydrogen, the effectiveness of promoters and kieselguhr in retarding sinter- 

Figure 15. The volumes of mercury displaced per gram of unreduced cobalt Fischer- 

Tropsch catalysts of the 89-type in granular form plotted against the volume of 

mercury displaced by the weight of kieselgur per gram of catalyst. The mercury dis¬ 

placement experiments were made at an absoulete pressure of 1,140 mm Hg. (Repro¬ 
duced with permission from Ref. 7) 

ing is clearly evident, as indicated by Table 22. In reduction, the area of 

cobalt-promoter complex of Co-ThCb-MgO-kieselguhr catalysts decreased 

to about GO per cent of its area in the raw state, while for Co-ThOo-kiesel- 

guhr catalyst the area decreased to 40 per cent of its original value. Of the 

promoters, magnesia was more effective in retarding sintering than thoria. 

Kieselguhr was about as effective in retarding sintering as the thoria. The 

natural kieselguhr (F.C.) was more effective than the flux-calcined support 

(H.S.C.). Data in Table 23 indicate that the surface area changes are the 

result of two processes: (a) the thermal decomposition of the cobalt basic 
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carbonate while the catalyst was heated to reduction temperature in nitro¬ 

gen, and (b) during reduction of the cobalt oxide or basic carbonate to 

metal. For the Co-ThCb-MgO preparation, both with and without kiesel- 

guhr, the largest surface area dimunition occurred in step (a). For prepara¬ 

tions without promoters, a large degree of sintering occurred in both steps, 

the preparation supported on kiesclguhr being more resistant to sintering. 

Although kieselguhr is somewhat effective in preventing excessive dimu¬ 

nition of surface area during reduction, its principal function is to prevent 

Table 23. Changes in Surface Area During Heating and Reduction0 

(All data per gram of original unreduced catalyst or complex) 

Catalyst 

Catalyst 

Original Heated6 Evacuated^ Reduced** 

Area 
(m2/ g) 

Area of 
Complex 
per Gram 
Complex 

Area 
(m2/g) 

Area of 
Complex 
per Gram 
Complex 

Area 
(m2/g) 

Area of 
Complex 
per Gram 
Complex 

Area 
(m2/g) 

Area of 
Com¬ 

plex per 
Gram 
Com¬ 
plex 

Co :ThO 2 :MgO: kiesel¬ 

guhr = 100:6:12:20, 

89J 

85.5 155.4 65.5 108.9 67.0 109.8 62.0 99.6 

Co:Th02:Mg() = 100: 

6:12 

154.8 154.8 68.3 68.3 61.1 61.1 52.8 52.8 

Co:kieselguhrn = 100: 

200 

75.6 124.7 37.1 52.4 35.5 49.2 18.3 14.2 

Cobalt basic carbonate 126.2 126.2 24.2 24.2 21.6 2.5 2.5 2.5 

° From Ref. 8. 

b Area of catalyst and complex per gram of catalyst and per gram of complex in 

the original unreduced catalyst, respectively. 

c Contains “Filter-Cel.” 

excessive shrinkage of the particle, as shown by mercury density data in 

Table 24. Although mercury wetted and penetrated the particles of reduced 

cobalt basic carbonate, mercury did not wet or penetrate the particles of 

the samples containing either promoters or kieselguhr. On reduction, the 

volume of mercury displaced per gram of catalyst (in the unreduced state) 

decreased by less than 5 per cent for samples containing kieselguhr, whether 

or not the catalyst contained promoters and whether the samples were in 

the form of granules or pellets. The volume of mercury displaced by the 

unsupported catalyst decreased on reduction to less than half of the initial 

volume. The pore volumes (Table 24) of all preparations containing kiesel¬ 

guhr increased on reduction; however, those of unsupported samples de¬ 

creased. Average pore diameters computed from the equation of Emmett 
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and DeWitt44 (d = 4 X pore volume/surface area) increased on reduction, 

because the decrease in surface area was always of a greater magnitude than 

the changes in pore volume. 
At — 195°C, carbon monoxide seems to be chemisorbed only on the metal¬ 

lic cobalt in the catalyst surface. Actually, the isotherm at this temperature 

is a composite of chemical and physical adsorption; and the volume of 

chemisorbed carbon monoxide is obtained by subtracting the adsorption 

JO 

5 
< 

2.0 cr 
o 
cr 
LlI 
0. 

Q. 

0.5 

UJ 
_l 
< 
o </> 

0 

Figure 16. Sorption of nitrogen and carbon monoxide at — 195°C on reduced pel¬ 

leted catalysts 89H and 89J and reduced cobalt oxide powder where open points rep¬ 

resent nitrogen and solid points represent carbon monoxide isothersm. Points of re¬ 

duced 89 H are given by o, two samples of reduced 89 J by □ and □, and the 

reduced cobalt oxide by a. The volumes of chemisorbed carbon monoxide are given 

in lower part of the graph. (Reproduced with permission from Ref. 9) 

isotherm of nitrogen from the total carbon monoxide isotherm, with both 

isotherms being plotted on a relative pressure basis as shown in Figure 16. 

This approximation is permissible, since the physical properties of the two 

molecules, including molecular size, are nearly identical. For the samples 

without kieselguhr or promoters, which in the reduced state were essentially 

pure cobalt, the ratio of chemisorbed carbon monoxide (VCo) to the nitro¬ 

gen monolayer (Vm) was about 0.65 (Table 25). Possibly this ratio arises 

from the steric factors involved in chemisorption on fixed sites. For all 

promoted and/or supported catalysts, the ratio of Vco to Vm for the com¬ 

plex was lower than 0.65. The lowest values of this ratio were obtained 



FISCHER-TROPSCH CATALYSTS 77 

for promoted and supported catalysts, and for these samples it may be 

inferred that more than 30 per cent of the surface of the complex contained 
material other than metallic cobalt. 

The changes in surface area and carbon monoxide chemisorption on 

Co-1 h02-kieselguhr catalyst 108B and Co-ThCh-MgO-kieselguhr catalyst 

Table 25. Chemisorption of Carbon Monoxide on Reduced Cobalt 

Fischer-Tropsch Catalysts" 

(All data per gram of unreduced catalyst) 

Catalyst Form** Vm , (CC) 
'o 
O 

Complex per 
Gram of Complex 

(cc) Vco 
Vm 

Co Atoms 
in Surface 

V
co

 ,
 

Vra Vco 

(complex) (%) 

Co:Th02:MgO:kieselguhr = 

100:6:12:200 

89 H P 9.58 4.40 18.72 8.80 0.470 72.3 
89J P 14.15 3.10 23.92 6.20 .259 39.9 
89K P 14.31 3.80 24.80 7.60 .306 47.1 
89K G 14.19 4.00 24.40 8.00 .328 50.4 

89 U P 8.64 2.17 13.98 4.34 .311 47.9 
Co:Th02:kieselguhr = 100:18: 

100 

108B P 7.40 2.56 11.42 2.84 .448 69.0 

Co:Th02:MgO = 100:6:12 G 12.06 6.90 12.06 6.90 .572 88.0 

Co:Th02 = 100:6 G 3.33 1.95 3.33 1.95 .586 90.2 

Co:MgO = 100:12 G 8.03 3.70 8.03 3.70 .461 71.0 

Co:kieselguhre = 100:200 G 4.18 .85 3.28 1.70 .518 79.7 

Cobalt basic carbonate G .58 .36 .58 .36 .632 97.2 

Cobalt oxide powder .73 .73 .48 .48 .648 99.7 

° From Ref. 8. 

b G = granules, broken filter cake; P = pellets. 

c Vco computed from the difference the total carbon monoxide isotherms and the 

physical nitrogen at equal relative pressures. 

d Voo/Vm-complex divided by 0.65, the value of Vco/Vm-complex for cobalt metal. 

e “Filter-cel.” 

89K during carburization in carbon monoxide were studied9. In carburiza¬ 

tions with carbon monoxide at 208°C, chiefly cobalt carbide, C02C, was 

produced, and at 275°C, chiefly elemental carbon was deposited. The sur¬ 

face areas of the catalyst remained essentially constant in carburizations 

at 208°C, but the volume of carbon monoxide chemisorbed at — 195°C 

decreased to less than half of its original value. Most of the carbon was re¬ 

moved by hydrogen treatment at 208°C, and although the surface area 

remained constant, the volume of chemisorbed carbon monoxide increased, 

but not quite to the value for the original reduced catalyst. 
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In carburizations of catalyst 108B at 275°C, at least four times the 

amount of carbon corresponding to C02C was deposited, and only a small 

portion of this carbon could be removed by hydrogenation at 208°C. 

These facts suggest that the carbon deposited was chiefly in the elemental 

form86, and this was confirmed by a 60 per cent increase in surface area. 

On this sample, the volume of chemisorbed carbon monoxide was greater 

than those observed on the catalyst in the carburized or reduced state 

earlier in this series. Similarly, after deposition of 16-times the carbon 

equivalent to Co2C on catalyst 89K, the volume of chemisorbed carbon 

monoxide was 3.6 cc/g compared with 3.1 cc/g for the catalyst after the 

initial reduction. These data indicate that the area of the cobalt portion of 

the surface, as well as the total area, had increased by the deposition of 

elemental carbon. Presumably, a portion of the carbon is formed by the 

growth of nuclei of elemental carbon within the crystal lattice of the cobalt, 

resulting in partial disintegration of the cobalt structure and a correspond¬ 

ing increase in number of accessible cobalt atoms. The presence of sizable 

amounts of elemental carbon prevented subsequent carburization at 208°C. 

The elemental carbon hydrogenated very slowly, and for catalyst 108B, 

the carbon was not completely removed in 530 hours at 360 to 450°C. In 

this hydrogenation, the surface area decreased from 52.2 to 35.2 m2/g 

compared with 32.6 m2/g for the original reduced catalyst. Later in this 

chapter (p. 94), surface area and pore volume studies on a used cobalt 

catalyst, as well as changes in these quantities during regeneration in hydro¬ 
gen, will be presented. 

In the preparation of cobalt catalysts at the Bureau of Mines, the time 

of contact of reacting solutions and kieselguhr was as short as possible, and 

there was little evidence for interaction between cobalt oxide or basic car¬ 

bonate and kieselguhr. However, many nickel catalysts supported on kiesel¬ 

guhr appear to contain sizable amounts of nickel hydrosilicate. DeLange 

and Visser38 observed that nickel-kieselguhr catalysts were active in hydro¬ 

genation reactions when reduced at 500°C, whereas nickel hydroxide re¬ 

duced at this temperature was inactive. Further, after heating in nitrogen 

at 500 C, the surface area of the nickel-kieselguhr catalyst greatly exceeded 

the areas of the heated nickel hydroxide and kieselguhr, as shown by the 

following data: kieselguhr 10 m2/g, NiO 30 m2/g, NiO-kieselguhr (20 per 

cent I\i by weight) 270 m2/g. X-ray data confirmed the presence of nickel 

hydrosilicate. Hydrothermal treatment increased the formation of nickel 

hydrosilicate to such an extent that the structure of the kieselguhr was 

destroyed. Co-Th02-MgO-kieselguhr catalysts prepared by Craxford34 had 
largei suiface areas after reduction than corresponding Bureau of Mines 

piepaiations, and Ciaxford suggested that interaction of cobalt oxide with 
the kieselguhr was responsible for the high areas. 
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Workers in M. Prettre’s laboratory have presented numerous papers121' 
122,182,183,186,187,188,189 on Ni-Al203-Mn0-kieselguhr and nickel aluminate 

catalysts for which there is substantial evidence for the formation of nickel 

hydrosilicate and hydroaluminate bonds. Trambouze188' 189 developed a 

method based on selective solubility for estimating the fraction of nickel 

present as hydroaluminate and hydrosilicate. Nickel as oxide, hydroxide, 

or basic carbonate was dissolved by a concentrated aqueous ammonia solu¬ 

tion. Nickel as hydroaluminate, as well as the phases listed in the previous 

sentence, was removed by concentrated nitric acid solution. Nickel as 

hydrosilicate was insoluble in the above reagents, but could be dissolved 

by alkali fusion methods. Table 26 presents the fractions of nickel in 

Table 26. Fraction of Nickel Present as Hydroaluminate or 

Hydrosilicate in Ni-Al203-MnO-KiESELGUHR Catalysts'1 

Treatment 

Nickel Present as 

Hydroxide, Oxide, 
or Basic Carbonate 

(%) 

Hydroaluminate 
(%) Hydrosilicate (%) 

Cold precipitation 100 0 0 
Precipitate boiled 63 37 0 
Dried in air 63 37 0 
Evacuated at 150oC!> 63 37 0 

N2 at 220°C for 2 hours 59 13 28 

N2 at 320°C!> 18 46 36 

N2 at 450°C6 16 40 44 

° From Refs. 186 and 188. 

6 To constant weight. 

Ni-ANCh-MnO-kieselguhr catalysts present as hydroaluminate or hydro¬ 

silicate after various treatments, as estimated by this method. The nickel 

hydroaluminate was formed in sizable amounts at 100°C, while the hydro- 

silicate was formed only at temperatures of 220°C and above. 

Teichner182 studied the changes in surface areas of Ni-ABCh-MnO- 

kieselguhr catalysts on evacuation at various temperatures and on reduc¬ 

tion in hydrogen at 450°C. The surface areas of preparations that were not 

boiled after precipitation usually decreased during heat treatment or re¬ 

duction in somewhat the same manner as the areas of cobalt catalysts 

studied at the U. S. Bureau of Mines. However, the behavior of preparations 

that were boiled after precipitation was very different and apparently char¬ 

acteristic of nickel hydroaluminate. For example, the surface area of a 

catalyst of this type increased on evacuation at 180°C and further on re¬ 

duction in hydrogen at 450°C. The areas per gram (based on weight after 
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evacuation at 180°C) were 30, 39, and 75 m2 after evacuation at 20 and 

180°C and reduction at 450°C, respectively. Surface areas of similar prepa¬ 

rations which had been boiled after precipitation are given in Table 27. 

The first preparation, Ni-MnO, indicates that oxides of manganese are not 

effective structural promoters. The area of sample with AI2O3 and MnO 
increased upon reduction in the same manner as Ni-Al203-Mn0-kieselguhr 

catalyst described previously. The catalyst that was precipitated bj^ a 

special method in which the pH was maintained constant had a larger 

surface area than the similar catalyst precipitated as variable pH. 

Teichner also studied surface area changes in nickel hydroaluminate dur¬ 

ing various thermal treatments and reduction, as shown in Table 28. The 

Table 27. Surface Areas of Ni-MnO-Al203-KiESELGUHR Catalysts'* 

Components 

Evacuated at 
Reduction at 

450°C 

20°C 150°C 

Weight 

Loss (%)6 

Surface 
Area 

(m2/g)c 

Weight 
Loss, 

(%)6 

Surface 
Area 
(m2/g) 

Weight 
Loss1 

(%)b 

Surface 
Area 

(mVg)c 

Ni-MnO'* 2.2 125 47.0 1.6 

Ni-MnO-AliO**1 12.7 35 32.9 63 

Ni-Mn0-Al203-kieselguhre 2.1 130 11.0 118 27.6 114 

0 From Ref. 182. 

6 Loss in weight based on initial dried sample. 

c Areas corrected to correspond to 1 gram of catalyst after evacuation at 150°C. 

d “Solution” heated to boiling after precipitation. 

e Precipitated from boiling solution with pH maintained constant at 9. 

surface area changes of this material parallel those of catalysts containing 
sizable quantities of the hydroaluminate. 

The chemisorption of carbon monoxide at — 195°C was determined on 

some of the samples described in Tables 27 and 28 by the method used at 

the Bureau of Mines (p. 76). The results for samples that did not contain 

appreciable amounts of nickel hydroaluminate were essentially the same 

as those of the Bureau of Mines. Carbon monoxide was apparently chemi¬ 

sorbed only upon reduced nickel and gave an indication of the extent of 

metal in the surface. However, samples containing sizable quantities of 

nickel hydroaluminate (Table 29) chemisorbed appreciable quantities of 

carbon monoxide in the unreduced state, apparently on the nickel hydro¬ 

aluminate. In the last sample in this table, the chemisorption was zero, 

although 79 per cent of the nickel was present as metal. It was postulated 

that this was due to the migration of nickel atoms into the interior of the 
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Table 28. Changes of Surface Area During Treatment of Nickel 

Hydroaluminate3 

(Approximate composition 2Ni0-Al203-6H20) 

Treatment Temp. (°C) Weight Loss (%)*’ Surface Area (m2/g)c 

Evacuation 100 11.9 88 

Evacuation 170 11.9 48 

Evacuation 220 21.5 160 

Reduction 450 39.2 206 

Air 450 38.2 230 

Air 450) 43.7 131 

Reduction 450/ 

° From Ref. 182. 

6 Loss in weight based on initial dried sample. 

3 Areas corrected to correspond to 1 gram sample after evacuation at 170°C. 

Table 29. Chemisorption of Carbon Monoxide on Nickel Catalysts 

and Nickel Hydroaluminate3 

Components Treatment 
Temp. 

(°C) 
Vm s 

(cc/g)6 
Vco, 

(cc/g)6 
Vco 
Vm 

Nickel as 
Metal (%) 

Ni-MnO-Al2CV Reduction 4501 18.9 10.1 0.53 d 

Evacuation 150/ 

Ni-Mn0-Al203-kiesel- Evacuation 150 36.3 6.2 .17 0 

guhrc 

Reduction 450\ 32.1 3.5 .11 d 

Evacuation 150/ 

Nickel hydroaluminate' Evacuation 100 20.2 4.2 .21 0 

Evacuation 220 41.5 7.8 .19 0 

Reduction 450\ 69.2 16.3 .24 14 

Evacuation 150/ 

Air 450) 76.0 12.5 .16 0 

Evacuation 150/ 

Air 450) 

Reduction 450 > 47.3 0 0 79 

Evacuation 150j 

3 From Ref. 182. 

6 Per gram sample after pretreatment. 

c The same samples as in Table 27. 

d Values not given, but the nickel as metal probably approached 100 per cent. 

3 The same samples as in Table 28. 
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alumina phase. The unreduced samples were inactive in the synthesis even 

though many of them chemisorbed carbon monoxide, and hence there ap¬ 

pears to be considerable uncertainty as to the significance of studies of the 

chemisorption of carbon monoxide at — 195°C on this type of nickel 

catalysts. 

Reduction and Pretreatment of Cobalt and Nickel Catalysts 

Reduction. Precipitated oxides or basic carbonates of cobalt or nickel 

are readily reduced in hydrogen at relatively low temperatures, such as 

200 or 250°C. Structural promoters,* such as magnesia, thoria, and alumina, 

usually make the reduction of the active metal in the catalyst more diffi¬ 

cult. This may be entirely a kinetic effect, but in some instances, such as 

when compound or mixed crystal formation between promoter and active 

metal oxide is possible, for example, the formation of nickel hydroaluminate 

or hydrosilicate, the free energy of the transformation from oxide to metal, 

becomes more positive. Carriers may make reduction more difficult due to 

kinetic effects or, in some cases, to compound formation between the 

carrier and active metal oxide. The presence of easily reducible oxides, 

such as those of copper or silver, usually increases the rate of reduction. 

This phenomenon has been attributed to the rapid formation of copper or 

silver atoms that act as nuclei for reduction of the cobalt or nickel oxides. 

Usually the rate of reduction increases with temperature. For example, 

under the same conditions and time with 3H2 + 1N2 gas, a lOOCo:5Th02:- 

10MgO:200 kieselguhr catalyst was 15 per cent reduced at 300°C, 45 per 

cent at 325°C, and 75 per cent at 350°C71. In general, the catalysts that 

are difficult to reduce have the higher surface areas after reduction and the 

greater activity in the Fischer-Tropsch synthesis. For cobalt catalysts, the 

difficulty of reduction and surface area increase in the following order of 

promoters; Th02, MgO-Th02, MgO. Data from Ruhrchemie (Table 30) 

illustrate the effect of promoter as well as the amount of kieselguhr. For 

preparations with Th02 or Th02-MgO as promoters, the extent of reduc¬ 

tion decreased sizably with increasing kieselguhr content. However, for 

catalysts promoted with MgO, the reduction did not decrease appreciably 

as the content of kieselguhr increased. Possibly the behavior of catalysts 

promoted with only magnesia can be related to solid solution or formation 

between cobaltous and magnesium oxides, as postulated by Roelen. Both 

oxides have a wustite structure. 

The presence of copper increases the rate of reduction of standard co¬ 

balt and nickel catalysts containing promoters such as thoria and the usual 

* Additives that facilitate the formation of a structure of high surface area during 

preparation or pretreatment and stabilize this structure during the use of the cat¬ 

alyst. 
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amounts of kieselguhr, so that reduction in hydrogen can be accomplished 

at 200 C rather than temperatures above 350°C for copper-free preparation. 

Further, some copper-promoted catalysts can be reduced directly in syn¬ 

thesis gas at about 200 C. In the synthesis, the copper-promoted catalysts 

lost activity rapidly, and the German workers had abandoned copper as a 

promoter for cobalt and nickel catalysts as early as 1934. The rapid loss of 

activity is be lieved to be due to a rapid rate of sintering, involving a de¬ 

crease in suiface area. Unfortunately, surface areas have not been deter- 

Table 30. Reducibility of Precipitated Cobalt Catalysts0 

(Space velocity of 30,000 hr-1 of 3H, + IN, gas at 400°C) 

Catalyst Composition 

Reduction Time 
(min.) 

Cobalt Reduced 
to Metal (%) 

Co Th02 MgO Kieselguhr 

100 15 — 100 5 79 
200 73 
600 47 

1000 28 
2000 36 

100 5 10 200 15 78 
600 70 

1000 25 
2000 33 

100 — 15 100 15 64 
200 64 
600 63 

1000 62 

2000 53 

° From Ref. 71. 

mined on preparations of this type. Copper appears to render the structural 

promoter ineffective with respect to both ease of reduction and stability 
in the synthesis. 

Since in many catalysts, cobalt and nickel are present initially as basic 

carbonates, the reduction process is complicated by the decomposition of 

the basic carbonate to water and carbon dioxide. The carbon dioxide 

liberated is partly hydrogenated to methane, as shown by Ruhrchemie 

experiments144 in Table 31. These data also demonstrate inhibition of re¬ 

duction by water and carbon dioxide. 

German workers believed that the presence of compounds containing 

oxygen had undesirable effects other than decreasing the rate of reduction. 

The postulate was made that an alternate oxidation-reduction process oc- 
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curs on active points of the catalyst, resulting in their deactivation. How¬ 

ever, activity tests to demonstrate this effect are apparently not available. 

In any case, if only on the basis of reduction rate, it was desirable to use 

hydrogen vTith a very low concentration of oxygen-containing gases at a 

sufficiently high space velocity to keep the percentage of these components 

Table 31. Reduction of Cobalt Catalyst with 3H-. + 1NS in Presence of H.O 

Vapor and C02tt 

(2-3 mm granules, catalyst layer 20 cm long and 2.1 cm deep, 150 liters of 3H2 + 

1N2 gas per hour at 350°C) 

Reduction Off-gas Analyses 

Time % Co as Metal CO* CO h2 cm N2 
(min.) 

(a) SHi -f- lNi + 1 per cent HiOb 

25 33 1.6 0 72.4 2.1 24.9 

50 50 — — — — 

100 61.5 2.0 0 71.3 1.1 25.4 

180 66 — — — — 

(b) 3H + lNi + 3 per cent COi 

0 0 2.9 0.2 72.2 0.7 24.0 

50 8 1.0 0 67.2 3.6 29.2 

100 11.5 .4 0 68.1 4.6 26.8 

180 11.5 0 0.2 69.5 2.8 27.7 

(c) 8H2 + 1V2 

35 62 — — — — — 

50 81 — — — — — 

65 85 — — — — — 

a From Ref. 144. 

b Gas saturated with water vapor at 3°C (8 g H20 per m3). 

formed in the reduction process at a low value. Japanese studies118 of the 

productivity of Co-Th02-MgO-kieselguhr catalysts, as a function of dura¬ 

tion of reduction and flow of hydrogen, are given in Table 32. These data 

indicate that optimum yields result from a reduction time of 1.5 to 2 hours 

and that yields increased with increasing space velocity of hydrogen. In 

many cases, the actual reduction conditions may not be too important, 

provided that a moderate extent of reduction is attained. Ruhrchemie156 

reported tests of a lOOCo: 18ThO2:200 kieselguhr catalysts reduced under 
the following conditions: 
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(a) 350 C, 300 liters 3H2 + 1N2 gas per hour for 45 minutes. 

(b) 400 C, 300 liters 3H2 + IN? gas per hour for 2 hours. 

(e) 350°C, 8 liters 3H2 + 1N2 gas per hour for 15 hours. 

In atmospheric tests of 3,800 hours, no significant differences were ob¬ 

served in synthesis activity or selectivity. Similarly, Bureau of Mines 

tests1^ of Co-Th02-kieselguhr and Co-Th02-MgO-kieselguhr catalysts, after 

a variety of reduction and induction procedures, showed virtually no 

differences in synthesis behavior at 1 and 7.8 atmospheres (absolute). These 

results indicate that for standard catalysts, reduction conditions within 

Table 32. Effect of Reduction Conditions of 100Co:3Th02:8MgO:200 

Kieselguhr on Productivity"1 

Synthesis conditions: 2H2 + ICO gas, space velocity = 100 at atmospheric pres¬ 
sure and 190°C. 

Reduction conditions: Hydrogen at 380 to 385°C. 

A. Duration of reduction (space velocity of hydrogen = 3750) 

Hours 1 1.5 2 3 
Contraction, (%) 84 87 87 75 
C5+ , cc/m3 152 160 158 121 

B. Space velocity (time of reduction = 1.5 hours) 

Space velocity, hr-1 25 1250 2500 3750 
Contraction, (%) 82 85 86 87 
C5+ , cc/m3 101 121 149 149 

a From Ref. 118. 

rather broad ranges are not too critical. Possibly this results from the use 

of catalysts containing adequate structural promoters to prevent major 

variations of catalyst geometry and chemical properties in the range of 

conditions normally employed. Unpromoted cobalt-kieselguhr catalysts 

must be carefully reduced at low temperatures to attain high activity. 

Roelen72 believed that complete reduction of cobalt catalysts was neither 

necessary nor desirable. Although high activity was observed in catalysts 

in which 40 to 90 per cent of the cobalt was reduced to metal, the maxi¬ 

mum activity was observed between 65 and 70 per cent reduction. It was 

suggested that portions of unreduced cobalt oxide act as a structural pro¬ 

moter to prevent excessive sintering. Catalysts for the industrial synthesis 

were reduced 55 to 65 per cent. Apparently, the somewhat lower initial 

activity of these samples was advantageous for industrial scale reactors, 
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since the possibility of overheating (bolting) in the induction period was 

minimized. 
In Germany, catalysts for industrial synthesis were reduced in a sepa¬ 

rate reduction unit and stored under carbon dioxide in a special vessel for 

shipment to the synthesis plant. The catalyst was cooled to about room 

temperature before admitting the carbon dioxide. If carbon dioxide was 

introduced at temperatures above 100°C, the catalytic activity was im¬ 

paired, and sometimes even at lower temperatures heat was generated in 

the catalyst. The exact nature of this deactivation process is not known, 

but it is possible that both oxidation and carbide formation may occur. 

When the catalyst was cooled to a sufficiently low temperature before ad¬ 

mission of carbon dioxide, the method was entirely successful. The reduced 

catalyst after saturation with carbon dioxide could tolerate moderate ex¬ 

posure to air without adverse effect. The carbon dioxide stabilization has 

been used extensively in the Bureau of Mines catalyst testing program; 

however, here it was used only as a precautionary measure, since pro¬ 

cedures for the transfer of catalysts were designed to preclude exposure of 

the reduced catalyst to air. German laboratory tests showed that reduced 

catalysts were adequately protected by immersion in synthesis oil or im¬ 

pregnation with wax; however, this method was not used in handling 

reduced catalysts in the commercial plants. 
Carburization of Cobalt and Nickel Catalysts. Carbides* of cobalt 

(Co2C) and nickel (Ni3C) can be easily prepared by treating the reduced 

catalyst with carbon monoxide at about 200°C. However, since these car¬ 

bides are relatively inactive compared with corresponding reduced catalyst, 

this pretreatment has no practical value. Nitrides and carbonitrides of 

cobalt and nickel are difficult to prepare, and numerous attempts at the 

Bureau of Mines to find methods of preparing these interstitial compounds 

in conventional cobalt and nickel catalysts have been unsuccessful. 

Weller, Hofer, and Anderson201 observed that cobalt catalysts converted 

to C02C by carburizing the reduced catalyst with carbon monoxide at 

about 200°C had a low activity in the synthesis. The effect was reversible 

in that after removal of the carbidic carbon by hydrogenation at about 

200°C, the activity was substantially restored to the value obtained for a 

reduced catalyst. The carbide was apparently stable in the synthesis for at 

least moderately long periods of synthesis; however, x-ray diffraction pat¬ 

terns of Co2C were only found in used cobalt catalysts that had been car- 

bided before synthesis. Furthermore, in catalysts reduced at 400°C, the 

* The stoichiometry of interstitial compounds of iron group metals is difficult to 

determine and the formulas are often not simple. For example, the more recent work 

on cobalt carbide indicates that the formula is C020C9 rather than Co2C. However, 

for simplicity the approximate formula Co2C is used. 
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cobalt had a disordered crystal structure with a characteristic diffraction 

pattern. After carburization and subsequent hydrogenation, both at about 

200 C, the cobalt had been transformed into a hexagonal, close-packed 

structure, the thermodynamically stable phase at temperatures below 

400°C. However, all of the reduced catalyst examined after synthesis gave 

an identical x-ray diffraction pattern, that of disordered cobalt. Since the 

transformation from disordered to hexagonal cobalt accompanies the for- 

Table 33. Effect of Carburization and Hydrogenation on Activity and 

Product Distribution of Cobalt Catalyst 108Ba 

(Space velocity of 2H2 + ICO gas, 100 hr-1 at atmospheric pressure) 

Part a Part b 

Period 

Catalyst Pretreatment 

Hours 
Average 
Temp. 

(°C) 

Syn¬ 
thesis 
Gas 

Reacted 

(%) 

Products, g/m3 of Synthesis Gas 
Reacted 

Gas SVH 
Temp. 

(°C) Hours CHi c3 4- c< Ci — c, Liquids 
-f- Solids 

a h2 3000 360 2 73 173 67 22 27 56 106 
b CO 100 208 16 126 195 47 42 38 90 64 
c h2 100 208 16 149 190 64 28 39 73 107 
d CO 100 208 16 149 191 33 42 33 82 — 

e h2 100 208 16 127 190 52 35 — — 82 
f CO 100 208 16 176 193 23 84 — — — 

g h2 100 208 16 126 190 42 — — — — 

h CO 100 208 16 125 191 17 123 54 189 47 
i CO 100 274 15 149 191 19 106 18 132 11 

j h2 100 208 16 119 191 56 73 34 108 16 
k h2 100 200 2 165 189 49 83 47 137 18 
1 h2 3000 360 2 166 190 64 37 46 99 76 

0 From Ref. 9. 

mation and hydrogenation of cobalt carbide, it must be concluded that 

appreciable concentrations of Co2C were never present in the catalyst. 

Anderson, Hall, Krieg, and Seligman9 extended this series of experiments 

with synthesis tests after carburization of a cobalt-thoria-kieselguhr cata¬ 

lyst at 208 and 274°C. Carburization at 274°C produced chiefly elemental 

carbon and only small amounts of cobalt carbide. After the initial reduc¬ 

tion and a synthesis period of 73 hours (Table 33, part a), the catalyst was 

converted to cobalt carbide. The carbided sample (a) had a lower activity 

and produced more gaseous hydrocarbons. After hydrogenation c, the ac¬ 

tivity and selectivity were partially restored. In subsequent carburiza¬ 

tion and hydrogenation cycles d to h, the activity and selectivity of the 

hydrogenated catalyst were always better than those of the previous car- 
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bided sample. However, if only the reduced or the carbided catalysts are 

compared, there was a gradual decrease in activity and greater production 

of gaseous hydrocarbons as the number of carbiding-hydrogenation cycles 

increased. After carburization at 274°C, i, the activity was low and the 

percentage of gaseous hydrocarbons was high. Subsequently, hydrogena¬ 

tion at 208°C, j, which should remove the carbidic carbon but not ele¬ 

mental carbon, resulted in greatly increased activity as well as a moderate 

improvement of selectivity. Further hydrogenation, 1, at 360°C, which 

Table 34. Carburization Conditions for Ni-Mn-AbOa-KiESELGUHR Catalysts® 

Test Catalyst 

Carburization Conditions 

Gas Flow Temp. 
(°c) 

Time 
Comments 

(cc/hr)6 (hr) 

G C.I. 10 Used directly in synthesis 
J C.I. 12 Used directly in synthesis 
L C.I. 10 CO 350 175 36 Catalyst completely car- 

M 
bided 

C.I. 12 CO 300 175 18 Catalyst about 75 per 

N C.I. 12 

cent carbided. After 25 

hours of synthesis, cat¬ 

alyst was hydrogen¬ 

ated at 175°C for 17 

hours, and then after 

3K hours of synthesis 

hydrogenated at 185°C 
for 40 hours 

ICO + 3N2 1100 180 4 Catalyst only slightly 

1 carbided. 

“ From Ref. 122. 

6 Presumably per 40 cc of catalyst. 

should remove all carbidic carbon and most of the elemental carbon, re¬ 

stored the activity to that observed in period c; however, the fraction of 

gaseous hydrocarbons was greater than in week c. These results indicate 

that carbidic carbon decreased activity and increased the formation of 

gaseous hydrocarbons, whereas elemental carbon also increased the gaseous 
hydrocarbons, but did not influence activity greatly. 

Perrin122 studied the effect of precarbiding Ni-Mn-Al203-kieselguhr cata¬ 

lysts in the synthesis with 2H2 + ICO gas at atmospheric pressure in a 

glass reaction tube. The heat transfer properties of this reactor appear to 

have been rather poor, since temperatures, in the catalyst bed at times 

exceeded those of the reactor by more than 40°C; this factor, however 

does not invalidate the conclusions drawn from this work. After an initial 
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1 eduction at 450 C, the catalyst was either used directly in the synthesis 

or carburized, as shown in Table 34. The activities of these samples in the 

synthesis, as indicated by apparent contractions, are plotted as a function 

of time in Figure 17. The catalysts in tests L and M, which were carbided 

to sizable extents, were relatively inactive in the synthesis compared with 

coi responding leduced catalysts and produced no oil. After hydrogenation 

in test M, the activity was increased sizably. The slightly carbided sample 

in test. N was as active as the corresponding reduced catalyst in the first 

hour, but the activity decreased rapidly to a value lower than that of the 
reduced preparation. 

100 

HOURS 

Figure 17. The effect of carbiding on activity of Ni-Mn-AhCb-kieselguhr catalysts. 
(From data of Ref. 122) 

The Course of the Synthesis on Precipitated Cobalt Catalysts and 
Methods of Reactivation 

The behavior of standard precipitated cobalt catalysts in the synthesis 

at atmospheric pressure (normal pressure synthesis) and at 5 to 20 atmos¬ 

pheres (medium-pressure synthesis) is sufficiently distinctive to merit in¬ 

dividual consideration. In the next few pages, several pertinent experiments 

illustrating the characteristics of the normal and medium-pressure syn¬ 
theses will be described. 

Atmospheric-pressure Synthesis. Roelen71' 157 at Ruhrchemie re¬ 

ported a comparison of two reduced Co:Th02:kieselguhr (100:18:200) 

catalysts in the atmospheric-pressure synthesis. Although the experiments 

were made to test two kieselguhrs as carriers (S. 11, a natural kieselguhr, 

and S. 120, a calcined variety), the data also illustrate some of the essential 

features of the normal-pressure synthesis. The flow of 2H2 + ICO gas was 



90 CATALYSIS 

maintained at 1 liter per gram of cobalt per hour and the temperature was 
varied as required between 185 and 195°C. Periodically, probably when the 
conversion fell below a desired value, the catalyst was activated by hydro¬ 
genation with 3H2 + IN2 gas at 5 to 7°C above the previous operating 
temperature. In the course of 160 days of synthesis, the catalysts were 
activated 8 times, the periods of synthesis between activations becoming 
shorter as the tests progressed, as shown by temporal plots of contraction 

TIME IN HOURS 

Figure 18. Effect of type of kieselguhr upon life and yields of cobalt catalysts 

Rutircbenne I938. (100 Co-18ThO,-200 kieselguhr catalyst operated at atmospheric 
pressure of 2H3 + ICO and 185-195°C). (From Ref. 157) 

and condensed hydrocarbon yields in Figure 18. In the first period (50 days), 
the two catalysts had essentially the same activity and selectivity but 
thereafter the preparation with natural S. 11 was better than that’with 
calcined S. 120. 

The hydrogenation removed a sizable amount of wax from the catalyst 
partly as such and partly as lower hydrocarbons, including large yields of 
methane, by hydrocracking of the adsorbed wax. This hydrogen treatment 

owever, removed only part of the organic material on the catalyst Fol¬ 
lowing the hydrogenation, extraction of the catalyst in benzene yielded a 
dark brown wax called “Restbeladung.” This material melted at about 
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90°C and had the odor of oxygenated organic molecules. Data are not 

given to indicate if an appreciable amount of carbonaceous material re¬ 
mained after this extraction. 

A study of the deposition of wax on these two catalysts was made. The 

catalysts were removed after the periods shown in Table 35. One portion 

was hydrogen-treated and then extracted in benzene to give, respectively, 

the weight of wax removable in hydrogen and the Restbeladung. The other 

portion was given only the hydrogen treatment and then returned to the 

synthesis. Thus, Restbeladung was an accumulation from the beginning of 

the experiment, while the wax removable in hydrogen was deposited in the 

last period of operation. The Restbeladung (Table 35) increased to about 

Table 35. Deposition of Wax on a Co :Th02: Kieselguhr Catalyst During 

Atmospheric Pressure Synthesis" 

Catalyst Wax g per 4 g Co 

Synthesis 
Period 

Reactivation 
Temp. (°C) 

Cumulative 
Time (days) 

Kieselguhr S. 120 Kieselguhr S. 11 

Remov¬ 
able in H2 

Rest¬ 
beladung Total Remov¬ 

able in H2 
Rest¬ 

beladung Total 

i 188 50 10.1 12.0 22.1 13.7 7.8 21.5 

2 190 78 6.5 15.0 21.5 8.6 10.0 18.6 

3 190 96 3.6 16.8 20.4 5.7 10.8 16.5 

4 192 112 4.5 17.0 21.5 4.5 10.2 15.7 

5 193 121 2.8 15.6 18.4 2.9 9.6 12.5 

6 194 131 2.9 15.8 18.7 2.4 11.0 13.4 

7 194 144 2.2 15.4 17.6 1.8 12.0 13.8 

8 200 155 2.0 17.0 19.0 2.5 13.5 16.0 

° From Ref. 157. 

constant values in the first 78 days of synthesis. The weights of wax re¬ 

movable in hydrogen, as well as the total wax, fluctuated rather widely. 

However, the weights of wax removable in hydrogen were approximately 

proportional to the length of the previous operating period. The rate of 

deposition of this type of wax varied from 0.2 to 0.3 gram of wax per day 

per 4 grams of cobalt. The higher Restbeladung values for preparations 

with calcined kieselguhr S. 120, compared with those with natural S. 11, 

were believed to be related to the greater activity of the catalyst with S. 

11 in the last 100 days of synthesis. 
Other lturhchemie data71 describe the influence of promoters—Th02, 

ThOo-MgO, and MgO—on deposition of wax on precipitated cobalt cata¬ 

lysts, as shown in Table 30. Thoria favors deposition as well as production 

of heavy wax, whereas magnesia-promoted catalysts are virtually free of 

heavy wax (Restbeladung) in the synthesis. 
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In the synthesis, the catalyst can contain a remarkably great amount of 

wax without any great decrease in catalytic activity. According to Ruhr- 

chemie data an amount of catalyst corresponding at 4 gram of cobalt had a 

bulk volume of 44 cc. After 50 to 65 days of synthesis, thoria-promoted 

catalysts contained from 22 to 25 grams of wax, corresponding to a volume 

at room temperature of 24 to 28 cc. For a similar Bureau of Mines prepara¬ 

tion (89 K-granules of Table 24), reduced catalyst containing 4 grams of 

cobalt had a bulk volume of 50 cc and a volume of pores with openings 

smaller than 5 microns of 30 cc. Although an accurate comparison between 

volume of wax and pore volume cannot be made, these data indicate that 

the catalyst pores must be nearly filled with wax after an extended period 

of operation. 

Table 36. Effect of Promoter on Wax Deposition" 

(100Co:200 kieselguhr at atmospheric pressure) 

Synthesis 
Period 

Cumula¬ 
tive 

Time (hr) 

Catalyst Wax, g per 4 g Co 

15Th02 SThOj-lOMgO 15MgO 

Remov¬ 
able in 

H2 

Rest- 
bela- 
dung 

Total 
Remov¬ 
able in 

H2 

Restbela- 
dung Total 

Remov¬ 
able in 

h2 

Restbela- 
dung Total 

i 1550 4.0 22.0 26.0 11.4 8.4 19.8 8.6 0.4 9.0 
2 1850 6.0 20.6 26.6 7.0 5.6 12.6 2.0 .4 2.4 
3 2250 3.6 21.6 25.2 5.6 6.0 11.6 1.8 .8 2.6 

a From Ref. 71. 

Hall and Smith76 made a detailed life test of a Co-Th02-MgO-kieselguhr 

(100:6:12:200) catalyst at atmospheric pressure. Granules (broken filter 

cake) of 7- to 14-mesh size were used at a space velocity 67 hr-1 of 2H2 + 

ICO gas, corresponding to 1 liter per gram of Co per hour. 100 cc of cata¬ 

lyst weighed .26.6 grams and contained 6.7 grams of cobalt. The catalyst 

was reduced lor 2 hours at 200°C in dry hydrogen at a space velocity of 

about 900 hr-1. By suitable activations, the yields of condensed hydrocar¬ 

bons were maintained above 100 g/m3 for about 400 days of synthesis. 

Figure 19 summarizes operating data for the entire test. The gaps in the 

curves denoted by “RRi, RR2, etc.” represent re-reduction of the cata¬ 

lyst m hydrogen at 400°C under essentially the same conditions as the 

initial reductions. Caps in only the temperature curves indicate an activa¬ 

tion by hydrogen treatment at 195°C. After the initial reduction, the 

catalyst was operated briefly at 175 and 180°C, as shown in Figure 20 an 

expanded section of the previous graph, and then the temperature was 

maintained at 185°C. After about 19 days of synthesis, the contraction 
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and yields decreased sharply and the catalyst was reactivated by treatment 

with hydrogen for 6 hours at 195°C. This regeneration was followed by a 

period of about 18 days of high activity and productivity at 185°C, after 

which the conversion fell sharply, necessitating another hydrogenation at 

195°C. Following this, high conversions were attainable at 185°C for 11 

days, but after subsequent activations high conversions at 185°C were not 
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Figure 19. Durability test of 100Co-6Th02-3MgO-200 kieselguhr catalyst at at¬ 

mospheric pressure of 2H2 + ICO gas (British Fuel Research Station). (Reproduced 
with permission from Ref. 76) 
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Figure 20. Synthesis data for first 50 days of test of Co-Th02-MgO-kieselguhr 

catalyst at atmospheric pressure. (Reproduced with permission from Ref. 76) 

obtained for appreciable periods and the temperature had to be increased. 

Thus, as the experiment progressed, the effectiveness of the reactivation 

at 195°C decreased, and finally at 100 days, catalyst temperatures of 200°C 

were required to maintain the desired conversion. 

At this time the catalyst was rereduced at 400°C in hydrogen at a space 

velocity of 6000 hr-1 for 2 hours. The catalyst was restored to its initial 

activity and at 185°C yields of condensed hydrocarbons exceeding 120 

g/m3 were obtained for 16 days. Following a low-temperature hydrogena¬ 

tion, a continuous period of operation of 50 days at high productivity was 
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obtained by increasing the temperature. After a second 195°C activation, 

the yields were low, and the second rereduction was made at a slightly 

higher temperature, 430°C. Again a substantial restoration of activity was 

observed and several 20-day periods of operation followed by hydrogen 
activations at 195°C were possible. 

Aftei a third rereduction at 425°C, the activity was lower and the de¬ 

crease m activity with time was more rapid than after previous rereduc¬ 

tions. At this point a series of 7-day operating periods followed by low- 

temperature activations were tried. Although the temperature had to be 

increased rapidly within each operating period, productivity was main¬ 

tained high for about 100 days. Finally, when high yields were no longer 

attainable, a fourth rereduction, this time at 450°C, was made. This treat¬ 

ment was less effective than previous rereductions. Although the activity 

was still high enough for continued operation, the catalyst was extracted 

with a hydrocarbon fraction in the presence of carbon dioxide at 100 to 

150 C. This treatment decreased the activity to a very low value, and at¬ 

tempts to reactivate the catalyst were unsuccessful. Upon removal from 

the reactor, the catalyst was still in a granular form and was mechanically 

robust. Chemical analysis indicated 0.2 per cent sulfur, 2.2 per cent carbon, 

and 28.9 per cent cobalt. The sulfur and carbon contents were probably 
too low to account for the low final activity. 

Anderson, Hall, Krieg, and Seligman9 determined surface areas and 

helium and mercury densities of a pelleted Co: Th02: MgO: kieselguhr 

(100.6.12.200) catalyst after use in the synthesis at atmospheric pressure 

and after hydrogen treatments at 200 and 400°C. The catalyst was initially 

reduced m hydrogen at 400°C for 2 hours. In the synthesis, the catalyst 

was operated with 2H2 + ICO gas at an average temperature of 183°C 

for 11 periods of 5 days each, followed by a 2-hour treatment in hydrogen 

at 195 C and a 44-hour period in a slow flow of hydrogen at 150°C Al¬ 

though the activity decreased somewhat during each period, the average 

activity of the periods was the same for all 11 weeks. The catalyst was re¬ 

moved in an inert atmosphere after 4 days of synthesis in the 12th week 

Since, as shown in Table 37, about 90 per cent of the wax on the catalyst 

was removed by hydrogenation at 200°C, most of the wax on the catalyst 

was deposited during the last 4 days of synthesis. Data of adsorption and 
helium and mercury densities are given in Tables 37 and 38. 

th Z ir ]!11he ®ynthfsis,the area of the catalyst was 4.4 m«/g compared 

?nn°r ? ^ ^ the mitial reduction- The hydrogen reactivation at 
200 C for 2 hours decreased the weight by 23.5 per cent and increased the 

suiface area to 70.5 m3/g. Further reduction at 200°C for 20 hours pro¬ 

duced only a slight additional weight loss and a small increase in area 

Rereduction at 400 C caused only a slight loss in weight, but the area in- 
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creased to nearly that of the original reduced catalyst. The ratio of the 

volume of chemisorbed carbon monoxide, Yco , to the volume of physi¬ 

cally adsorbed nitrogen corresponding to a monolayer, Vm , was increased 

from 0.13 to 0.21 by the hydrogen treatment. Since the catalyst as re¬ 

moved from the reactor chemisorbed carbon monoxide, it must be inferred 

that some cobalt atoms were accessible in spite of the large amount of wax 
on the catalyst. 

The helium density of the used catalyst was 1.891 g/cc and after hydro¬ 

genation at 400°C, 3.007 g/cc, which is nearly equal to that of the original 

reduced catalyst. The mercury density decreased from 1.471 to 1.112 in the 

Table 37. Adsorption Data for Reduced and Used Cobalt Catalyst 89FF3’b 

(.All adsorption data per gram of unreduced catalyst) 

Treatment 

Cumula¬ 
tive 

Weight 
[Loss (%)c 

Surface 
Area 
(mVg) 

v d 

(cc/g) 
VCoe 
(cc/g) 

Vco/Vm 

a. Reduced 2 hr of IF at 400°C, SVH = — 80.8 18.45 3.2 0.173 

6000/ 

b. Used (a) plus 12 wks of synthesis 0.0 4.36 1.00 0.13 .130 

c. (b) plus 2 hr of H2 at 200°C, SVH = 200 23.5 70.5 16.1 2.7 .168 

d. (c) plus 20 hr of H2 at 200°C, SVH = 200 23.7 74.2 16.9 3.2 .189 

e. (d) plus 2 hr of H2 at 400°C, SVH = 6000 25.3 79.1 18.1 3.8 .210 

° From Ref. 9. 

b Cobalt:thoria:magnesia:kieselguhr = 100:6:12:200. 

c Weight based on weight of used catalyst as removed from converter. 

3 Volume of nitrogen corresponding to a physically adsorbed monolayer. 

e Volume of carbon monoxide chemisorbed at — 195°C. 

> Space velocity per hour, volumes of gas (S.T.P.) per volume of catalyst per 

hour. 

hydrogenation at 400°C, while the pore volume (volume of pores not pene¬ 

trated by mercury, i.e., pores of smaller diameter than about 5 microns) 

increased from 0.201 to 0.566 g/cc of unreduced catalyst. After the hydro¬ 

genation at 400°C, the surface area, densities, and pore volumes of the 

used catalysts were nearly the same as those of the original reduced cata¬ 

lyst. Hence, there was no change in the pore geometry of the catalyst in 

12 weeks of synthesis. 
The volumes of mercury displaced by the used catalyst per unit weight 

of cobalt before and after hydrogenation at 400°C were identical, indicating 

that the adsorbed hydrocarbons were located in the pores not penetrated 

by mercury and not on the external surface ol the pellet. At 30°C, 65 per 

cent of the pore volume of the used catalyst was filled with hydrocarbons. 

The density of the hydrocarbons removed from the pores, as calculated 
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from the changes in weight and in the volume of helium displaced, was 

0.90, which compared favorably with the densities of soft and hard wax of 

0.90 and 0.93, respectively, reported by Pichler for waxes from normal- 

pressui e synthesis124. The weight ratio of wax removed by hydrogenation 

at 200 C to cobalt was 1.01 and the ratio of total wax removed on hydro¬ 

genation to cobalt was 1.08. These ratios are considerably lower than those 

observed in Ruhrchemie experiments (ratios as high as 5), and the differ¬ 

ence probably results from the smaller pore volume of the pelleted catalyst 

compared with the granular Ruhrchemie preparation. The pore volume of 

Table 38. Density and Pore Volume Data on Reduced and Used Cobalt 

Catalyst 89FFa ■b 

Treatment 
Cumulative 

Weight Loss' 
(%) 

dHe (g/cc) dHg (g/cc) Pore Volume 
(cc/g) 

a. Reduced 2 hr at H2 at 400°C, SVHd = 
6000 

— 3.031 1.138 0.549' 

b. Used (a) plus 12 weeks of synthesis 0.0 1.891 1.471 . 15U 

c. (b) plus 2 hr at H2 at 200°C, SVH = 
200 

23.8 2.881 — 
(0.201)' 

d. (c) plus 2 hr of H2 at 400°C, SVH = 
6000 

25.5 3.007 1.112 .566' 

a From Ref. 9. 

6 Cobalt:t.horia:magnesia:kieselguhr = 100:6:12:200. 

‘ Weight based on weight of used catalyst as removed from converter 

^ fepace velocity per hour, volumes of gas (S.T.P.) per volume of catalyst per 

e Pore volume in cc per gram of reduced catalyst. 

7 Pore volume in cc per gram of catalyst as removed from converter. 

a typical reduced granular catalyst was about three times as great as that 
of a corresponding pelleted sample (Table 24). 

Sastri and Srinivasan183 observed that a large fraction of hydrocarbons 

aborted on a used cobalt catalyst could be removed by evacuation at 

200 C, and this method was employed to dewax a used catalyst for ad¬ 

sorption studies at -187°C. The used and evacuated catalyst chemisorbed 

carbon monoxide in a manner similar to reduced cobalt surfaces and it 

may be inferred that the active surface is in a reduced state and not pres- 

ent as carbide. Ihese data are considered in detail in Chapter 3 p 326 

In Ruhrchemie catalyst assaying” the reduced samples were started in 

the synthesis at 185°C, presumably with the normal flow of synthesis gas 

n the hist 4 hours, all catalysts produced chiefly methane, but the methane 

production had usually diminished to the normal value in the next 32 
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hours. Catalysts that produced methane for longer periods were considered 

undesirable. Herington and Woodward82 also observed that initially most 

reduced catalysts produced chiefly methane when started directly at the 

desired synthesis temperature, but found that the methane production 

could be avoided by starting the catalyst at a low temperature, such as 

150°C, and gradually raising the temperature to the desired value over a 
period of several days. 

Similarly, in Bureau of Mines experiments in which the catalyst tem¬ 

perature was gradually increased to the desired operating value over a 1- 

or 2-day period, the initial formation of light hydrocarbons was not ob¬ 

served. Herington and Woodward82 postulated two types of active centers; 

the first, presumed to be cobalt carbide, was postulated to be responsible 

for production of higher hydrocarbons, while the second, assumed to be 

cobalt metal, produced gaseous hydrocarbons. The induction procedures 

involving gradual temperature increase apparently favored the formation 

of carbide sites. This explanation is probably incorrect, especially in view 

of the wealth of evidence that has accumulated to demonstrate that the 

carbide phase is neither an active catalyst nor an intermediate. Probably 

the best explanation is the following: The reduced catalyst is highly active 

and at synthesis temperatures hydrogenates most of the carbon monoxide 

all the way to methane and catalyzes the water-gas shift reaction. How¬ 

ever, some wax is produced and sorbed on the catalyst and eventually de¬ 

creases the accessibility of the catalyst sufficiently to diminish the activity 

to a moderate value. Induction at low temperature should favor wax pro¬ 

duction. The accumulation of wax on the catalyst as well as selective 

poisoning by carbon monoxide eventually changes the selectivity to favor 

the production of higher hydrocarbons. 
In addition, the high initial activity may cause hot spots in the catalyst 

bed and very high conversions of synthesis gas, and the high initial yield 

of gaseous hydrocarbons may result from these factors. Thus, Craxford35 

observed that the production of condensed hydrocarbons (in g/m3) by a 

Co-ThCh-MgO-kieselguhr catalyst at 185°C increased to a maximum and 

then decreased as the flow of synthesis gas was decreased, that is, as the 

conversion was increased. This observation was attributed to hydrocrack¬ 

ing of higher hydrocarbons under conditions where most of the carbon 

monoxide was consumed. 
The atmospheric-pressure synthesis with typical precipitated cobalt 

catalysts is characterized by a brief period of high activity, sometimes ac¬ 

companied by formation of principally gaseous hydrocarbons, then a period 

of essentially constant activity, often extending for periods longer than 20 

days, and finally a relatively rapid decline in activity. In the intermediate 

portion of constant activity and high productivity the catalyst contains 
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large quantities ol wax. Although the wax content apparently increases 

with the time of synthesis, the activity in the intermediate interval is es¬ 

sentially constant. Hydrogenation of the used catalyst at 190 to 200°C 

removes only a portion of this wax, but in the early part of the synthesis 

the activity is restored to essentially its original value by this treatment. 

The effectiveness of the low-temperature hydrogenation decreases with 

time of testing. The residual organic material, Restbeladung, on the cata¬ 

lyst can be removed by solvent extraction or by hydrogenation at about 

400°C. The latter method was not employed in the German industrial syn¬ 

thesis, since the reactors could not attain this temperature. Both treat¬ 

ments result in a sizable increase in activity, the rereduction procedure in 

the first 200 days of synthesis restoring the activity to its initial value. 

Hence, the organic material on the catalyst may be divided into two 

groups based upon its ease of hydrogenation. Possibly the decrease in 

effectiveness of the low-temperature hydrogenation with time of synthesis 

is related to the accumulation of wax not removable under these conditions. 

Hall and Smith76 have suggested that the accumulation of both types of 

wax is minimized by low-temperature hydrogenation at short, regular in¬ 

tervals, such as every 7 days, and they believed that optimum life and 

productivity may be attained in this way. Bureau of Mines tests9, in 

which the catalyst was treated with hydrogen at 195°C on every sixth day 

of synthesis, showed only very small quantities of wax that was not re¬ 

movable by the low-temperature hydrogenation. Craxford35 suggested that 

the final rapid decrease in activity occurred when the pores of the catalyst 

were completely filled with wax. This may offer an explanation of why 

Co-ThCh-MgO-kieselguhr catalysts are superior to the Co-Th02-kieselguhr 

catalyst, since the thoria-promoted catalyst deposited wax at a more rapid 

rate than ThCVMgO-promoted catalysts. Magnesia-promoted prepara¬ 

tions deposit only small quantities of wax, and possibly the undesirable 

sensitivity of this preparation to temperature changes may be related to 

the absence of appreciable amounts of wax on the catalyst. It should be 

emphasized that other than this temperature sensitivity of the magnesia 

catalyst, there are no major differences in the activity of Th02 Th02-Mo-0 

or MgO-promoted preparations in the first few weeks of synthesis; how¬ 

ever, catalysts that produce smaller amounts of Restbeladung may have 

onger hves if the deleterious effects of overheating can be avoided/ 

As the final topic of this discussion, the synthesis schedule of the two- 

stage, normal-pressure commercial plant of Ruhrchemie at Sterkrade- 

Holten will be described. This operational procedure is typical of the at¬ 

mospheric synthesis m Germany up to 1944. The fresh reduced catalyst 

was introduced into Stage II, where it was flushed with Stage II gas and 

then heated to 100 to ]25°C without gas flow. After 5 hours at this tern 
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perature, the gas flow was started at a rate of 250 m3 per hour. The tem¬ 

perature was increased 5°C per hour to 1G0°C and thereafter at 1°C per 

hour until a contraction of 60 per cent was attained. The gas rate was then 

increased to 500 m3/hr, causing the contraction to decrease to 40 per cent, 

the the temperature was increased 1°C per hour to increase the contrac¬ 

tion to 45 per cent. Then the gas rate was further increased to 1,000 m3/hr 

and the temperature was increased 1°C per hour to restore the contraction 

to 45 per cent. At this point, the gas flow was increased to its final value, 

1,400 m3 per hour, and the temperature increased 1°C per hour until the 

contraction attained 55 to 60 per cent. Thereafter, the contraction was 

maintained within this range by increasing the temperature. The gradual 

increase of both gas flow and temperature, as well as initial operation in 

Stage II, was designed to prevent overheating of the fresh catalyst. 

Table 39. Gas Composition Two-stage Atmospheric Operation, Ruhrchemie 

1943-44“ 

Fresh Gas Stage II Gas Residual Gas 

co2 14.4 29.6 44.2 

Gaseous hydrocarbons above CH4 0.0 1.5 2.0 

CO 26.7 17.8 9.7 

H; 53.2 33.7 16.0 

ch4 0.4 7.0 13.2 

n2 5.3 10.4 14.9 

“ From Ref. 71. 

When the reactor temperature had reached 190 to 191°C (after about 

30 days), the catalyst was regenerated by solvent extraction of catalyst 

wax, which may be followed by hydrogenation. After 2 days in Stage II at 

175°C, this reactor was transferred to Stage I with a flow of 1,000 to 1,200 

m3/hr of fresh gas. The first regeneration in Stage I occurred when the 

temperature had increased to 192°C, and the synthesis was resumed on 

the activated catalyst at 180°C. Subsequent reactivations were made 

when the catalyst temperature reached 193, 195, 198, 200, and 203°C for 

the second to sixth regenerations, respectively. The period between activa¬ 

tions w§s about 20 days. In the course of the synthesis in Stage I, the gas 

flow was decreased about 100 m3/hr per month to a final value of 800 m3/hr. 

Typical analytical data for the composition of fresh gas, Stage II gas, and 

the residual gas are given in Table 39. 
In most German plants, solvent extraction was considered adequate for 

the first few reactivations, but later in the catalyst life extraction followed 

by hydrogenation at about 200°C was considered desirable. The useful 

life of catalysts in industrial plants was about 4 months; however, the life 
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could be extended to 6 or 8 months by more frequent activations. Although 

Ruhrchemie had investigated a procedure which was essentially the same 

as the rereduction studied by Hall and Smith76 (p. 92), and which ex¬ 

tended catalyst life to 12 to 14 months, this method was not used due to 

the shortage of hydrogen at Ruhrchemie and to the inability of the com¬ 

mercial synthesis reactors to be heated to 400 or 450°C. When the catalyst 

was removed from the reactor, it was considered desirable to return the 

spent catalyst to the catalyst preparation factory and start with a fresh 
preparation. 

Medium -pressure Synthesis. In 1939 Fischer and Pichler66 reported 

the discovery that the optimum-pressure range for normal Fischer-Tropsch 

Table 40. Products from Synthesis at Different Pressures'* 

(Average of 4-week tests with standard Co-Th02-kieselguhr catalysts) 

Pressure 
(atm. gage) 

Hydrocarbon Products (g/m*) 

Total 
Hydrocarbons Ci-C4 

Liquid plus Solids 

Total Gasoline 
<200° 

Diesel Oil 
>200° Wax 

0 155 38 117 69 38 10 
1.5 181 50 131 73 43 15 
5 183 33 150 39 51 60 

15 178 33 145 39 36 70 
50 159 21 138 47 37 54 

150 144 31 104 43 34 27 

° From Ref. 56. 

catalysts was 5 to 20 atmospheres rather than atmospheric pressure Since 

these pressures are intermediate between those of the usual atmospheric 

Fischer-Tropsch process (normal pressure synthesis) and the high-pressure 

syntheses of alcohols and synthol, the process at 5 to 20 atmospheres was 

termed the medium-pressure synthesis.” Previous studies66.66 in this range 

of operating pressure, due to either the type of catalyst or mode of opera¬ 

tion had indicated that both the catalytic activity and life were inferior 
to the normal-pressure synthesis. 

Fischer and Pichler determined the highest yields obtainable* from a 

s-andard precipitated cobalt-thoria hicselguhr catalyst at 0, 1.5 5 15 50 
and! .Matin, gage and a flow of 1 liter (S.T.P.) of 2H, + ICO gas per gram 

and °185 to'i wc T ^ ^ Peri°d at atmosPhe™ Pressure 
d 185 to 190 C; then the temperature was decreased below the syn¬ 

thesis range, the pressure increased to the desired value, and the tempera¬ 

ture increased to give the maximum yields of liquid and solid hydrocar- 
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bons. The products from 4-week tests are given in Table 40. The selectivity 

of the catalyst for production of total condensed hydrocarbons as well as 

wax increased to a maximum at 5 to 15 atmospheres and then decreased. 

In extended tests, the life of the catalyst was at a maximum in the same 

range of pressure, as shown in Figure 21. In the life tests, the temperature 

was varied to give the maximum yields of condensed hydrocarbons. At all 

pressures these maximum yields of total condensed hydrocarbons as well 

as wax decreased with time; however, at 5 and 15 atmospheres the initial 

Figure 21. Effect of operating pressure on temperature and productivity of a 

Co-Th02-Kieselguhr catalyst. Temperature varied to maintain maximum yields of 

condensed hydrocarbons. (Reproduced from Ref. 56) 

values were higher and their decrement with time was smaller. Similarly, 

in all experiments the temperature of operation had to be increased with 

time from initial values of 175 to 185°C; however, less rapid increases 

were required at 5 and 15 atmospheres. In this pressure range, yields of 

liquid plus solid hydrocarbons exceeding 100 g/m3 were possible for 26 

weeks, whereas at atmospheric pressure and 150 atmospheres yields of 

100 g/m3 were possible for only 4 and 2 weeks, respectively. The rapid 

decline in activity -at pressures of 50 to 150 atmospheres was attributed to 

the removal of catalyst metal by carbonyl formation, and appreciable 

amounts of cobalt carbonyl were found in the reaction products. It was 

also suggested that the rapid dimunition in activity may be related to the 

increased yields of oxygenated organic molecules at pressures from 50 to 
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150 atmospheres. In regard to carbonyl corrosion, the authors stated that 

synthesis in the medium-pressure range was not possible with precipitated 
nickel catalysts due to removal of nickel as carbonyl. 

Medium-pressure tests of a variety of catalysts other than the standard 

cobalt-thoria-kieselguhr catalysts were described. As in the atmospheric 
synthesis, catalysts containing copper did not require the usual high tem¬ 

perature reduction; however, their activity decreased very rapidly with 

time compared with copper-free catalysts. Somewhat lower yields were ob¬ 

tained with preparation containing uranium oxide rather than thoria. 

Although thoria and alkali (e.g., K2CO3) were effective promoters for in- 

Figure 22. Selectivity of Co-Th02-kieselguhr catalyst as a function of flow. 2H2 + 
1 CO gas, 10 atm. in two-stage reactor. (From Ref. 57) 

creasing the yield of wax in the atmospheric-pressure synthesis, the wax 

production was high with all cobalt catalysts in medium-pressure syn¬ 

thesis and the presence or amount of these promoters was not very im¬ 

portant for wax production. A cobalt-kieselguhr catalyst gave high wax 

yie ds in the middle-pressure synthesis; however, its life was short. The 

presence of small amounts of thoria (2 to 6 per cent Th) prevented the 

rapid catalyst deterioration without any major effect on wax production. 

, n a later PaPer 111 1939, Fischer and Pichler67 attempted to approach 
the theoretical yield of hydrocarbons at 10 atmospheres of 2H2 + ICO gas 

on a standard Co-Th02-kieselguhr catalyst in a two-stage water cooled 

n77°n Q«Ure 2)' At i°TgaS fl°WS (0'25 ^ C°/h1^ aild low temperatures 
( /7 C), J8 per cent of the carbon monoxide was consumed and the yield 

of C3+ was 185 g/m3, corresponding to an 89 per cent conversion of H2 + 
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CO to usable hydrocarbons. These and additional data at higher flows and 

temperatures in Figure 22 illustrate that formation of higher hydrocarbons 

is favored by lower operating temperatures, although the production of 

total condensed hydrocarbons per unit time (space-time-yield) is increased 
by increasing the temperature and flow. 

Although selectivity and life of cobalt Fischer-Tropsch catalysts were 

greatly improved by operation in the medium-pressure range, the conver¬ 

sion of Ho + CO was essentially independent of pressure. Data of Roelen145 

on a Co:Th02:MgO:kieselguhr catalyst at pressures from 0.2 to 7.0 at¬ 

mospheres (gage) in Table 41 illustrated the constancy of conversion as 

Table 41. Effect of Operating Pressure on Synthesis 

with Co:Th02:MgO:KiESELGUHR Catalyst" 

Synthesis gas composition, per cent = 54 Eh , 28 CO, 14 C02 

Pressure, absolute atm. 0.2 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

Duration, hr 6 3 11 11 11 18 7 8 
Space velocity, hr-1 100 103 105 103 101 102 99 103 

Temperature, °C 191 191 192 187 188 188 192 196 

Contraction, (%) 

Per cent of CO entering 

60 56 59 58 60 59 59 59 

Total converted 77 70 74 73 76 74 73 74 

To oil 60 51 56 59 61 62 59 57 

To CH4 + gasol 17 19 18 12 13 12 13 14 

To CO, 0 0 0 1.8 2.0 0.9 0.9 1.8 
Condensed hydrocarbons, — 107 119 125 128 128 125 120 

g/m3 of 2Ho + CO 

Usage ratio, H2:CO 2.5 2.12 2.12 2.13 2.08 2.09 2.14 2.11 

a From Ref. 145. 

the pressure was varied. Bureau of Mines data9 similarly demonstrate 

that the synthesis rate was independent of pressure. Pelleted catalysts 

produced more methane and gaseous hydrocarbons at 7.8 atmospheres 

than at 1 atmosphere. 
Hall and Smith75 made life tests of ColThChiMgChkieselguhr (100:6:3: 

200) catalysts at 10 atmospheres and studied methods of regeneration. 

In most experiments, after the initial reduction, the catalyst was operated 

at atmospheric pressure for about 2 days. This procedure was desirable, 

since it decreased the risk of overheating and premature deterioration of 

the catalyst. In one test (8/3). after the initial period at atmospheric pres¬ 

sure, yields of condensed hydrocarbons of 130 g/m3 were obtained for 64 

days. In the first 20 days, decreasing activity necessitated increasing the 

temperature from 182 to 189°C, while from 20 to 64 days an increase from 

189 to 194°C was required, as shown in Figure 23. At 64 days the pro- 



104 CATALYSIS 

ductivity declined and the catalyst was hydrogenated at synthesis pres¬ 

sures and 200°C for 17 hours (treatment A). The catalyst activity was 

partially restored and for 24 days yields of condensed hydrocarbons from 

125 to 130 g/m3 were attained. Reactivation B (also at 10 atmospheres) 

with high hydrogen flow for 2 hours at 194°C increased the activity some¬ 

what, but high productivity was possible for only 6 days. The next activa¬ 

tion, C, the same as A, did not increase the activity. The temperature was 

raised to increase the conversion, but this had an adverse effect on selec¬ 

tivity, with the yield of condensed products decreasing to 120 g/m3. In 

ensuing periods, the catalyst was treated with nitrogen at 220°C and 10 

10 ATMOSPHERES 

Figure 23. Durability test of l00Co-6ThO2-3MgO-200 kieselguhr catalyst at 10 

atmospheres pressure of 2H2 + ICO gas. (Reproduced with permission from Ref. 75) 

atmospheres (treatment D) and then with hydrogen at 220°C and 10 at¬ 

mospheres (treatment D). The activity after D and E was low and yields 

of 100 to 110 g/m3 were obtained at 203°C. Following this, the catalyst 

was hydrogenated at 10 atmospheres and 220°C followed by a rereduction 

in hydrogen at 400°C and atmospheric pressure for 2 hours (treatment F). 

After a brief synthesis period at atmospheric pressure in which the activity 

was quite low, the medium-pressure synthesis was resumed. The activity 

and yield were only slightly improved. In this synthesis period the activity 

decreased rapidly, necessitating increasing the temperature to 213°C in a 

period of 27 days of synthesis. Solvent treatment G removed a sizable 

amount of hard wax, but also caused a marked decrease in catalytic ac- 

An attempt to reactivate the catalyst by hydrogenation at 230 and 
400 G was unsuccessful. 

Further studies of reactivation by hydrogen were made in experiment 
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10 A/4 employing a similar but not identical catalyst to that used in test 

8/3. The first 35 days of synthesis in test 10 A/4 were essentially the same 

as in 8/3. At this time, the flow of synthesis gas was reduced to half the 

normal rate (1 liter/g Co/hr). Although the yield per cubic meter of syn¬ 

thesis gas was equally high at this lower flow, the subsequent activity at 

the normal flow rate was sizably decreased. After two periods at low gas 

flow, the catalyst was considered to be sufficiently deactivated to be a 

useful subject for activation studies. The various activation procedures 

summarized in Table 42 had virtually no effect. The high-pressure hydro- 

Table 42. Hydrogen Reactivation of Co-ThCb-MgO-KiESELGUHR Catalyst in 

Synthesis at 10 Atmospheres0 

Days of 
Synthesis 

before 
Treatment 

Hydrogen treatment Activity in synthesis6 

Duration 
(hr) 

Temp. 
(°C) 

Flow 
(1/hr) 

Pressure 
(atm. 

absolute) 

Before treatment After treatment 

Temp 
(°C) 

Contrac¬ 
tion (%) 

Temp. 
(°C) 

Contrac¬ 
tion (%) 

J 74 8 205 14 31 195 57 195 63 

K 78 16 205 14 1 195 63 195 57 

L-M 85 16 205 14 1 

16 205 14 0.1 195 57 197 60 

N-0 90 16 207 14 1 

C 150 C 1 197 60 201 64 

“ From Ref. 75. 

6 Flow of 2H2 + ICO gas of 1 liter per gram Co per hour. 

c Extraction with 500 cc of 150 to 200°C fraction. 

genation J removed only 2 grams of hydrocarbon material from the cata¬ 

lyst, whereas atmospheric hydrogenation K removed more than 20 grams. 

Treatment L-M removed a total of 21 grams and the solvent treatment 

removed 5 grams of wax that remained after the hydrogenation at 1 at¬ 

mosphere. 
In other tests, it was shown that hydrogen treatment early in the life 

of a catalyst at 10 atmospheres was more effective than after a prolonged 

period of synthesis without activation. Although atmospheric hydrogena¬ 

tion removed more wax from the catalyst than in a similar treatment at 

10 atmospheres, the pressure activation produced the greatest increase in 

activity. However, in all cases the effect of hydrogenation in the medium- 

pressure synthesis was less than in the atmospheric synthesis. Hall and 

Smith concluded that the maximum useful life of catalysts in the medium- 
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pressure synthesis was about (5 months compared with 18 months for the 

same catalysts in the atmospheric synthesis, due to the inability to reac¬ 
tivate catalysts used in the medium-pressure synthesis. 

Hall and Smith75 analyzed the waxes extracted from used cobalt cata¬ 

lysts after synthesis at atmospheric pressure and 10 atmospheres. These 

data demonstrate the unexpected fact that the average molecular weight 

of the catalyst wax in the atmospheric-pressure synthesis was greater than 

that of the wax of the medium-pressure synthesis. This situation apparently 
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Figure 24. Comparison of catalyst wax with wax in synthesis products Numbers 
m blocks are the average molecular weights. (From data of Ref. 75) 
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results from the fact that in the pressure synthesis a sizable fraction of the 

hydrocarbons are present as liquids which continually flow over the cata¬ 
lyst. On this basis the composition of the catalyst wax should be approxi¬ 

mately the same as that of the wax in the reaction products, as is shown in 

igure 24. In the atmospheric-pressure synthesis, however, due to the low 

operating pressure as well as to the lower average molecular weight of the 

products, most of the hydrocarbons pass over the catalyst as vapor and 

o.% the very high molecular weight waxes are adsorbed in sizable amounts 

Hall and Smith75 stated that although the initial deterioration of cobalt 

catalysts at atmospheric pressure may not be due to the presence of wax 

the rate of decline of catalytic activity can be closely correlated to the rate 
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of deposition of wax. Whatever the cause may be, the activity can be es¬ 

sentially restored by treatments (hydrogenation or solvent extraction) 

that remove wax. In the medium-pressure synthesis the catalyst is always 

saturated with wax, as shown by data of Roelen143 in Table 43, and the 

Table 43.—Wax Content of Catalyst in the Medium-pressure Synthesis'1 

(2H-2 + ICO gas at 10 atmospheres) 

Catalyst Composition Hours of 
Synthesis Temp. (°C) 

Wax on 
Catalyst' 

(g/K 
Co + Ni) 

lOOCo: 13.5Th()>:225 kieselguhr 353 175-185 6.4 

90Co: lONi: 15Th()2:200 kieselguhr 543 170-190 6.1 

a From Ref. 148. 

6 Grams of wax per gram of Co + Xi. Wax extracted from catalyst with benzene. 

Table 44. Alternate Operation at 1 and 7.8 Atmospheres of Pelleted 

Co ThOo-KlESELGUHR CATALYST 108B'1 

(Operating periods 5-6 days, space velocity = 100/hr) 

Operating 
Periods^ 

Pressure 
(atm.) 

Average 
Temp. (°C) 

Apparent 
Contraction 

(%) 

Products (%) 

CH( C3 -h C4 Cl - C.1 Liquids and 
Solids 

e i 187 72 15 11 32 68 

f i 186 70 15 16 34 66 

g 7.8 186 67 21 13 35 65 

h 1 191 70 19 10 36 64 

i 7.8 188 70 25 13 42 57 

j 1 198 69 — — — — 

k 7.8 198 71 41 10 54 46 

i 1 207 69 25c — — — 

° From Ref. 9. 

6 A 2-hour hydrogen activation at 10° higher than the previous operating tempera¬ 

ture preceded operating periods. 

c Approximate. 

presence of wax can hardly be blamed for the eventual decline in activity. 

Similarly, removal of wax by solvent extraction or hydrogenation is in the 

medium synthesis largely ineffective in reactivating the catalyst. Hall and 

Smith suggest that- unknown “complex bodies” are produced in the medium- 

pressure synthesis that cause a permanent poisoning of the active portions 

of the catalyst. Evidence for a permanent loss in catalytic activity is given 

by experiments in which the activity in the synthesis at atmospheric pres- 
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sure was found to be very low after the catalyst had been used in the syn¬ 

thesis at 10 atmospheres, even when the catalyst had been reduced in 

hydrogen at 400°C to remove catalyst wax after the 10 atmospheres syn¬ 

thesis. This effect is also shown by Bureau of Mines data9 (Table 44) from 

experiments in 'which the catalyst was activated with hydrogen at atmos¬ 

pheric pressure and about 200CC at the time the operating pressure was 

changed. In each case, the activity of the catalyst in atmospheric synthesis 

was considerably less than in the previous operation at 7.8 atmospheres. 

In the medium-pressure commercial synthesis of Ruhrchemie71 three 

stages were employed. The reactor charged with fresh reduced catalyst 

was started in Stage III. The pressure was increased to desired pressure, 

5 to 10 atmospheres, and the reactor heated to 125°C with no gas flow’ 

Stage HI 

Figure 25. Method of conducting medium-pressure synthesis. (From Ref. 71) 

Then at a flow of 500 m3/hr the temperature was increased 5°C per hour 

to 160°C, and above this at 1°C per hour until the contraction reached 45 

per cent.°The gas rate was then doubled and the temperature was in¬ 

creased 1°C per hour to restore the contraction to 45 per cent. Finally the 

flow was increased to its normal value, 1,500 m»/hr, and the temperature 

increased to give a contraction of 40 per cent. Figure 25 shows the course 

of a typical middle-pressure operation. The catalyst remained in Stage III 

for about 15 days and in Stage II for 70 days before being changed to 

Stage I. In the stage operation, the conditions were varied to maintain 

the same daily productivity per each reactor. The conversion of H2 -f CO 

in stages I, II, and III was 63, 69, and 54 per cent, respectively. Since the 

usage ratio H2/CO remained about 2 for all synthesis gas compositions 

normally employed, it was desirable to add hydrogen between stages when 

1.5H2 + ICO gas was employed to increase the H2/CO ratio of II and III 
stage gas to that of the fresh gas. 
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Products from the Synthesis on Cobalt Catalysts 

The discussion of the selectivity of cobalt catalysts begins with a con¬ 

sideration of available detailed characterizations of synthesis products, 

the carbon number and isomer distributions of hydrocarbons and alcohols. 

Then the production of other oxygenated products, including water and 

carbon dioxide, is described, and finally the influence of catalyst composi¬ 
tion and mode of operation. 

Detailed Characterization of Hydrocarbons and Alcohols. The 

carbon number distribution curves of Martin111, 194 for hydrocarbons from 

the normal- and medium-pressure syntheses (Figure 26) demonstrate the 

characteristics of available data of this type. The yield of methane was 

0 4 8 12 16 20 24 28 32 
LENGTH OF HYDROCARBON CHAIN 

Figure 26. Distribution of hydrocarbon products from cobalt catalysts in the at¬ 

mospheric and medium-pressure syntheses. (From Ref. Ill) 

high, followed by a low value at C2, then the yield increased with carbon 

number to a maximum in the range C4 to Cs, and finally decreased mono- 

tonically with increasing carbon number. The distribution curves for both 

the normal- and medium-pressure syntheses have the same characteristics; 

however, their relative positions reflect the higher average molecular weight 

of the medium-pressure products. Although these curves indicate the 

general trend in carbon number distribution, the accuracy of the experi¬ 

mental points cannot be judged, since no details are given regarding the 

method of separation (also there is no point for C3 on the medium-pressure 

curve). The maximum at C5 is sharper than observed by other workers. 

Usually over a considerable range of carbon number, above C2 or C3 , 

<J>n+i/$n = a where <i>„ and <J>„+i are, respectively, the number of moles in 

carbon numbers n and n + 1, and a is a constant less than unity64. Thus, 
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the moles of carbon number n may be expressed in general terms as = 

<hao;’! x, and a plot of log <hn against n should be linear. Available data plotted 

in liguie 27 approximate straight lines for normal- and medium-pressure 

data with standard granular catalysts at usual operating temperatures162' 197 

as veil as medium-pressure data lor both alcohols and hydrocarbons ob¬ 

tained with standard granular catalysts under low temperature-low con¬ 

version operating conditions66; the values of a were about 0.75. The only 

flgiUrt2,7',Semi'l0garlthmlC carbon number distribution curves for hydrocarbons 
and alcohols from the normal (open symbols) and medium (solid symbols) pressure 

syntheses with cobalt catalysts. Data for hydrocarbons unless otherwise indicated 

exception was the plot for products from an atmospheric test of a pelleted 

catalyst with frequent hydrogen treatments64 for which a value of a of 

0.85 was found. The constant a should increase with the average molecular 

weight of the product, and it is not unexpected that the dense pelleted 

catalyst would yield a product of higher molecular weight than granular 

catalysts since dense catalysts containing only 12.5 kieselguhr to 100 Co 

(Table 9) produced high yields of wax. For the data available, the values 

of a do not properly express differences in selectivity between the atmos¬ 
pheric and medium-pressure syntheses. 

The olefin content of hydrocarbons from cobalt catalysts is essentially 

zero tor & and increases to a maximum for Cs or C, and then decreases 
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monotonically with increasing carbon number. In Bureau of Mines tests64 

at atmospheric pressure, the percentages of olefin in gaseous hydrocarbons 

were C2O, C339, C4 47, andCs 43. Data from products of tests with Co-ThCL- 

Table 45. Olefin Content of Liquid Products 

(Co-ThOa-kieselguhr catalysts at atmospheric pressure) 

Boiling Range of 
Fraction (°C) 

Part A'1 Part Bb 

Carbon Number 
Range 

Olefin Content (%) Carbon Number Olefin Content (%) 

35-100 5-7 24.0 5 38.5 

100-125 7-8 24.3 6 30.5 

125-150 8-9 22.5 7 25.6 

150-175 9-10 11.8 8 18.3 

175-200 11 10.2 9 14.1 

200-225 12-13 7.3 10 9.1 

225-250 13-14 4.6 11 6.9 

250-275 14-15 3.8 

275-305 16-18 4.0 

0 From Ref. 109. 

b From Ref. 81. 

Table 46. General Olefin Types, C6-C8a 

(Cobalt catalyst at 1 atmosphere) 

Fraction 

Volume Per cent 

a-olefins 

Internal Double Bond Olefins 

trans cis 

Ce6 36 ± 2 39 ± 3 25 ± 3 

c7 28 ± 2 42 ± 5 30 ± 5 

C8 18 ± 2 52 ± 5 30 ± 5 

0 From Ref. 64. 
6 The equilibrium concentration of straight chain hexenes in mole per cent at 

227°C is hexene-1,4.7; trans hexenes, 64; and cis hexenes, 31. 

kieselguhr catalysts in Table 45 indicate a decrease in olefin content as the 

carbon number increases. Table 46 presents data64 for the position of the 

double bond in the C6-C8 olefin fractions. Internal double-bond olefins 

predominate; however, it should be noted that the percentages of a-olefins 

exceed those corresponding to thermodynamic equilibrium between the 

olefin isomers. 
Molecules with straight carbon chains are the principal components of 
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Fischer-Tropsch products, and monomethyl isomers are present in small 

to moderate amounts. Considerably fewer molecules with dimethyl-sub¬ 

stituted carbon chains are found. Detailed analyses of hydrocarbons 

through C8 indicate that molecules containing ethyl-substituted carton 

chains or chains containing quaternary carbon atoms are not present in 

appreciable amounts. By distillation methods, von Weber196 estimated 

that the fractions of branched hydrocarbons in the C0, C8, and Ci0 ranges 

were 0.15, 0.27, and 0.40, respectively. Koch and Hilberath97 showed the 

Table 47. Mass Spectrometric Analyses of Paraffins from Cobalt Catalyst 

 at Atmospheric Pressure" 

Component Composition 
(Vol. %) Component Composition 

(Vol %) 

n-Pentane 94.9 n-Octane 84.5 

3.9 
Isopentane 5.1 2-Methylpentane 

n-Hexane 

2-Methylpentane 
89.6 

5.8 

3 -Methylpentane 

4-Methylpentane 

3-Ethylhexane 

7.2 

4.4 

0.1 
b 

b 

b 

3-Methylpentane 

2.2- Dimethylbutane 

2.3- Dimethylbutane 

4.6 
6 

0.04 

2.3- Dimethylhexane 

2.4- Dimethylhexane 

2.5- Dimethylhexane 

n-Heptane 87.7 
2-Methylhexane 4.6 
3-Methylhexane 7.7 
3-Ethylpentane b 

2,3-Dimethylpentane b 

2,4-Dimethylpentane b 

a brorn Ref. 64. 

^Values computed actually very slightly negative, and hence may be regarded a. 

presence of various monomethyl isomers in the C,-C, paraffins. Traces of 

ore highly-branched paraffins were reported, but none containing qua¬ 

ternary carbon atoms was found. Friedel and Anderson** determined the 

TableU1 A'hh''‘“'hfhT*1*" fraC(tions in the of C,-C,, as shown in 
Table 47. Although the fraction of branched hydrocarbons was lower than 

t V ?? PTi0US WOTk’ «“> results ™ q-htartvely simlT 
he fraction of branched isomers increased with increasing carbon number 

and monomethyl .somers were the only ones found in appreciable amounts 

Oxygenated organic molecules are produced in only trivial amounts 

about 1 per cent) in the atmospheric-pressure synthesis with cobaH cata 
ysts and m only slightly greater amounts in the medium-pressure syn 

esis. These statements apply to the usual range of operating tempera- 
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tures, 180 to 200°C, and moderately high conversions per pass. However, 

on a standard Co-Th02-MgO-kieselguhr catalyst, at low temperatures, 

Table 48. Distribution of Liquid Products from Cobalt Catalysts" 

(2Hi + ICO gas at 150 psig and 160 to 175°C) 

Type of Compound Weight-Per cent of Liquid 
Products Exclusive of Water 

Weight-Per cent of Oxygenated 
Molecules 

Alcohols 40.0 92.4 
Acids 0.5*- 1.26 

Esters 0.8C 1.8C 

Carbonyl compounds 2.0 4.6 

Hydrocarbons 56.7 — 

° From Ref. 66. 

b Calculated as acetic acid. 

c Calculated as ethyl acetate. 

Figure 28. Distribution of product from medium pressure synthesis with C0-TI1O2- 

MgO-kieselguhr catalysts at low temperatures and low conversions. (From Ref. 66) 

160 to 175°C, and low conversions, Gall, Gibson, and Hall66 obtained high 

yields of oxygenates, as shown in Table 48. Alcohols comprised 92.4 per 

cent of the oxygenated organic molecules. Only primary straight-chain al¬ 

cohols were identified in these products. The carbon number distributions 

of alcohols and liquid hydrocarbons are shown in Figure 28. The distribu¬ 

tion of alcohols is different from that usually observed for hydrocarbons 
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showing a low value for Gi , a maximum at C2, and a second maximum 

at ( 4 followed by a monotonic decrease with increasing carbon number. 

Plots of these data in Figure 27 for both alcohols and hydrocarbons are 

linear except for the first and last points, and the values of the growth 

constant were about 0.75 for both components. The olefin content of the 

hydrocarbons (also shown in Figure 28) were considerably higher than 

those reported in 1 able 45, but they decreased with increasing carbon num¬ 
ber in a similar manner. 

With cobalt and nickel catalysts, water is the principal oxygenated 

product at usual operating temperatures, with the amount of carbon 

monoxide appearing as carbon dioxide being less than 1 per cent. Under 

conditions in which the conversion attains very high values, that is, low 

gas flow and/or high temperatures, sizable yields of carbon dioxide are 

obtained. In these experiments, most of the carbon dioxide is produced by 

a subsequent water-gas-shift reaction. The relative production of water 

and carbon dioxide will be considered in detail in Chapter 3. 

Effect of Operating Pressure and Catalyst Composition on Selec¬ 

tivity of Cobalt Catalysts. With cobalt catalysts, more drastic changes 

in selectivity are usually produced by increasing the pressure from atmos¬ 

pheric to the medium-pressure range, 5 to 15 atmospheres, than by chang¬ 

ing the amount or type of promoters or carriers; for this reason, it is de¬ 

sirable to examine the effect of operating pressure on selectivity before 

^ effeCt °f Various additives- Data for the selectivity of 
Co-1 hOo-MgO-kieselguhr131 at 1 and 7 atmospheres in Figure 29 show that 

the average molecular weight of the products as well as the total yield 

are increased by increasing the operating pressure. The yield of wax (>C18 

traction) was sizably increased and gasoline (C5-Cn fraction) and gaseous 

hydrocarbons were decreased, but the diesel oil fraction (C12-C18) remained 

Virtually constant. The increased wax yield and the higher molecular 

weight of the wax in the medium-pressure synthesis are shown in Figures 

I and,24’ resPectively. The olefin content of the fractions was lower at 7 

atmospheres than at 1 atmosphere. Research octane numbers for the 

52Sfl°!de9sraCtl°nSih’T ^ n°rmal and medlum-Pressure syntheses were 
and 28, respectively, the lower value for the medium-pressure gasoline 

appai ently reflecting its lower olefin content. The diesel fuel fractions from 

both syntheses have cetane numbers of 100. Ward, Schwartz, and Adams™ 

made a detailed characterization of a diesel oil fraction from the medium- 

piessuie plant at Harnes, France. Cetane numbers increased from 60 for 

C 910 vaiues slightly in excess of 100 for C19 . Distillation and infrared analy¬ 

se indicated that the product was predominantly paraffinic. Of the olefins 

piesent, 80 per cent was estimated to have internal double bonds 

In the atmospheric synthesis, the presence of a variety of promoters 
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increased average molecular weight of the products and the yield of wax. 
Of these, thoria and potassium carbonate were the most successful. How¬ 
ever, the increase in average molecular weight produced by varying the 
amount or type ol promoter was small compared with that observed by 
increasing the operating pressure to 5 to 15 atmospheres. The effectiveness 
ot promoters in increasing the average molecular weight of medium-pres¬ 
sure-synthesis products was slight. For example, small additions of alkali 
had no significant effect on the selectivity of a Co-kieselguhr catalyst, as 

| Iparaffins ^olefins 

The C|-C2ond >C|8 fractions include small 

amounts of olefins. 

Figure 29. Typical yields with Co-ThCb-MgO-kieselguhr catalyst at 1 atmosphere 

and 7 atmospheres. (Reproduced with permission from Ref. 131) 

shown in Table 49. The data in this table also show that in the medium- 
pressure synthesis, high wax yields are obtained from essentially unpro¬ 
moted catalysts. 

The yield of wax in the medium-pressure synthesis under similar operat¬ 
ing conditions varied inversely with the kieselguhr content, as shown in 
Table 16. In accord with these data, the “wax-producing catalysts” of 
Ruhrchemie contained only 12.5 parts of kieselguhr to lOOCo (Table 9). 

Apparently no detailed characterization data are available for products 
from nickel catalysts, but available information indicates the hydrocarbons 
from nickel catalysts have lower average molecular weights and are more 
saturated than those from cobalt catalysts, presumably due to the greater 
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hydrogenation ability of nickel. This tendency is also found in cobalt- 

nickel catalysts, the average molecular weight and the degree of unsatura¬ 

tion decreasing with increasing nickel content (Table 13). 

Effect of Operational Variables on Selectivity. The influence of 

operating pressure on selectivity has been described previously. The average 

molecular weight of hydrocarbon products decreased with increasing tem¬ 

perature of operation, as shown in Table 50, and the fraction of gaseous 

Table 49. Effect of Alkali Content on Selectivity of Co-Kieselguhr 

Catalysts" 

(1 liter 2H2 + ICO gas per gram Co per hour at 12 atmospheres) 

Parts K2O per 100 
Co 

Temp. (°C) 
CO 

Consumed 
(%) 

CH4 in Off 
Gas (%) 

Solid + 
Liquid Hydro¬ 
carbons (g/m3) 

Wax Content, % of 
Condensed Hydrocarbons 

>320°C >450°C 

0.8 190 71 6.5 139 61 37 
0.2 189 71 8.0 135 67 40 
0.4 182 67 5.6 130 60 34 
0.1 188 73 8.8 137 61 37 
0.1 180 75 9.5 133 58 29 

“ From Ref. 165. 

Table 50. Effect of Temperature on Selectivity of Co-MgO-KiESELGUHR 

Catalysts" 

(2.5H2 + ICO gas at atmospheric pressure, space velocity = 125 hr-1) 

Condensed Hydrocarbons (%) 

Temp, of Operation (°C) 

35 to 200°C 200 to 320°C >320°C 

185-191 46.4 35.6 18 
170 29.5 

33 2 C 37.3 

From Ref. 109. 

hydrocarbons increased. Data lor the medium-pressure synthesis with 

Co-kieselguhr catalysts using 2H2 + ICO gas (Table 51) indicates that 

the paraffin yield decreased when the temperature was increased from 170 

to 180 C. Further, in the range 160 to 180°C the percentage of olefins in 

the distillation fractions either remained constant or decreased, while the 

percentages of alcohols decreased with temperature. When 1H2 + ICO gas 

was used, the percentage of olefins increased, whereas the percentage of 

alcohols decreased with increasing temperature in the range 175 to 195°C. 

That greater alcohol yields are obtainable at lower operating temperatures 
was also shown by data in Table 48. 
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The effect of hydrogen to carbon monoxide ratio on products from co¬ 

balt catalysts is shown in 1 able 51, where the yields of both olefins and 

alcohols were greater for 1H2 + ICO gas than for 2H2 + ICO. Data in 

Table 51. Products from Cobalt-Kieselguiir Catalysts in the 

Mediltm-Pressure Synthesis'* 

Composition of Boiling Ranges 

Temp. 
(°C) 

Contrac¬ 
tion (%) 

CO Con¬ 
version Yields 

(g/m3) 

Per cent 
Paraffins 

195-250°C 250-320°C 320-450°C 

(%) (>320°C) 
Olefins Alcohols Olefins Alcohols Olefins Alcohols 

(%) 

2H2 + ICO gas 

160 55 50 97 53 12 15 9 9 25 
170 — 56 93 69 10 10 6 9 3 5 
180 72 

71 
138 58 10 8 3 3 3 

/ 
3 

1H2 -+- ICO gas 

170 47 38 71 49 29 27 19 21 17 17 
175 50 49 96 58 33 29 19 23 14 17 
195 62 62 115 54 38 19 23 8 16 8 

a From Ref. 165. 

Table 52. Effect of H2:CO Ratio on Products from Cobalt Catalysts'* 

(Atmospheric pressure, space velocity = 125 hr-1, temperature = 190 — 192°C) 

Condensed hydrocarbons 

Synthesis Gas 35-200°C 200-320°C 

>320°C 
Weight (%) 

Weight (%) 
Bromine 
Number 

Weight (%) 
Bromine 
Number 

1.2H2 + ICO 30.4 72 22.6 33 47 

2.5H2 + ICO 51.0 34 37.0 10 12 

“ From Ref. 109. 

Table 52 indicate that olefin content and the average molecular weight 

increased when 1.2H2 + ICO gas was used instead of 2.5H2 + ICO. This 

effect is also shown for Co-Ni catalysts in Table 53. 

There is evidence to indicate that, the olefin content is greater when co¬ 

balt and nickel catalysts are operated at conditions of high flow and/or 

low conversions. For cobalt-nickel catalysts the unsaturation of liquid hy- 
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drocarbons increased with increasing flow or decreasing conversion116. The 

same trend was observed with cobalt catalysts at the Bureau of Mines11. 

1 his effect is most significant with 2H2 + ICO gas. With other feed compo¬ 

sitions the average ratio of IT:CO varies widely with conversion, and the 

selectivity is more strongly dependent upon average IT:CO ratio than on 
conversion or flow. 

In Ruhrchemie recycle experiments on cobalt catalysts at 7.5 atmos¬ 

pheres of IH2 + ICO gas, the olefin content increased with increasing 

recycle ratio. However, Pichler131 has demonstrated that the increase in 

Table 53. Effect of H2:CO Ratio of Selectivity of Co-Ni Catalysts® 

(Co: Ni: Th02: Mn: kieselguhr = 50:50:15:2:200) 

(Pressure = 10 atm., temperature = 193°C) 

Gas composition 2H2 + ICO 1H,+ ICO 
Contraction, % 49 39 
Carbon monoxide consumed, (%) 64 38 
Carbon monoxide to CH4 , (%) 30 12 
Usage ratio, H2/CO 2.16 1 84 
Yields, g/m3 

Gasol 10 5 
Condensed hydrocarbons 75 55 

Distillation data, wt-% 
<200°C 72 70 
200°-320°C 24 94 
>320°C 4 

Olefins, vol% 
<200°C 22 
200°-320°C 11 

Do 

Octane number, <200°C 31 56 

0 From Ref. 153. 

unsaturation can be entirely explained on the basis of the H2:CO ratio of 

the gas entering the catalyst bed (Figure 30). Due to higher over-all con¬ 

version and a slightly higher usage ratio under recycle conditions, the 

H2:CO ratio of the gas entering the catalyst bed was considerably lower 

t an that of the fresh feed. When the flow of synthesis gas is decreased’to 

very low values (or when the conversion is very nearly complete), two side 

reactions become important36. 116. First, water produced in the synthesis 

leacts with carbon monoxide by the water-gas reaction, producing large 

amounts of carbon dioxide and hydrogen. Second, hydrocracking of higher 

hydrocarbons occurs, causing a decrease in the yield of oil per cubic meter 

an an increase m methane. Under these conditions chiefly saturated higher 
hydrocarbons are produced116. 
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Iron Catalysts 

In general the synthesis on iron catalysts is more complicated than on 

cobalt or nickel. With cobalt and nickel catalysts, there is little tendency 

for oxidation or carburization of the reduced metal or deposition of ele¬ 

mental carbon, whereas these reactions occur to varying degrees with all 

iron catalysts, and result in some cases in loss of activity and/or disintegra¬ 

tion of the catalyst. However, the availability and low cost of iron, the 

wide range of selectivity and operating conditions, and the general de¬ 

sirability of the synthesis products have provoked abundant research on 

iron catalysts, especially since the discovery of the medium-pressure syn- 

Figure 30. Influence of H2-CO ratio on olefin content of synthetic hydrocarbons. 
(Reproduced with permission from Ref. 131) 

thesis on iron by Fischer and Pichler in 1937131. Before this time, iron cata¬ 

lysts had been tested at atmospheric pressure but the results were without 

exception poor. Data for the preparation and testing of various types of 

iron catalysts, precipitated, fused, sintered, etc., will be considered here, 

followed by a discussion of surface areas and pore volumes of iron catalysts. 

Then the methods of pretreatment, the changes in catalysts during syn¬ 

thesis, and finally the selectivity of iron catalysts will be considered. 

Precipitated Iron Catalysts 

In most precipitated iron catalysts, the iron is present initially as ferric 

oxide or magnetite gels. Due to the complex colloid chemistry involved, 

elaborate methods of preparation were developed. Although in many cases 

these procedures seem very complicated, they were usually the result of 
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laborious empirical research and represent practical ways of attaining the 

desired gel structure and obtaining precipitates that can be filtered and 

washed free of foreign ions without undue effort. However, the cost of pre¬ 

paring precipitated catalysts by any of the procedures is relatively high. 

Solutions of ferric nitrate or mixtures of ferric and ferrous nitrate were 

used in the preparation of most precipitated iron catalysts. Pichler125 

used feiric nitrate prepared by dissolving iron in small portions in nitric 

acid of an initial density of 1.18 at temperatures below 40 to 50°C. Solu¬ 

tions containing ferrous nitrate were made by the action of more dilute 

nitric acid (maximum density = 1.05) on iron shavings. In the preparation 

of Pichler s standard catalysts of about 1940, an iron nitrate solution con¬ 

taining 1 kg of iron per 30 liters was used. The solution was preneutralized 

at room temperature with an amount of sodium carbonate solution just 

insufficient to produce a permanent precipitate. The solution was heated 

to 100°C in the case of ferric nitrate and 70 to 75°C for ferrous nitrate, and 

the precipitation was accomplished with hot sodium carbonate solution. 

Then the mixture was heated to boiling and maintained at this tempera¬ 

ture for a few minutes, filtered, and washed free of alkali with hot distilled 

water. The moist precipitate was repulped in distilled water, and the de¬ 

sired amount of alkali (usually as potassium carbonate solution) was added. 

The mixture was evaporated on a water bath and the solid was dried over¬ 

night at 110°C. Catalysts from ferric nitrate were dense, brownish-black 

with a glassy fracture, whereas preparations from ferrous nitrate were 
voluminous and earthen-brown in color. 

Early Fe-Cu-Al203-K2C03 catalysts of Scheuermann165 at I.G. Farbenin- 
dustrie were made by a slow precipitation extending for 48 hours. For 

similar catalysts containing magnesia rather than alumina, the precipita¬ 

tion could be accomplished rapidly. A solution of the metal nitrates and 

the alkali carbonate solution were introduced by a mixing nozzle with the 

p maintained constant. If desired, the precipitate was mixed with an 

aqueous slurry of kieselguhr or silica gel and then heated for about 10 

minutes The precipitate settled rapidly and was easy to wash. Lurgi 

Fe-Cu-AljOs-SiOs-KsCO, catalysts71 were precipitated from a hot aqueous 
solution of metal nitrates Avith sodium carbonate, and freshly prepared 

sfiica gel was stirred into the precipitate. The precipitate was filtered 

washed, and impregnated with the desired amount of potassium carbonate! 

In the pretreatment of Rheinpreussen Fe-Cu-dolomite-K2C03 catalysts71 
powdered dolomite was added to boiling solution of iron and copper ni¬ 

trates and the precipitation Avas accomplished Avith a boiling sodium car¬ 

bonate solution. After being filtered and washed, the wet precipitate was 

impregnated with an aqueous potassium carbonate solution. Ruhrchemie 

Fe-Cu-CaO-kieselguhr-K20 catalysts71.72 were prepared from a solution of 
iron, calcium, and copper nitrates by precipitation with hot sodium car- 
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bonate solution. The amount of sodium carbonate was chosen so that after 

precipitation the pH was 6.8-7.0. Kieselguhr was stirred into the precipi¬ 

tate, which was then filtered and washed with hot water until the sodium 

nitrate content was reduced to 0.5-0.7 parts per lOOFe. The desired amount 

of alkali promoter, KOH, K2CO3, or K2Si03 , was impregnated into the 

wet filter cake by repulping in a kneading machine and then filtering. The 

filter cake was dried at 110°C, crushed, and screened to 2 to 3 mm particles. 

One of the most active KWI catalysts131, Fe-Cu-K2C03 , was prepared from 

a mixture of ferrous and ferric chloride. A solution, in which 75 per cent 

of the iron was present as ferrous chloride and 25 per cent as ferric chloride 

together with cupric chloride, was heated to 70°C, and precipitation was 

accomplished by adding a boiling sodium carbonate solution as rapidly as 

possible. The precipitate was washed free of salts and alkalized with po¬ 

tassium carbonate solution. The mixture was evaporated, dried at 105°C, 

and granulated. 

This account of methods of preparing precipitated iron catalysts is very 

brief, but it illustrates many factors that were considered essential. A 

few of the more important generalizations follow: 

1. Usually dilute aqueous solutions, less than 10 per cent by weight, 

were used. 

2. For starting materials, iron salts can be used; however, solutions 

containing ferrous nitrate must be obtained by careful dissolution of iron 

in dilute nitric acid. Sodium carbonate was usually used as a precipitating 

agent. Potassium carbonate would be equally effective, but was too ex¬ 

pensive. 

3. Precipitation was usually accomplished using hot or boiling solutions 

with rapid addition of the sodium carbonate solution to the solution of 

iron salts, with efficient stirring. The use of hot solutions usually resulted 

in dense, easily filterable precipitates. 

4. Kieselguhr or other carriers, if employed, were mixed with the wet 

precipitate. The presence of kieselguhr usually facilitated filtration and 

was considered desirable by some laboratories, if for only this purpose. 

5. Violent agitation of the wet precipitate, as well as extrusion through 

dies, was considered by some workers to be deleterious to the gel structure 

of the catalyst. 
6. Although many precipitated catalysts are very hard in the raw state, 

most of their mechanical strength is usually lost during pretreatment. 

7. Catalysts prepared from iron sulfates usually had poor activity, ap¬ 

parently due to residual sulfate ion on the resulting catalyst180. Active 

iron catalysts can be prepared from ferrous chloride or mixtures of ferrous 

and ferric chlorides, but not from ferric chloride83. This topic will be more 

fully considered later. 
For catalysts from ferric nitrate, Pichler123 found that a brief period of 
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boiling immediately after precipitation was desirable regardless of the 

tempeiature of precipitation. Possibly the nature of the iron oxide gel 

after boiling is such that impurities can be readily removed by washing. 

Foi supported catalysts, the order of addition of kieselguhr was critical. 

KWI data in Figure 31 demonstrate that the catalyst prepared by the 

addition of kieselguhr after precipitation and alkalization was superior to 

addition of kieselguhr to either of the precipitating solutions. As in the 

preparation of the cobalt catalysts, it appears desirable to keep the contact 
between kieselguhr and solutions as brief as possible. 

The activities of catalysts from iron chlorides and nitrates are sum 
marized: 

Activity in Medium-Pressure Synthesis 

Fe++ 

Fe++, Fe+++ 
Fe+++ 

Nitrate 

Moderate 

High 

High 

Chloride 

Moderate 

High 

Very low 

Catalysts prepared from ferrous chloride or nitrate had moderate and ap¬ 

proximately equal activities126, but to maintain high conversions for long 

periods, the temperature had to be increased to at least 260°C. The ferric- 

ferrous chloride preparations of Pichler and Weinrotter131, Fe+2:Fe+3:Cu : 

K2C03 = 75:25:20:1 or 50:50:1:0.25, were excellent catalysts maintain¬ 

ing high conversion and desirable selectivity at 200°C at 10 atmospheres. 
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On the other hand, at the Bureau of Mines repeated attempts to prepare 

active catalysts from ferric chloride solutions were unsuccessful181, whereas 

similar catalysts from ferric nitrate were moderately active. 

A systematic study of chloride catalysts83' 86 led to the data in Table 54. 

Here again catalysts prepared from ferric chloride were inactive, whether 

promoted with copper or not. For these inactive preparations, the usage 

ratios, H2/CO, were high compared with those for the active catalysts. 

X-ray diffraction and chemical analyses of the catalysts resulted in the 

data in Table 55. Raw catalysts prepared from ferric chloride gave the 

x-ray diffraction pattern of l8-Fe20-3H20, whereas catalysts from ferrous 

chloride or ferrous-ferric chloride gave patterns of Fe304 . It is difficult to 

attribute the large differences in activity to the presence of different phases 

in the raw catalyst, since all catalysts were reduced at least to magnetite 

in the induction. Chemical analyses revealed that the catalysts containing 

j3-Fe203-H20 in the raw state had a considerably greater amount of re¬ 

sidual chloride ion than samples containing magnetite. This behavior is 

consistent with published data104' 199 that the (3-Fe2Or H20 phase tenaciously 

retains chloride ions, so that it is virtually impossible to remove them by 

washing. The chloride content of the catalyst was retained during the 

induction procedure, and the surface areas after induction were essentially 

the same for both the active and inactive catalysts. These data suggest 

that the inactivity of catalysts prepared from ferric chloride solutions re¬ 

sults from poisoning by residual chloride ion. The high values of the usage 

ratio observed for the inactive catalysts must result at least in part from 

this poisoning effect. 
Raw catalysts from ferric nitrate contain a-Fe203 and/or a-Fe203'H20, 

and these preparations had high activities. Catalysts precipitated at 70 C 

or higher usually had the following physical characteristics: 

Iron Solution Appearance Mechanical Strength 

Ferric nitrate or chloride Black, glassy gel Hard 

Ferric-ferrous nitrates or chlorides Dull brown Moderate 

Ferrous nitrate or chloride Dull brown Soft 

The mechanical strength of all of these preparations decreased considerably 

upon induction and use in the synthesis. At the Bureau of Mines the 

preparations from ferrous chloride disintegrated to such an extent that 

operation in small vertical fixed-bed laboratory reactors was terminated 

after about one week due to plugging of the catalyst tube. Although long 

periods of syfithesis were possible with the other catalysts, it is question¬ 

able whether they would have sufficient mechanical strength for use in 

commercial-scale, fixed-bed units unless special precautions are taken. 

Promoters. Alkali. Pichler123 observed that the activity of iron oxide 

catalysts precipitated from iron nitrate solutions was independent of the 
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alkali content, as shown in Table 56. The first catalyst of the series was 

precipitated with ammonia, whereas sodium carbonate was used for the 

remainder of the series. Alkalization was accomplished with potassium car¬ 

bonate or other potassium salts after precipitation and washing. Catalysts 

impregnated with other potassium salts were as active as those containing 

potassium carbonate; however, the activity of the sample with potassium 

Table 55. Physical Properties and Chemical Analyses of Precipitated Iron 

Catalysts'* 

State 

Catalyst 

L-2003 L-3006 L-3004 L-3008 

Raw 

Diffraction £-Fe203 • HoO /3-Fe203 • H2O Fe304 Fe3U4 

analysis 

Chloride con- 0.56 0.92 0.04 0.02 

tent, % 

Potassium con- .12 .106 .07 .09 

tent, % 

Used 

Diffraction Fe304 Fe304:Cu Fe304:Cu Fe304:Fe2C- 

analysis (h.c.p.) :Cu 

Inducted 

Chloride con- 1.08 0.03 

tent, % 

Carbon con- 0.97 1.85 

tent, % 

Surface area, 21.0 23.8 

g/m2 

a From Ref. 83. 
i> Sodium content was less than 0.001 per cent. 

monohydrogen phosphate declined more rapidly than that, of the other 

preparations. Potassium chloride was not included in this series. 

Although the activity was unaffected by the alkali content, the selectivity 

was considerably altered, as indicated by the composition of the C3+ frac¬ 

tion as shown in Figure 32. The average molecular weight of the product, 

and especially the percentage of wax, increased with alkali to approximately 

constant values at 1 part K2C03 per lOOFe and higher. Catalysts contain¬ 

ing potassium salts (listed in Table 56) equivalent to 1K2C03 per lOOFe 

had approximately the same selectivity as the one impregnated with potas¬ 

sium carbonate. . 
Similar results were obtained in Bureau ol Mines tests10 with precipitated 

Fe203-Cu0-K2C03 catalysts at 7.8 atmospheres with 1H2 + ICO gas, as 
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shown in Figure 33. Although these preparations, for some unknown reason, 

were considerably less active than average preparations of this type, the 

results are believed to be valid. In these tests the activity increased linearly 

with alkali content; however, the increase was small (about 50 per cent over 

the range investigated). The average molecular weight increased with 
alkali content to the highest value studied. 

Table 56. Effect of Alkali Content on Activity of Precipitated Iron Oxide 
Catalyst0 

(2?2+ +u3??/gaS at 15 atm- and 235°C- Flow of feed gas not stated, but it is as- 
iTdicated)36 7 ° g Fe/h0Ur‘ CataIysts Precipitated with Na2C03 , unless otherwise 

Alkali Added6 

Compound 

k2co3 

KMn04 

k2f2 

K2Si03 

k2hpo4 

Per cent Contraction0 at the Following Days of Synthesis 

K2CO3 per 
lOOFe 1 2 5 10 20 30 40 so 

(F 50 50 50 50 50 49 51 51 
0 53 50 48 49 
0.25 47 50 50 51 55 56 54 54 
0.5 54 — 54 47 — 45 
1.0 40 - 54 53 50 
1.0 45 45 45 52 48 48 47 
2.0 45 45 47 46 47 50 
5.0 — — 45 50 50 51 50 40 

<10.0 — 50 47 50 45 42 
1.0 40 — 50 51 55 50 
1.0 — 57 53 55 48 
1.0 — 54 53 46 50 
1.0 

af 1 OO 

55 46 — 46 40 

100 

53 

the T*™ ?thr SaltS than K2C°3 WGre emPloyed- the alkali content is expressed a= the equivalent content of K2C03 . expressed as 

‘ Contractwns determined without removal of C02 from exit gas. 
ihis catalyst precipitated with ammonia. 

With precipitated iron or iron-copper catalysts, the yield of wax usually 

. PProac es a igh constant value when the potassium carbonate content is 

~he llr 2 T: Per 100fe; When other Prom°ters or carriers are 

altered Id t T‘red for high-'™x ^ds may be drastically 
!cW ch h °aSeS 6 ECtivity illCreases «reat|y 'rith alkali. When 
acid c, high-area supports such as kieselguhr or silica gel are used the 

alkali content must be greatly increased to achieve high-wax yields Pre- 

"50au tb t St t &he—l-t the com S„„ 
to1st rn ' u 95Mg0: (SO to 95)SiO, (as Silica gel or kieselguhr): (10 
to 18)R.C03 produced wax yields 52 to 78 per cent (presumably of con- 
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densed hydrocarbons) in the temperature range 210 to 230°C at 12 atmos¬ 

pheres. One of the most active Ruhrchemie catalysts45'71 contained lOOFe: 

5Cu:8CaO:30 kieselguhr:(3.0 to 3.5)KOH. The Lurgi catalyst used in the 

Schwarzheide tests contained lOOFe: 10Cu:9Al2O3:30SiO2:2.9K2CO;i. Cor- 

Figure 32. The distribution of C3+ hydrocarbons as a function of K2C03 content 

of precipitated Fe203-K2C03 catalyst. (From Ref. 123) 

Figure 33. Selectivity and activity of a precipitated iron-copper catalyst as a 

function of alkali. 1H2 + ICO gas at 7.8 atmosphere. (Reproduced with permission 

from Ref. 15) 
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h sPon(ling piecipitated catalysts that did not contain silica were promoted 

with Irom 0.5 to 1.0 parts K2C03 per lOOFe. The most complete account of 

the influence of alkali on precipitated iron catalysts containing kieselguhr 

are tests of lOOFe :25Cu: 125 kieselguhr preparation performed at Kyoto 

Imperial University98. Tests of catalysts containing from 2 to 8 K2C03 per 
100 Fe were made under the following conditions: 

Catalyst pretreatment 1H2 + ICO for 24 hours at 250°C and atmos¬ 

pheric, pressure. Operating conditions—synthesis gas, 1H2 + ICO; space 

^elocity, 100 hr , temperature, 210°C; and operating pressure, atm. 
—2.9, 5.8, 9.7, 14.5, and 19.5. As the alkali content was increased, the con- 

ystirSo4.“:wiiTc98rof “kali con,ent ,or Fe-cu-ki*isah' 
catal- 

version at a given pressure increased to a maximum at GK2C03 lOOFe and 

en decreased (Figure 34). The fraction of wax in the C6+ product in¬ 

creased with increasing alkali content at operating pressures of 5.8 and 9 7 

atmospheres, but remained essentially constant at 14.5 and 19.4 atmos¬ 
pheres, as shown in Figure 35. 

In this discussion most of the synthesis studies at atmospheric pressure 

7“ .°T“ed' because both the activity and life of catalysts were 
poor. A detailed account of KWI research, before the discovery of the 

me lum-piessure synthesis, is found in Reference 123. However, some data 

demZri'7 T T the atmosPheric synthesis are described, since they 

rfX eff , t , Pr0m0t0rs rather «n- Murataio made short tests 
' f ',f.P°tasslum carbonate and boric acid content of complex 

catalysts containing 100Fe:25Cu:2Mn: 125 kieselguhr at atmospheric 
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pressure and 252°C with 1H2 + ICO gas. In the Japanese atmospheric- 

pressure tests described here the catalysts were reduced in hydrogen and 

tested with a flow of I liter 1H2 + ICO gas per 4 grams of Fe per hour. 

Gasoline 

1 ——1 
Kerosene --t. 

— 

Wo* 

19.4 otm. 

Gasoline |  — —'^ ^ J 

-1 Kerosene 

Wo* 

14.5 Otm. 

IOO 

80 

60 

40 

20 

100 

00 
60 

40 

20 

Gosoline ^^ _ 
> 

Kerosene *- - 
Wax S * 

5.0 otm. \ 

100 

80 

40 

20 

K2C03 PER lOOFe 

Figure 35. Influence of alkali on activity and selectivity of precipitated Fe-Cu- 

kieselguhr catatyst at 210°C. (From data of Ref. 98) 

Figure 36. Influence of K2C03 and H3B03 on productivity of Fe-Cu-Mn-kiesel- 

guhr catalysts at atmospheric pressure and 252°C. (Reproduced from Ref. 117) 

The yields of C5+ hydrocarbons are shown as a function of these pro- 

mototers in Figure 36. As the boric acid content was increased, the alkali 

content for maximum yields increased. The highest yield, 145 cc/m3, was 

obtained with 20H3BO3 and 3.5 K2C03 per lOOFe. In other atmospheric- 

pressure tests with lOOFe:25Cu:2Mn. 125 kieselguhi, the effect of \aiious 
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alkali compounds on productivity at 250°C was studied. The yields of 

U+ are plotted against the gram moles of alkali oxide as M20 in Figure 37 

where the highest yields were obtained with KMn04 and KN03 inter' 

mediate yields with Na2C03 and NaOH, and the lowest yields with Li2C03 . 

*or each alkali promoter, maximum yields were obtained with 2 to 3.3 

gram moles of alkali oxide per 10,000 grams of Fe. Optimum concentrations 
by weight are 0.6 Li20, 1.5-2.0 Na20, and 2.1-2.4 K20 per lOOFe. 

In further atmospheric experiments", the effect of kieselguhr, boric acid 

an potassium carbonate contents on the productivity of lOOFe :25Cu*2Mn 

ZenT HRnd’ ^ “Table ^ ** the content of the acidic’com- 
ponents, I13B03 and kieselguhr, was increased, the alkali content for op- 

J2E? coZTZ 1 i1 tali on productivity °f * *- Ref. 117) ‘ ‘ + g at atmospheric pressure. (From data of 

20HUSoy4KronCTdd- ^ b6St CataIySt C°ntained 125 kieselguhr: 
f !? ?u' wf°3 ' Kodama tested this catalyst at 10 atmospheres but 

parts K CO I °thtimtUm alkal1 C°mp0sition was 7 rather than 4 parts 
parts K2CO3. In the temperature range 230 to 255°C yields of 00 I/mi 

r;:,: him'co rdays-cata,ysts “ b°™ ^ 

84 g/S at 2W°C C m°re aCtlVe’ Pr°dUCing 116 g/m’ at 220°C “d 

thatfir0n:d0!°mite without alkali operate 
! if T f "hereas for Slmilar Preparations with 1 to 10 per cent 
alkali, the temperature could be decreased to 230 to 240'C 

1 he present survey indicates that the average molecular weight of av„ 

thesis products increases with alkali content; the effectiveness of alkaif 

c anging selectivity decreases with operating pressure. For some catalysts' 

the activity remained essentially constant as the alkali content was varied,' 
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Table 57. Tests of Iron Catalysts at Atmospheric Pressure® 

(4 1/hr per g Fe of 1H2 + ICO gas at 250°C) 

100Fe:25Cu:2Mn 

Parts per 100 Fe 
Apparent 

C6-*- , cc/m3 
Light Oil,6 % 

Kieselguhr H3BO3 K2CO3 
Contraction (%) of C6r 

0 0 0 27 32 47 

1 30 52 52 

2 24 35 63 

15 3 47 101 68 

75 0 1 33 61 44 

2 33 67 45 

15 3 41 119 70 

20 3 46 115 70 

4 46 122 66 

125 20 4 48 130 66 

200 0 3 21 38 45 

15 3 40 101 63 

4 42 101 67 

20 4 42 106 58 

5 44 117 69 

6 40 92 62 

25 5 37 98 73 

30 5 34 80 74 

6 35 81 72 

300 0 3 19 24 33 

4 22 36 33 

5 20 34 33 

15 6 46 81 67 

7 41 86 67 

20 6 45 106 63 

7 46 109 65 

8 44 101 67 

25 7 49 96 64 

8 41 93 67 

° From Ref. 99. 
b Condensed hydrocarbons divided into two fractions, benzine and light oil. 
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while for others the activity increased to a maximum and decreased as 

alkali was increased. Apparently the composition and pretreatment of the 

catalyst determine the relationship between activity and alkali content; 

however, the available data are insufficient to provide a simple explanation. 

1 he data of Pichler in Table 56 demonstrate that pure iron oxide pre¬ 

cipitated with ammonia is active in the synthesis and produces higher hy¬ 

drocarbons. The selectivity of these preparations is improved by addition 

of alkali. Thus, if the catalysts are properly pretreated, the only necessary 

components for precipitated iron catalysts are iron and alkali. Other pro- 

moters may be desirable for facilitating the induction, improving the 

mechanical properties, or modifying the selectivity by a small amount; 
however, their effects are usually small. 

Copper. The action of copper in precipitated iron catalysts is similar to 
that described for cobalt and nickel catalysts; with iron, however, copper 

does not usually shorten the catalyst life*. Specifically, copper increased 

the rate of induction of precipitated catalysts—reduction or carburization— 

so that lower temperature or shorter time of pretreatment was possible. 

The activity of catalysts containing high amounts of copper (20Cu:100Fe) 

was reported to decrease rapidly at temperatures above 250°C. Although 

this effect has been attributed to formation of iron-copper solid solutions, 

it may equally well be due to excessive sintering of the iron in the presence 

of sizable amounts of metallic copper. Small amounts of copper, such as 

lCu:100Fe, have been reported to increase the reproducibility of catalyst 

preparations. Pichler123 demonstrated that when properly inducted, in this 

case with pure carbon monoxide at 0.1 atmosphere and 325°C, catalysts 

containing no °copper and those with 100Fe:20Cu had about’the same 

activity at 235°C m the medium-pressure synthesis. According to Koelbel100, 

an iron-dolomite-1 per cent K2C03 preparation operated at 230 to 240°c’ 
whereas when 10 per cent copper was added the temperature could be de¬ 

creased to 210 to 230°C. Data of Murata11? for the synthesis at atmospheric 

pressure on a variety of iron catalysts (Figure 38) indicated that the yield 

?nnl?U1( hydrocarbons ^creased with addition of copper to about lOCu: 
100-re and then remained approximately constant. 

Difficulty Reducible Oxides. Scheuermann165 reported tests of catalysts 

promoted with alumina and magnesia, as shown in Table 58. Although 

the alumina catalyst had the highest activity, the slow precipitation pro¬ 

cedure used m its preparation prevented its consideration for large-scale 

use. Conditions of the preparation of the magnesia catalyst were less critical 

and the precipitation could be accomplished rapidly. Koelbel100 stated the 

is 
* This observations may be related to the fact that the solubility of 
very much lower than in cobalt or nickel. 

copper in iron 
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function of magnesia was not to increase the activity, but to increase the 

strength of the particles. Similarly, for a 100Fe:20Al: 1K2C03 catalyst, the 

activity was not exceptionally high (operating temperature 225 to 260°C); 

however, the alumina apparently contributed to the mechanical stability 

of the catalyst so that its particles were intact after 1,500 hours of synthesis. 

Although dolomite, added in sizable amounts to precipitated catalysts at 

Rheinpreussen, was called a support, Koelbel100 states that the calcium 

oxide in the dolomite increased the activity and possibly increased the 

molecular weight of the product. Calcium oxide was a standard promoter in 

Ruhrchemie catalysts. Other Ruhrehemie preparations containing cerium 

Figure 38. Influence of copper on productivity of precipitated iron catalysts at 

atmospheric pressure. (Reproduced from Ref. 117) 

A Fe-kieselguhr-K^CCb, 2H-> + ICO 

B Fe-kieselguhr-Mn-KsCCb, IFF + ICO 

C Fe-kieselguhr-Mn-H3B03-K2C03, IFF + ICO 

D Fe-kieselguhr-HsBOa-ICCOs, 2FF + ICO 

or vanadium oxides in addition to copper and kieselguhr were reported to 

favor alcohol and ester formation in synthesis at 100 atmospheres45. 

Carriers. Kieselguhr. For precipitated iron catalysts, the beneficial 

effects of kieselguhr observed for cobalt and nickel were not found. Experi¬ 

ments indicated that not only was the activity inferior for catalysts con¬ 

taining kieselguhr but the product distribution was shifted to a lower 

average molecular weight with high yields of gaseous hydrocarbons. As 

described in the previous discussion of alkali promoters, kieselguhr appears 

to adsorb or react with alkali and thus prevents the usual desirable pro¬ 

moter effects. 
After the discovery of the medium-pressure synthesis with iron catalysts 

and the development of improved methods of pretreatment, Pichler123 

investigated the preparative procedure for catalysts supported on kiesel¬ 

guhr. As described on p. 121, the best catalysts resulted from mixing 

kieselguhr with the moist precipitate after washing and alkalization. This 
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preparation after induction with carbon monoxide at 0.1 atmosphere and 

32o C was very active at 235°C in the medium-pressure synthesis; how¬ 

ever, the selectivity was inferior to that for similar preparations without 

kieselguhr. Figure 39 compares the supported catalyst with a similar un- 

supported preparation and with an alkali-free catalyst precipitated with 

aqueous ammonia. The products from the supported preparation had a 

lower average molecular weight than even the alkali-free catalyst. The 

supported catalyst, however, had considerably improved mechanical prop¬ 

erties compared with Pichler’s standard iron catalyst, and could be operated 

^ly satisfactorily in vertical tube reactors. Similarly Koelbel100 found 

that granules of a 100Fe:0.5Cu:2Mn: 1K2C03:100 kieselguhr preparation 

Table 58. Comparison of Tests with Fe-Cu-Al203-K2C03 and Fe-Cu-Mg0-K2C03 
Catalysts3 

_(1H2 + ICO gas at space velocity of 240 hr"1 and 12 atm.) 

Temperature, °C 
CO conversion, % 

Yields, g/m35 

Boiling fractions, °C 
<195 
195-320 
320-450 
>450 

° From Ref. 165. 

6 Presumably liquid + solid hydrocarbons 

were intact after 1,100 hours of medium-pressure synthesis with 1.2H2 + 

CO gas at 220 to 250°C. This catalyst produced no wax. The Ruhrchemie 

catalyst employed m the Reichsamtversuch (p. 160) contained 50 kiesel¬ 
guhr per lOOFe. 

rtSen?f SUpported iron-copper catalysts containing natural “Filter- 
Cel and flux-calcined “Hyflo-Super Cel” (see p. 60) were tested at the 
Bureau of Mines-. Although the two kieselguhrs had app"teN Z 
same bulk density the surface area of the flux-calcined sample was only 

0 per cent of that of the natural sample, and the available area of the 

flux-calcined material presumably was less reactive to alkali due to the 

high-tempera ure alkali treatment. The tests (Table 59) were made at es¬ 

sentially constant space velocities, and activities at 240°C15 per gram of iron 

and per cc of catalyst were computed. For granular catalysts with “Filter- 
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Cel” (X122) and “Hyflo-Super-Cel” (X106), the weight of iron per 50 cc of 

catalyst space was 7.8 grams compared with 45.4 grams for the carrier-free 

preparation (X101). Although the activity per cc was lower for the sup¬ 

ported preparations, the activity per gram Fe was greater. However, the 

products of supported catalysts had a considerably lower molecular weight 

than the carrier-free preparation and were characteristic of alkali-deficient 

catalysts. The products from the sample containing the flux-calcined carrier 

had a higher average molecular weight than those from thp preparation 

with the natural kieselguhr, indicating that although both catalysts were 

Figure 39. Comparison of products from carrier-free and kieselguhr containing 

precipitated iron catalysts. Medium-pressure synthesis at 235°C. (From data of 

Ref. 123) 

deficient in alkali, the preparation with natural kieselguhr appeared to be 

more deficient. On the basis of these tests, the preparation with the flux- 

calcined carrier appeared more amenable to improvement of selectivity by 

further alkali addition. In test X239 the alkali content was increased to 

1.91K20 per 100Fe. This resulted in an increase of activity per gram of 

Fe to 516, one of the highest activities observed in the Bureau of Mines 

testing program; however, the activity per cc was 92 compared with 135 

for the unsupported preparation (X101). The product in X239 neverthe¬ 

less had a lower molecular weight than that from XI01. Attempts were 

made to increase the activity per cc of high-alkali-content catalysts sup¬ 

ported on “Hyflo-Super-Cel” by increasing the bulk density by pelleting 

(test X254, X272, X284). This procedure, however, resulted in lower 
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activities per cc than observed in X239. The best results of this series were 

obtained in test X284, in which the catalyst was reduced in hydrogen rather 

than inducted in synthesis gas. However, the activity per cc and the selec¬ 

tivity of this catalyst were inferior to those of a corresponding reduced, 
unsupported catalyst in test X245. 

These experiments demonstrate that catalysts containing kieselguhr re¬ 

quire greater quantities of alkali to produce the desired promoter effect. 

With the relatively inert flux-calcined kieselguhr, good yields were obtained 

in the range 1.9 to 3.1K20 per lOOFe, although the average molecular 

weight may not have reached its maximum in this range. Presumably 

greater amounts of alkali would be required for natural “Filter-Cel.” For 

granular catalysts (broken filter-cake), the activity per gram of iron for the 

supported catalysts was greater than for corresponding preparations with¬ 

out kieselguhr; therefore, the pore structure produced by the presence of the 

support may have a desirable effect on synthesis rate. The presence of kie¬ 

selguhr in an amount equal to the iron content, however, decreases the 

amount of iron per unit volume by a factor of 6, so that the activity of sup¬ 

ported catalysts per cc was lower than that of unsupported catalysts. In¬ 

creasing the bulk density by pelleting supported catalysts did not improve 

the activity per unit volume. Possible improvements might result from re¬ 

ducing the kieselguhr content to 20 to 30 parts per lOOFe. In contrast to 

the results with cobalt and nickel catalysts, (p. 55) the best iron cata¬ 

lysts were obtained with flux-calcined rather than with natural kieselguhr. 

Ruhrchemie experiments in 1944151 were apparently directed in the same 
general direction. Kieselguhr was boiled for a short time in aqueous solu¬ 

tions of various alkalies before incorporation into catalysts containing 

lOOFe. 5Cu: lOCaO: 5 to 50 kieselguhr. The catalysts were impregnated with 

KOH or potassium water glass. However, these preparations with few ex¬ 

ceptions were less active than samples containing raw kieselguhr, and usu¬ 

ally the samples supported on treated kieselguhr produced larger yields of 
methane. 

Silica Gel and II ater Glass. Herbert31,87 of Lurgi described catalysts 

supported on freshly precipitated silica gel, the best composition being 

lOOFe. 25C u. 9A1203: 2K20:30SiO2. A metal oxide precipitate was pre¬ 

pared by the rapid addition of a dilute solution of nitrates of iron, copper, 

and aluminum at 70°C. Freshly precipitated silica gel from water glass plus 

a mineral acid was added to the metal oxide precipitate and stirred for one 

minute. The mixture was filtered, washed until the pH of the wash water 

was 8, and then impregnated to the proper alkali content with potassium 

carbonate. The material was extruded, cut into pieces of the desired length, 

and dried at 100°C. The resulting catalyst was hard and had a long life; 

the good mechanical properties were attributed to the formation of potas- 
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sium silicate. These catalysts were reduced with hydrogen at a space 

velocity of 1,000 hr-1 for 1 to 3 hours at 250 to 300°C in the synthesis re¬ 

actors. In a conventional, externally-cooled, double-tube pilot plant68 with 

IH2 + ICO at a space velocity of 100 hr-1, 20 atmospheres, and a 2.5:1 

recycle ratio, yields of C3+ of 136 g/m3 were obtained in tests of 3 months’ 

duration. However, the cataljrst was still active at the termination of the 

experiment and a life of one year was predicted. In the 3 months of synthe¬ 

sis, the catalyst temperature had to be increased from 220 to 230°C. For 
a two-stage operation, the following data were estimated: 

Over-all Distribution g/m3 

Distribution of C6+ 

Fraction Weight % Olefin Content (%) 

Ci + C2 18 <200°C 20 60 
C3 + C4 15 300°-320°C 20 45 

C4+ 146 320°-460°C 15 
Alcohols 9 >460°C 45 

The high yields of wax (>320°C) seem to indicate that the catalyst was 
not deficient in alkali. 

Ruhrchemie151 described catalysts of the composition lOOFe: 5Cu: lOCaO: 

6.5Si02, which were prepared by a method similar to that of the Lurgi 

catalysts, except that the precipitated oxides of iron and promoters were 

filtered, washed, and then suspended in a potassium water-glass solution. 

After filtering, the catalyst was dried at 100°C. 

Dolomite. Koelbel73,100 of Rheinpreussen developed catalysts containing 

dolomite as a support to improve the mechanical strength and stability. 

The dolomite was selected to be free of sulfur and phosphates. It was further 

desirable that ratio, CaO/MgO, lie between 1.45 and 1.70 and that the 

content of silica be low. The dolomite was roasted at 700°C and crushed to 

particles about 0.1 mm in diameter. Apparently this treatment removed 

most of the carbon dioxide. In the catalyst preparation, iron was dissolved 

in a quantity of nitric acid somewhat in excess of that required, and copper 

nitrate was added to the solution. The solution was heated to boiling with 

the powdered dolomite added either before or after the solution was heated, 

and the precipitation was accomplished with sodium carbonate solution. 

Apparently a large fraction of the dolomite dissolved before the precipita¬ 

tion. The sodium carbonate was added to only a slight excess of that re¬ 

quired by the iron so that dissolved magnesia would be incompletely pre¬ 

cipitated. After precipitation, the catalyst was washed with hot water, 

filtered, and the moist cake impregnated with potassium carbonate. 

A catalyst of this type, 100Fe:0.lCu:80 dolomite:3K2C03, was used in 

a fixed-bed pilot plant (8.2 kg of catalyst) with 1H2 + 1.6CO at 12 atmos- 
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pheres, space velocity of 109, and 245°C. The catalyst was pretreated with 
CCh-free synthesis gas at 245°C and atmospheric pressure for 47 hours, and 
then the pressure was gradually increased to 12 atmospheres. After 600 
hours, the catalyst was easily removed from the reactor and found to be 
intact. It was then extracted with a gasoline fraction and put into the syn¬ 
thesis lor another 000 hours. The catalyst was readily removed at the ter¬ 
mination of the experiment. The products from similar pilot-plant tests 
are given in Table 60. 

There is considerable uncertainty as to whether or not dolomite in these 
catalysts should be classed as a support or as a promoter. According to 
Koelbel'00,the fact that these catalysts operate without plugging or extensive 
mechanical disintegration must be attributed to the magnesia content 
while the calcium oxide increased the activity. Possibly the reason for re, 

Table 60. Products from Pilot-Plant Experiments with 

Fe-Cu-DoLOMiTE-K2C03 Catalysts0 

(1H) + 1.6CO gas at 240°C and 12 atm.) 

Fraction Weight (%) Olefin Content (vol. %) Octane Number 

C3 T C4 10-20 50-70 
40°-150°C 34 55-65 74 

150°-360°C 27-30 30-50 
360°-450°C 21-22 

>450°C 14-16 

° From Ref. 100. 

garding dolomite as a support is that it is present in greater amounts than 
components normally classed as promoters. In contrast to these reports, 
a Rheinpreussen catalyst of similar composition encountered considerable 
“coking” troubles in the Schwarzheide comparative tests (p. 160). 

Fused Iron Catalysts 

This type of catalyst is used in the ammonia synthesis, and its prep¬ 
aration and properties have been described in the literature of this process. 
For recent reviews, see Nielsen119 and Zwietering207. Successful iron am¬ 
monia catalysts usually contain small amounts, about 3 per cent, of a struc¬ 
tural promoter, such as alumina or magnesia, and potassium oxide as a 
chemical promoter. These catalysts are prepared by fusing a mixture of 
magnetite and promoters in an electric resistance furnace by passing the 
current between water-cooled iron electrodes directly through the catalyst 
mixture23' 106. The fusion is accomplished in a container lined with mag¬ 
netite so that there is no problem of contamination. In Germany, fused 
catalysts were frequently prepared by oxidizing metallic iron in a stream of 
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oxygen88' 136. To start the oxidation, a portion of the iron must be heated to 

a high temperature. Promoter oxides were added to the molten magnetite. 

Many fused preparations have a spinel-structure composed of a solid solu¬ 

tion of magnetite and structural-promoter oxide. In the raw state, these 

catalysts have virtually no internal surface area or pore volume, the pore 

structure being developed during reduction. The reduction and pore struc¬ 

ture of these catalysts will be discussed later in this chapter. 

As a starting material, any oxide of iron may be used since all of them will 

revert to magnetite in the presence of oxygen at fusion temperatures. Small 

amounts of impurities, such as most metal and nonmetal oxides (up to 3 

per cent), usually produce no serious diminution of catalyst activity since 

they are either volatilized in the fusion or serve as structural promoters. A 

purified, commercially available ore, Alan Wood magnetite, has been used 

extensively for the preparation of fused catalysts at the Bruceton laboratory 

of the Bureau of Mines, and these catalysts are usually more active in the 

Fischer-Tropseh synthesis than commercial synthetic ammonia catalysts. 

Mill scale was used at the Bureau of Alines demonstration plant at Louisi¬ 

ana, Missouri, with good results. It has been reported that active catalysts 

may be prepared from oxides produced by roasting and oxidizing iron sulfide 

ores168. Oxides with lower contents of impurities, or at least different im¬ 

purities than encountered in natural ores, may be obtained by burning rela¬ 

tively pure iron such as Armco, commercially available refined iron, or iron 

scrap in oxygen. At the Tennessee Valley Authority, Wilson Dam,23 a 

low-silica content magnetite for catalyst manufacture was prepared in the 

following way: A finely crushed magnetite ore was concentrated by remov¬ 

ing the high silica-content particles by a tabling procedure. To this con¬ 

centrate was added sufficient synthetic magnetite made by burning 

“Armco” iron rods in oxygen to decrease the silica content below the de¬ 

sired limit. It should be noted, however, that small amounts of silica in 

fused Fischer-Tropsch catalysts are not undesirable, and many workers 

believe that silica causes no bad effects in catalysts for the ammonia syn¬ 

thesis. Typical analyses of roasted pyrites, mill scale, and Alan Wood mag¬ 

netite are given in Table 61. 
Alkali as potassium hydroxide, carbonate, or nitrate may be incorporated 

into the fusion mixture, or it may be added subsequently by immersing 

the catalyst in a solution of the potassium compound, as described by 

Brunauer and Love110. In the latter method, the amount of alkali retained 

by the catalyst depends upon the concentration of the solution in which it 

is immersed. In the ammonia synthesis, the method of alkali addition pro¬ 

duces no differences in the resulting activity of the catalysts. This appears 

to be the case in the Fischer-Tropsch synthesis; however, the effect has not 

been thoroughly investigated. 
Details of the preparation of the Leuna fused catalyst WK1710S' 138,202, by 
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oxidation of the metallic iron follow: 19 kg of iron were placed in a shallow 

water-cooled pan (50 x 15 cm). Presumably a portion of the iron was pre¬ 

heated to initiate the reaction with oxygen. Pure oxygen from two nozzles 

was directed at the iron and sufficient heat was evolved to melt the mass in 

about 10 minutes. The promoters as nitrates were added and the oxidation 

continued. After a total of 30 minutes, the oxidation was completed and 

the molten catalyst was poured into an iron pan and cooled slowly. The 

Leuna fused catalyst prepared by this method was said to be somewhat 

inhomogeneous. Remelting the finely-crushed catalyst in an electric re¬ 
sistance furnace, as described previously, made the material more homo- 

Table 61. Composition of Various Inexpensive Forms of Iron 

Weight Per cent 

Mill Scalea Roasted Pyrites3 Alan Wood Magnetite^ 

Fe 74.5 68.0 71.4 69.0 
Mn 0.4 0.09 0.4 
Cu Trace .12 
Ni .09 _ 
Si .1 — .20 0.35 
Zn — .24 
MgO — .65 .15 
CaO — .6 
AI2O3 — .5 .04 
S — .06 
P .006 — 

6 Analytical data of the Bureau of Mines. 

geneous This procedure improved the catalyst for use in the ammonia syn¬ 

thesis; however, there are contradictory statements as to whether or not 

remeltmg was desirable for the Fischer-Tropsch catalysts. For the Fischer- 

Tropsch synthesis, the best results were obtained by melting a mixture of 
crushed catalyst and carbonyl iron in an atmosphere of oxygen. 

For many years, alkali oxides have been known to be promoters Tor 

fused iron catalysts in the ammonia synthesis41’ 1U. In the Fischer-Tropsch 

synthesis, with catalysts of this type, both the activity and selectivity are 

drastically changed by the alkali content, Scheuermann1^ described a 

detailed study of catalysts containing varying amounts of magnesia, silica 

an potassium oxide. The goal of these experiments was the production of 

lgh-molecular weight olefins, and unfortunately, for most experiments 

data on lower-molecular weight products are not available. Four series of 

catalysts were studied: (a) 100Fe:4.8MgO with variable amounts of K20 
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(b) 100Fe:4.8MgO with variable Si02, (c) 100Fe:4.6MgO:0.4K with 

variable Si02, and (d) 100Fe:4.5MgO:2.7SiO2 with variable K20. All tests 

were made at 12 atmospheres, series a, b, and c with 2H2 + ICO gas at a 

space velocity of 480 hr-1 and series d with 1H2 + ICO at a space velocity 

of 240 hr-1. All catalysts were reduced in a high flow of hydrogen at 500°C 

for 48 hours. Since the tests were not made at constant temperature, the 

activity per unit volume of catalyst at 240°C was estimated using the em¬ 

pirical equation developed by Bureau of Mines workers15. Data for series 

a and d (Figure 40) indicate that for both the Fe-MgO and Fe-MgO-Si02 

the activity increased to a maximum corresponding to 0.7K/100Fe. For 

series b and c (Figure 41) the activity decreased with increasing silica 

Figure 40. Activity of fused iron catalysts as function of alkali at 12 atm. (From 

data of Ref. 165) 

content, and in the case of series b passed through a minimum and in¬ 

creased. Catalysts containing K20 (series c) were more active at a given 

silica content than alkali-free preparations (series b). Data for the per cent 

of wax (b.p. >320°C) in the C5+ fraction as a function of K and Si02 

content in Figure 42 are difficult to interpret, because the wax formation 

is a function of synthesis temperature (which was not held constant except 

in series d) as well as catalyst composition. As alkali was increased in series 

a, the per cent wax increased to a maximum at about lK/lOOFe and then 

decreased to a relatively constant value. For series d (at constant tempera¬ 

ture) the wax increased with alkali content, but did not reach a maximum 

in the range studied. With silica, the wax yield decreased with increasing 

promoter concentration and then increased. Series d affords unambiguous 

data for the effect of K20 and Si02 on selectivity, and more detailed data 

are available, as shown in Figure 43. The olefin content of distillation frac¬ 

tions decreased with addition of silica and increased with alkali content to a 



144 CATALYSIS 

relatively constant value at about 0.7K/100Fe. The alcohol content of the 

fractions, excluding the 320 to 450°C data, decreased with silica content 
and increased with alkali to the highest value studied. 

ligure 41. Variation of activity of fused iron catalysts with silica content ("From 
data of Ref. 165) ' 1 

Bureau of Mines studies172 of a fused iron catalyst (100Fe:4 5A1203) 

with 1H2 + ICO gas at 7.8 and 21.4 atmospheres demonstrate a similar 
activating effect for the addition of K20 (as K2C03), as shown in Figure 44. 

ne group of catalysts was reduced in hydrogen and a second reduced in 
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2.0 1.0 0 0 

Si 02/l00 Fe«*- 

1.0 

K/100 Fe 

2.0 

Figure 43. Selectivity of fused iron catalysts as function of silica and potassium 

oxide. lHo + ICO gas at 12 atm. and 230°C. (From data of Ref. 165) 

0 0.2 0.4 0.6 0.8 1.0 1.2 
K20 PER 100 Fe 

Figure 44. Activity of reduced and nitrided fused iron catalyst as a function of 

potassium carbonate content with IH2 + ICO gas. 
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hydrogen and nitrided in ammonia pp. 188 and 192). Essentially the same 

effect of promoter on activity was observed for both reduced and reduced- 

and-nitiided preparations. For nitrided catalysts at 21.4 atmospheres, a 

maximum activity was observed at about 0.6K2O per lOOFe. In other 

series, the highest alkali content was only 0.55K2O per lOOFe, and a 

maximum in the activity-alkali curve was not observed. Since these experi¬ 

ments were made at different temperatures, the selectivity data do not 

clearly demonstrate the effect of alkali. Further unpublished work indicates 

that lithium and sodium oxides have only a slight activating effect on 

reduced fused catalysts; potassium oxide is a good promoter, and rubidium 

oxide is still more effective. Thus, the effectiveness of alkali oxides increases 
with the atomic weight of the alkali metal. 

On the basis of numerous tests of fused catalysts of different compositions 

(Figures 40 to 43), Scheuermann165 concluded that the ratio of K20 to 

structural promoter, as well as the ratio of K20 to Fe, was critical in de¬ 

termining the catalytic behavior. This conclusion was based on the olefin 

content of the wax fraction obtained in experiments performed at widely 

different temperatures. Possibly the observed variation of the olefin content 

resulted from a fortuitous combination of the effects of alkali content and 

temperature. The activity- and wax production-alkali content plots in 

Figures 40 and 42 indicate that the activity and selectivity were primarily 
related to the K20 to Fe ratio. 

The data presented in this section demonstrate that the K20 content has 

a larger effect on activity of fused catalysts than observed for some pre¬ 
cipitated iron catalysts (p. 126). 

A report from Oppau120 describes a detailed study of fused iron oxide 

catalysts for hydrogenation of carbon monoxide. Unfortunately the con¬ 

ditions of catalyst testing were not those normally employed for the Fischer- 

Tropsch synthesis, and the results were poor. After reduction in hydrogen 

at 550 or 650°C, the catalysts were tested with 3 or 4H2 + ICO gas at 100 

atmospheres and the temperatures and flow were varied according to the 
following schedule: 

Days 

0-2 
2-4 

4-6 

6-8 
etc. 

Temp. (°C) 

280 

290 

300 

310 

Space Velocity, hr-1 
(exit gas) 

100-250 

500 

750 

1000 

Promoters in varying combinations were Si02, Ti02, Zr02 , MnO, CuO 

CaO, and Iv20. The authors divided the promoters into two classes, alkaline 
and acidic, and summarized their results as follows: 
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1. Alkaline or basic promoters (K20 , CuO, CaO), especially K20, dis¬ 

pose the catalyst to form hydrocarbons. Copper oxide was said to suppress 
carbon formation. 

2. Acidic components (Si02, Ti02, Zr02) promoted the formation of 

alcohols and other oxygenated molecules. The effectiveness of the acidic 

component increased with increasing molecular weight; thus Zr02 was 
more effective than Ti02. 

Samples of these catalysts, in the raw state, were polished and subjected 

to petrographic analysis. The best catalysts had the most simple micro¬ 

scopic structure and were characterized by large, well developed crystals. 

Apparently in good catalysts the promoters are homogeneously dispersed 

in the magnetite phase. The authors concluded that the petrographic 

studies of raw catalysts were a better criterion for predicting the activity 

of the reduced catalyst than x-ray analysis (of raw catalysts), which usually 
gave only diffraction patterns of magnetite. 

These studies were extended by Linckh and Klemm206 to experiments in a 

hot-gas-recycle pilot plant. Gas containing 20 per cent carbon monoxide 

and 60 to 80 per cent hydrogen, with sufficient recycle gas to decrease the 

carbon monoxide in the entering gas to 10 per cent, was used at 100 to 180 

atmospheres and 290 to 320°C. The catalyst based on the studies described 

above was prepared by fusing in oxygen a mixture of 89.5 per cent iron 

powder, 2.24 per cent Ti02,2.24 per cent silicon powder, 2.24 per cent 

MnO, 2.03 per cent copper powder, and 1.8 per cent KOH. Metallic copper 

was said to enter the melt homogeneously, whereas copper oxide decom¬ 

posed to form globules of metallic copper. The catalyst was reduced in 

hydrogen (space velocity = 500-700 hr-1) at 650°C for 3 days. Carbon 

deposition, which usually occurred at the gas inlet portion of the catalyst 

bed, was suppressed by copper-plating the inlet portion of the catalyst with 

a dilute copper-nitrate solution. It was not stated whether this treatment 

was made on the raw or reduced catalyst; however, the copper-plating did 

not impair the activity of the catalyst. Yields of 58 g/m3 were obtained, 

the product containing in per cent: 23 heavy oil, 5.6 light oil, 12.6 gasoline, 

8.5 C3 + C4, and 49.5 alcohols. The yield of alcohol increased with pressure, 

for example, in comparable experiments the condensible products (exclusive 

of water) in g/m3 and the per cent of alohol in this material, respectively, 

were 42 and 31 at 100 atmospheres and 44 and 84.5 at 180 atmospheres. 

A similar catalyst206, prepared by fusing a mixture of 100Fe:2.5Si: 

2.5Ti02:5KMn04 in oxygen, was employed in the Duftschmid oil-circula¬ 

tion process. Oxides of manganese plus potassium hydroxide could be used 

in place of potassium permanganate. After reduction in hydrogen at 450 

to 500°C for 5 to 6 days, this catalyst was operated at temperatures from 

240 to 290°C with 0.9H2 + ICO gas at 20 atmospheres. The C3+ products 
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from this catalyst were: 

Fraction W'eight-Per cent 
Olefins 

(Vol.-per cent) 

cs + c, 14 80 

<100°C 1!) 50-65 

100C-150°C 11 40-55 
150°-175°C 4 35-45 
175°-325°C 19 20-35 
325°-400°C 11 20 
>400°C 17 — 

Alcohol in aqueous phase 5 — 

A catalyst of this composition was prepared and tested at the Bureau of 

Mines. Although this preparation was satisfactory, it was not exceptional 
with respect to either activity or selectivity. 

Scheuermann166 stated that a variety of structural promoters other than 

magnesia and silica were tried; however, no details are available. With 

respect to catalytic activity, alumina was a somew'hat better promoter than 

magnesia, but the magnesia-promoted catalyst was considered more de¬ 

sirable on the basis of the amount and quality of high-molecular-weight 

olefins. The olefins from magnesia-promoted catalysts, were more suitable 

for manufacture of synthetic soap. Certain fluorides, CaF2, A1F3 , and 

FeFs , were said to lower the molecular weight of the products so that low- 

boiling products were obtained at low temperatures (170 to 200°C). The 

conversion at these temperatures Avere low. Arsenic oxide Avas reported to 

promote the formation of esters202; hoAvever, in later Avork at the same lab¬ 

oratory137 high ester yields were not obtained Avith catalysts containing 
either arsenic or antimony oxides. 

In unpublished research at the Bureau of Mines about twenty fused 

catalysts containing a number of oxides in \rarying amounts AA’ere tested 

m the Fischer-Tropsch synthesis at 300 psig after reduction or reduction 

plus nitriding. Alan Wood magnetite Avas used as a starting material in 

these preparations, and in all cases the catalysts contained about 0.5K2O 

per lOOFe. The results of these experiments may be tentatively summarized 
as folloAvs: 

(a) Most of the catalysts that contained less than 3 or 4 per cent struc¬ 

tural promoters, as Avell as fused Alan Wood magnetite (about 0.7 per cent 

structural promoter as impurities, see Table 61), had high activities of at 
least the same magnitude. 

(b) Above 3 to 4 per cent structural promoter, the activity usually de¬ 
creased Avith increasing content of structural promoter. 

(c) Usually the oxide used as a structural promoter does not produce 
major changes in selectivity. 

(d) With feAV exceptions, catalysts containing 3 to 4 per cent of struc- 
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tural promoters, as well as lused Alan Wood magnetite, were more active 

than commercial synthetic ammonia catalysts. 

In earlier studies at the Bureau of Mines181, six commercial ammonia syn¬ 

thesis catalysts were tested with IH2 + ICO gas at 7.8 atmospheres. Two 

samples contained MgO + ICO as the principal promoters and the others 

AI2O3 + ICO. Appreciable amounts of other oxides were present in some 

preparations; these oxides were probably impurities in the raw materials 

used for the catalysts. In this series, the catalysts promoted with magnesia 

veie more active than those with alumina; however, alumina-promoted 

Table 62. Synol Operation of Catalyst WK17f‘ 

Fe304-Al203-K20 catalyst reduced in hydrogen for 60 hr at 500°C. Synthesis with 
20 atm. of water gas at space velocity of 350. 

Conversion maintained at 50 per cent, yield C3+ = 45 g/m3, and temperature 
19r-193°C. 

Distillation of C3+ 

Days 

7-17 20-30 

Weight 
(%) 

Per cent in fraction 
Weight 

Per cent 

Per cent in Fraction 

Alcohols Olefins Alcohols Olefins 

c3 + C4 13.1 15.3 
< 200°C 50.0 29.5 45 43.6 34.6 42 
200-230° 2.2 34.5 35 3.8 35.7 34 
230-350° 16.5 53.5 28 11.5 59.8 25 
350-400° 4.3 37.5 24 8.1 56.5 28 
>400° 13.9 17.8 

“ From Ref. 107. 

fused catalysts of activity equal to or greater than that of the magnesia- 

promoted catalysts have been prepared at the Bureau. The Leuna synol 

catalyst with A1203 , CuO, and ICO as promoters was found to be very 

active. This sample which had probably been remelted with iron (the iron 

content was very high) was obtained as a fine powder. The high activity 

probably resulted largely from the small particle size, since the standard 

Bureau of Mines catalyst D3001 as 40- to GO-mesh particles had nearly the 

same activity. 

Nevertheless, the synol-type preparations of Leuna must be regarded as 

very good fused catalysts, which were as active as precipitated catalysts. 

Linder normal synthesis conditions, that is 210 to 230°C, low flows and 

relatively high conversion (70 per cent), these catalysts produce a moder- 
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ately high-molecular-weight product, with only a small fraction of oxygen¬ 

ated organic molecules; for example, in the Bureau of Mines test, the C5+ 

fraction from the synol catalyst contained 8 weight per cent in the < 185°C 

fraction, 24 per cent from 185 to 352°C, 1G per cent from 352 to 464°C, 

and 52 per cent from >464°C. (See also this catalyst in Schwarzheide tests, 

p. 162). In the typical synol operation at 190 to 200°C with high flows and 

50 per cent conversion, these catalysts yielded a lower-molecular-weight 

product containing a large fraction of oxygenated molecules. Data for the 

synol operation are given in Table 62. 

Sintered, Cemented, Impregnated, and Miscellaneous Types of Iron 
Catalysts 

This section describes the preparation and synthesis tests of all types of 

iron catalysts other than fused or precipitated. Since some of the catalyst 

types overlap, the following definitions as used here may be helpful: 

Sinteied refers to materials heated to a high temperature to form coherent 

granules without the addition of substances known to be bonding agents, 

and “cemented” to preparations to which bonding agents were added, either 

with or without high-temperature treatment. “Impregnated” refers to 

materials impregnated with promoters but usually not heat-treated. Ordi¬ 

nary impregnated catalysts, in which the active component is impregnated 

on a porous, relatively inert material, have not been thoroughly studied. 

Studies of catalysts prepared from various inexpensive forms of iron oxide, 

such as ores and industrial residues, will be described first followed by 

the preparations made from metallic iron. 

Sintered magnetite catalysts were studied at the Bureau of Mines15. 

Spheres of magnetite particles were prepared by compacting a wet paste 

of powdered Alan Wood magnetite in a high-frequency vibrator and ex¬ 

truding it through a perforated plate. The extruded material was rolled 

into tough spheres, sintered in air at 1200°C, crushed and impregnated with 

potassium carbonate. A series of catalysts with varying alkali content were 

tested after reduction in hydrogen (space velocity = 1,500 hr”1) at 400°C 

for 20 hours. The most active sample containing 0.45 K20 per 100 Fe 

gave high conversions (70 per cent) of 1H2 + ICO at a space velocity of 

352 hr ' and 226°C. The variation of activity with alkali content (Figure 

45) shows a ten-fold increase in activity as the alkali content was increased 

from 0.06 to 0.45K2O per lOOFe, followed by decreasing activity with 

higher alkali content. Since this series was performed at nearly constant 

temperatures (226 to 229°C) and conversions, these data demonstrate the 

influence that alkali has on selectivity. As shown in Figure 46, the average 

molecular weight increased with increasing alkali content up to 0.5K2O 

per lOOFe and remained essentially constant for greater amounts of alkali. 
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The maximum alcohol content of the distillation fractions was observed for 

0.45Iv2O per lOOFe, whereas the olefin content was essentially constant. 

Although these catalysts were robust in the raw state, their mechanical 

strength after reduction and after synthesis was too low for use in most 

Figure 45. Variation of activity of iron catalysts with alkali content with 1H2 + 

ICO gas. (Reproduced with permission from Ref. 15) 

Figure 46. Variation of selectivity with alkali content for a sintered magnetite 

catalyst, 1H2 + ICO gas at 300 psig and 226-229°C. (From data of Ref. 15) 
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fixed- or fluid bed reactors; however, this material should be suitable for 
the slurry process. 

In further work at the Bureau of Mines181, powdered iron oxide was mixed 

with a cementing agent and heated at temperatures from 500 to 1,100°C 

to convert the material to a hard cake that was crushed to the desired mesh 

size. Moderately satisfactory catalysts were made with alumina (from 

aluminum nitrate solution), borax, and ball clay. Preparations with sodium 

water glass had poor selectivity, while samples cemented with potassium 

water glass or potassium borate had a very low activity. In all of these 

catalysts, an attempt was made to select the content of cementing agent to 

give adequate mechanical strength without impairing the activity and 

selectivity of the catalyst. With increasing concentration of bonding agent, 

the mechanical strength increased, but the activity and selectivity became 

less desirable. The attempts to balance the two effects wTas only moderately 

successful, as shown by tests of a number of representative catalysts in Ta¬ 
ble 63. 

German workers tested catalysts prepared from Lautamasse and Lux- 

masse, residues from aluminum refining. These materials, which are usually 

obtained as a moist paste, contain 50 to 56 per cent iron oxide on a dry 

basis. A Lurgi catalyst31,87 was prepared by impregnating Lautamasse with 

a copper-ammonium nitrate solution. The copper was precipitated with 

K2C03 solution, dried, and reduced in hydrogen. Although this material 

had low activity, the rates of carbon deposition and other processes leading 

to catalyst disintegration were corresondingly low, so that the catalyst 

operated satisfactorily at 275°C. A catalyst of Brabag, prepared by impreg¬ 

nating Lautamasse with alkali carbonates, also had a relatively low activity 

and required operating temperatures of 250 to 270°C. Ruhrchemie71 used 

Luxmasse in a catalyst containing lOOFe :3.5Cu: 100 granosil (bleaching 

earth): 10 kieselguhr. This preparation was inducted in water-gas at atmos¬ 

pheric pressure. As observed for catalysts containing Lautamasse, this 

preparation required a relatively high temperature, 255°C, for 60 per cent 

conversion of water-gas at a space velocity of 100 hr-1 at 15 atmospheres. 

At Rheinpreussen142, alkalized Lautamasse and Luxmasse catalyts were 

also found to require high-operating tmperatures. In general, due to the 

high-operating temperatures as well as specific catalytic effects, these prep¬ 

arations gave a low-molecular-weight product with a high-olefin content. 

Data for tests of two German catalysts of this type and a similar preparation 

of the Bureau of Mines are given in Table 64. 

At the Bureau of Mines, a number of iron ores have been tested in the 

synthesis after impregnation with alkali (K2C03 or KN03) and reduction 

in hydrogen. Many of these samples were moderately active and have de¬ 

sirable selectivity in the synthesis, as shown by data in Table 65. Appar- 



154 CATALYSIS 

ently the requirement for active catalysts from iron oxide are the following: 

(a) The raw material should contain a high concentration of iron oxide. 

(b) The raw material should not contain high concentrations (above 15 

percent) of certain oxides, such as silica, in combination with iron oxide in 

Table 64. Tests of Catalysts Prepared from Lautamasse and Luxmasse 

6 Based on lOOFe. 

c Not specified. 

“ Octane number = 72. 

Lurgi Ruhrchemie Bureau of Mines 

Source of iron Lautamasse Luxmasse Luxmasse 
Composition, % 

Cu 3° 3.5b _ 
Granosil — 100 (K20 = 0.5) 
Kieselguhr — 10 
Alumina 

Pretreatment 
— — 3.5“ 

Gas h2 Water gas h2 
Temperature, °C c C 450 

Synthesis 

Gas 1H, + 1.6CO 1.2H, + ICO .IH2 ICO 
Space velocity, hr-1 100 100 
Recycle ratio 3 1.5-2.5 0 
Pressure, atm. 20 15 7 8 
Temperature, °C 275 255 245 
Conversion, % 85 60 65 
Total “hydrocarbons,” g/m3 170 — 113 
Cl + C2 35 (C2-C4 14) 33 
C3 + C4 32 _ 33 
Alcohols 5 
c5+ 98 63 36 

Distillation of C5+ , wt-%; ole¬ 

fins, vol.-% in parenthesis 

<200°C 71 (75) 39d <185° 61 
200-320°C 21 (60) 31 185-352° 35 
320-350°C 

81 30 
>350°C 

of 4 

the form of compounds that are difficult or impossible to reduce at usual 
reduction temperatures (<600°C). 

(c) The raw material should not contain high concentrations of specific 
poisons such as sulfates or chlorides. 

Foi the fluidized process, a variety of catalysts prepared by impregnating 

inexpensive ores or mill scale with about 0.5 per cent K20 have been de- 
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scribed. Roberts143 sintered a mixture of hematite plus 2 per cent potassium 

carbonate at 1,000°C and then extracted the alkali until only 0.5 per cent 

remained. Walker196 employed mill scale impregnated with aqueous potas¬ 

sium carbonate or nitrate solution to give 0.5 to 2.0 per cent K20. Iron 

pyrites roasted in air at high temperatures and impregnated with alkali 

have been described as satisfactory, inexpensive catalysts for the fluidized 

synthesis. The oxidation removes the sulfur rather completely, as shown by 

data in Table 61. Seelig, Week, Voss, and Zisson168 studied a sample of 

roasted pyrites in the synthesis in a fluidized reactor. One portion was 

used without further treatment, a second was impregnated with aqueous 

potassium carbonate solution (0.52 per cent K2C03 corresponding to 0.53 

Table 65. Synthesis Tests of Iron Ores at Bureau of Mines 

(IH2 + ICO gas at 7.8 atm. All preparations contained about 0.5 K2CO3 per lOOFe) 

Test 
Ore 

181 
Goethite 

233 
Siderite 

202 . 
Limonite 

232 
Alabama 

Ore 

Reduction in H2 

Temperature, °C 450 400 450 400 

Hours 24 40 24 40 

Synthesis data: 

Space velocity, hr-1 100 98 93 99 

Temperature, °C 230 232 294 256 

Contraction, % 65 66 9 66 
Yield, g/m3: 

ch4 7.9 4.6 — 12.0 

c2 7.9 4.8 — 7.9 

c3 + C4 17.5 11.4 — 22.2 

Liquids + solids 68.3 72.2 — 83.7 

K20 per lOOFe), and a third was mixed with 0.1 per cent powdered potas¬ 

sium carbonate, and at 72-hour intervals further additions of this amount 

of powdered potash (each corresponding to 0.1 per cent K2C03 based on 

catalyst weight) were made to the reactor, so that the final alkali in the 

system was 0.47 per cent K2C03 . The catalysts were reduced in hydrogen 

(space velocity = 1,000-1,500 hr-1) at 17 atmospheres and 371°C until 

the formation of water ceased. Testing conditions were 315°C and 18 

atmospheres of 2H2 + ICO gas at fresh feed space velocities of 1,000-1,500 

hr-1 and a recycle ratio of 2. The activity represented by carbon monoxide- 

conversion and the alkali content as a function of time are given in Figure 

47. The conversion for the alkali-impregnated preparation (solution-pro¬ 

moted) was about 99 per cent. For the sample promoted by addition of solid 

potassium carbonate, the conversion increased with alkali addition, ap¬ 

proaching the activity of the solution-promoted sample. Selectivity data 
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in terms of carbon balances are shown in Figure 48. Here the yield of liquid 

hydrocarbons and oxygenated organic molecules increased with increasing 

alkali content. It appears from Figures 47 and 48 that the mode of alkali- 

0 100 200 300 

CATALYST AGE, HOURS 

Figure 47. Variation of activity and alkali content in fluidized tests of roasted 

pyrites catalysts. (Reproduced with permission from Ref. 168) 
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Figure 48. Selectivity as a function of amount and mode of addition of alkali. 

Roasted pyrites catalyst in fluidized reactor. (Reproduced with permission from Ref 
168) 

addition, impregnation from solution or addition of powdered alkali to the 
reactor, does not give greatly differing results. 

The impregnated catalysts described in this section have been prepared 

by adding a solution of promoters to various forms of iron or iron oxide, 

and are not the usual type in which porous material is treated with solutions 

of iron salts. Little attention has been given to the latter type of impreg- 
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nated catalyst, apparently for the following reasons: (a) These catalysts 

are not very active, and (b) the active metal, iron, is the least expensive of 

the catalyst materials, and hence there is no advantage to be gained by 
minimizing the amount of iron used. 

Decomposition catalysts were used in early experiments of Fischer and 

Tropsch, but have not been given much consideration by later workers. 

These materials have relatively low activity and are usually obtained as 

line powders that require shaping into granules for use in fixed-bed reactors. 

Fischer and Tropsch62 in 1926 studied the effect of alkali on iron decomposi¬ 

tion catalysts in the synthesis at atmospheric pressure. Although only low 

conversions and short lives were obtained, the influence of alkali was 

Figure 49. Effect of adding 0.5 per cent alkali on activity of 4 grams of Fe-Cu 

(4:1) catalyst. (From Ref. 62) 

clearly and accurately defined. For potassium carbonate, maximum activity 

and useful life were obtained at concentrations of 0.32 per cent. The 

effectiveness of the addition of 0.5 per cent various alkali and alkaline-earth 

carbonates is shown in Figure 49. For the series of alkali carbonates, the 

activity increased in the order lithium, sodium, potassium, and rubidium; 

the yields of wax increased in the same order. Lithium and sodium carbon¬ 

ates, as well as alkaline-earth carbonates, gave equal or poorer results than 

the preparation containing no alkaline promoter. 
The catalysts described thus far have been prepared by sintering, cement¬ 

ing, or impregnating various forms of iron oxide. Another type of catalyst 

employs metallic iron as a starting material. Michael71’89'206 prepared a 

catalyst by sintering carbonyl iron (2-5 micron particles) impregnated with 

a concentrated solution of borax (1 per cent Na2B407 based on iron) for use 

in the hot-gas-recycle process. The impregnated iron was formed into 1 cm 

cubes and sintered in hydrogen at 850°C for 4 hours. The sintered cubes 
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were cooled in hydrogen and transferred in carbon dioxide to the reactor. 

This material had a relatively low activity, giving conversions of 78 to 82 

per cent of 0.9H2 + ICO gas at 20 atmospheres and 320-330°C with a 

recycle ratio of 100. The products from this process in grams per cubic meter 

were: Methane plus ethane, 35; ethylene, 10; C3, 17 (70-80 per cent olefin); 

C4, 14 (70-80 per cent olefin); gasoline (to 200°C), 83; diesel oil (200- 

320°C), 21; wax, 1.5; oxygenated molecules (largely ethanol plus propanol), 

14. The life of these catalysts at best was only slightly in excess of 2 months. 

It should be noted that hard, porous granules can be prepared from pow¬ 

dered iron by the sintering treatment employed by Michael without the 

presence of sodium borate. These sintering techniques are well known in 

powder metallurgy for the production of porous iron for bearings, etc. The 

possibility of sintering powdered iron into robust, porous granules of de¬ 

sired shapes by these techniques, together with suitable activation pro¬ 

cedures involving oxidation, reduction, and carburization, has not been 

investigated. 
Recently at the Bureau of Mines, very promising massive iron cata¬ 

lysts19- 172 from steel shot or turnings have been developed for the oil- 

circulation process. The steel was oxidized with steam at 550-600°C, the 

temperature being the highest that can be employed without causing the 

oxide film to cement the particles together. For steel spheres, only 1-3 per 

cent of the iron was oxidized, while for the steel turnings 10-20 per cent. 

The oxidized material was alkalized by immersion in an aqueous potassium 

carbonate solution, dried, and reduced in hydrogen at 400 to 450°C. The 

concentration of alkali for maximum activity was only about one-tenth of 

that required for fused catalysts. 

In small, fixed-bed units as well as in an oil-circulation pilot plant, these 

materials operated at temperatures from 250° to 270°C for a conversion of 

65 to 70 per cent with a space velocity of 300 of 1H2 + ICO gas at 20 at¬ 

mospheres. Usually the temperature can be decreased as the synthesis 

proceeds. The life of these catalysts appears to be very long, and the me¬ 

chanical properties of the catalysts are relatively unchanged, since the core 

of the particles is inert massive iron that is not carburized or oxidized under 

synthesis conditions. The massive iron preparations are similar to the early 

Synthol catalysts of Fischer and Tropsch61, alkalized iron filings; however, 

these early preparations had not been activated by steam. 

Data typical of synthesis in the oil-circulation pilot plant with oxidized 

steel (SAE 1018) turnings are shown in Table 66. In the second and third 

operating periods the yields of Ci + C2 hydrocarbons were higher than 

desired. Analyses of catalyst samples removed from the reactor after 855 

hours indicated that the potassium oxide content had decreased from its 

initial value of 0.02 to 0.01 per cent. At this time an alcoholic solution of 
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potassium hydroxide was added to the bottom of the reactor to increase 

the alkali content to 0.04 per cent. The added alkali produced a permanent 

effect on selectivity and decreased the activity slightly. Catalyst samples 

were removed from the top of the reactor during the experiment. After 

extraction with toluene, the turnings were agitated in a mechanical shaker 

to dislodge the active layer. In Figure 50 analyses of this material by mag¬ 

netic and x-ray methods are compared with analyses of a fused catalyst 

Table 66. Synthesis with Oxidized Steel Turnings in Oil-Circulation Pilot 

Plant" 

(Experiment 37: 1H2 + ICO feed at 21.4 atm.) 

Catalyst Age (hr) 

231- 
327 

423- 
716 

855- 
879 

903- 
9276 

1239- 
1287 

1503- 
1527 

2174- 
2390 

Fresh feed space velocity, hr-1 401 601 600 599 674 700 401 

Max. converter temp., °C 270 283 270 270 280 290 290 

Temperature differential, °C 3 6 6 6 5 7 6 

Gas recycle ratio 1:1 1:1 1:1 1:1 2:1 2:1 1.5:1 

Usage ratio, H2/CO 0.89 0.90 0.95 0.88 0.82 0.85 0.82 

H2 + CO conversion, % 70.5 77.6 72.9 68.5 70.8 70.0 79.4 

Ci + C2 yield, g/cm H2 + CO 

converted 

Product distribution, wt.-% C3+ , 

39.7 58.3 44.2 39.0 33.6 37.5 36.9 

£IS . 

Gasoline (C3+ to 204°C) 67.1 85.3 74.0 55.0 57.5 72.3 70.2 

Diesel (204-316°C) 15.5 8.2 14.5 17.4 14.6 16.3 13.3 

Heavy distillate (316-340°C) 9.5 4.5 8.5 13.6 13.3 7.6 10.4 

Wax (>450°C) 7.9 2.0 3.0 14.0 14.6 3.8 6.1 

° From Ref. 19. 

6 Alkali added prior to this period. 

during synthesis in the same reactor. The active layer of the turnings oxi¬ 

dized during synthesis at a considerably lower rate. 

Skeletal iron catalysts have not been investigated thoroughly. Fischer 

and Meyer63 found that skeletal iron-silicon or iron-aluminum catalysts were 

inactive at temperatures up to 260°C. However, in a patent. Black and 

Kearby21 claim satisfactory activity and selectivity and low-carbon deposi¬ 

tion for iron-silicon and iron-aluminum preparations. In tests of Fe-Si 

catalysts the activity was essentially independent of extent of leaching, 

whereas the optimum selectivity was attained at a low value of silica re¬ 

moval. A similar optimum in selectivity was claimed for small extents of 

extraction of iron-aluminum preparations. The selectivity of these cata¬ 

lysts was good for the high-synthesis temperatures employed, 310 to 343°C; 
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however, the activity was relatively low compared with precipitated or 

fused-iron catalysts. 

Schwarzheide Tests 

With the advent of World War II, the German supply of cobalt from the 

Belgium Congo was drastically curtailed, and in 1943 plans were made for 

employing iron catalysts in the existing synthesis plants designed for cobalt 

catalysts. The companies actively engaged in Fischer-Tropsch research were 

requested to develop catalysts for use under the rather restricted reaction 

conditions imposed by the existing plants. The task of choosing the best 

catalyst was difficult, and the Reichsamt fur Wirtschaftaufbau arranged a 

Figure 50. Change in catalyst composition during synthesis in the pilot plant. 
(Reproduced with permission from Ref. 19) 

comparative experiment, the “Reichsamtversuch,” at the Braunkohle- 

Benzin A. C. plant in Schwarzheide-Ruhland in September 1943. 

The tests were performed in a reactor of 5-liter capacity of the same di¬ 

mensions as the water-cooled, double-tube, standard medium-pressure reac¬ 

tors (identical to a single-tube of a medium-pressure reactor). The catalyst 

was placed in the annular space between 24-mm O.D. and 44-mm I.D. 

tubes; the depth of the catalyst charge was 5 m. The conditions for the 
comparative tests were: 

1. Standard water-gas (1.25H2 -f- ICO with 12 per cent inerts) in one 
stage without recycle. 

2. Synthesis pressure = 10 atm. 

3. Maximum temperature = 225°C. 

4. The desired duration of the test without reactivation of the catalyst 
was 3 months. 



FISCHER-TROPSCH CA TALYSTS 1G1 

5. The products should be as similar as possible to those from the 

medium-pressure synthesis with cobalt catalysts. 

Table 67. Composition and Pretreatment of Catalysts Used in Schwarzheide 

Tests 

Company 

Promoters per lOOFe 
Carrier per Apparent 

Density 
(g/cc) 

Pretreatment 
(at Atmospheric Pressure 

Unless Specified) 
Alkali Copper Other 

100Fe 

Kaiser-Wil- K2CO3" 1 — None 1.02 Water gas, 325°C, 

helm In- 1.0 0.1 atm. 24 hours 

stitut K*CO,» 1 — None 

0.75 

Lurgi K2Si03° 10 — — 0.79 H-2 , 250-300 °C to 

30 30 per cent reduc- 

K20 9 tion 

Brabag K2CO3" 10 — None 1.37 Water gas, 230- 

0.5 

K2C036 10 Zn 10 None 

240°C, 48 hours 

0.5 

I.G. Far- ICTXV-6 None AI2O3- None 2.27 H2 , 450-500°C 

ben 1.0 CaO 

2.0 

Ruhr- K2C03a ■ 6 5 — Kiesel- 0.44 H2 , 300°C 

chemie 0.5-2.0 guhr 

ICCOy 5 Ce02 10 Kiesel- 

0.5-2.0 guhr 

50 

Rhein- K2C03“' 6 5 — Dolo- 0.68 II2 , 300-400°C plus 

preussen 0.5-1.0 mite water gas, 245°C 

° From Ref. 68. 

b From Ref. 131. 

<= From Ref. 72. 

6. Within the limits of items 1 to 3, the operator was permitted to vary 

conditions as desired. 
The compositions of the catalyst wTere not divulged at the time ot the 

tests, and some of the subsequent reports presenting information on com¬ 

ponents are contradictory. The six companies participating in the compar¬ 

ison and their catalysts and condition of pretreatment are given in Table 

67. All of the catalysts were of the precipitated type, except for the fused 

material used by I. G. Farben. Preparative methods for many of these 
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catalysts have already been described. The KWI catalysts were prepared 

from iron-nitrate solutions containing equal amounts of ferrous and ferric 

ion. The first charge, which contained 0.25K2CO3 per lOOFe, produced 

yields of gaseous and liquid hydrocarbons that were too high for the pur¬ 

poses of the tests. Therefore, the catalyst was replaced by one containing 

40 g V. 
o © 

i~j 
A ^ 

^ ' ' " 

i— 
LURGI 

* t. 

DAYS OF SYNTHESIS 

Figure 51. Temperatures (heavy curves) and conversions in Schwarzheide tests. 

0.75K2CO3 per lOOFe, which had better selectivity. Initially, this catalyst 

operated at 180-190°C, and in the course of the 3-month test the tempera¬ 

ture had to be increased to 224°. The Lurgi catalyst temperature had to be 

increased only 6°C, from 215 to 221°C, in the period of testing. The first 

two charges of Brabag catalyst were unsuccessful, due to catalyst disintegra¬ 

tion, possibly due to improper pretreatment. The third charge was per¬ 

formed satisfactorily. The I. G. Farben. and Ruhrchemie catalysts en¬ 

countered no difficulty, and the first charges operated throughout the entire 

testing period. The Rheinpreussen catalyst had “coking” difficulties and 
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had to be replaced four times. I. G. Farben. used a fused preparation at 
least similar to their WK17 catalyst. 

Operating data for the four reactors that did not require frequent re¬ 

charging are given in Figure 51. After somewhat erratic behavior in the 

first few days, the conversions were maintained at moderately high values 

at either constant temperature or with small periodic increases in tempera¬ 

ture. The KWI, Lurgi, and I. G. Farben. catalysts were maintained at 

Figure 52. Productivity of catalysts in the Schwarzheide tests. (Reproduced with 

permission from Ref. 131) 

about 40 per cent apparent contraction (not C02-free), while the contrac¬ 

tion of the Ruhrchemie catalyst was held at about 35 per cent. 

The synthesis products were given a detailed analysis consisting of a 

standard gas analysis of exit gas, low-temperature precision distillation 

of gasol fraction, precision distillation of condensed hydrocarbons, and 

chemical determinations of unsaturation, hydroxyl and ester numbers. Since 

the latter determinations were made on narrow-distillation fractions, it was 

possible to estimate the molecular weight of these components and com¬ 

pute the weight per cent of olefins, alcohols, and esters. Detailed carbon 

number distributions, as well as fragmentary information about the extent 

of chain branching, are presented later (p. 207). A graphical comparison of 

products from these tests in terms of space-time yields is given in Figure 52. 
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The highest space-time yields were obtained from the KWI and I. G. 

Farben. catalysts, with the Lurgi catalyst a close third. The lowest yields 

were obtained from the Ruhrchemie catalyst. The catalysts of Lurgi and 

Brabag produced the lowest percentage of methane and the highest per¬ 

centage of wax. In general, the selectivity of all preparations was quite 

good and possibly small adjustment of the alkali content would have im¬ 

proved the selectivity of the catalysts producing the highest yields of 

methane. 

The results of the tests have been summarized by Pichler131 as follows: 

“1. The total yields per volume of catalyst (not per unit weight, however) 

were of the same magnitude in spite of the use of very different types of 
iron catalysts. 

2. The synthetic products were composed of paraffins, olefins, and 

oxygenated products. The amount of these components varied over wide 

limits. In all cases the olefin content of the product decreased with increas¬ 

ing molecular weight of the hydrocarbon, while the oxygenates seemed to 

have a maximum in the low range (C2) and a second maximum in the diesel- 
oil fraction. 

3. No promoters are known (except alkali) which are indispensable for 

the activities of iron catalysts. In contrast to cobalt catalyts, supports are 
not decisive for the results obtained. 

4. Iron catalysts for medium pressure require pretreatment with re¬ 

ducing gases. A very cautious reduction of fused-iron catalysts with very 

pure hydrogen was necessary, while active (precipitated) catalysts could be 
pretreated with synthesis gas only.” 

In addition the tests demonstrated that the activity of a fused catalyst 

per unit volume was as high as those of precipitated preparations. The 

space-time-yield from iron catalysts under the conditions of the comparative 

test were equal to those of the medium-pressure synthesis with cobalt 

catalysts. A second Reichsamtversuch, in which only Ruhrchemie and I. G. 

Farben. participated, was held, but these tests were terminated after 170 

hours due to circumstances related to the war72. Ruhrchemie employed a 

100Fe:5Cu: 10CaO:50 kieselguhr at 10 atmospheres and 220°C with a 

recycle ratio of 0.62 to 1. Apparently no other information about these 
tests is available. 

The Reichsamtversuch was indecisive in that no iron catalyst was chosen 

as a successor to the cobalt catalysts. The results, however, demonstrated 

that major improvements had been made in iron catalysts in the period 

1938 to 1943. Most of the iron catalysts employed in the tests had a more 

desirable selectivity than cobalt catalysts for the production of gasoline, 

although the products of iron catalysts were considered inferior to cobalt 

for the production of synthetic soap required by the German war economy. 
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Surface Areas and Pore Volumes of Iron Catalysts 

Surface areas of fused-magnetite (ammonia synthesis) catalysts have 
been studied in several laboratories, and it was the investigations of the 
adsorption of various gases on catalysts of this type that led to the develop- 

Table 68. Surface Areas and Activities of Iron Synthetic Ammonia Catalysts'1 

Number 

Catalyst 

Composition 
(weight-per cent) 

Reduction Conditions 
Surface Area 

(m2/g)b 
Activity, 
(%) NH,' 

AI2O3 K2o Hours Temp. (°C) 

973 0.15 None 124 300-350 0.38 3.3 

54 375-500 

973 0.15 None 96 300-400 0.94 — 

954 10.2 None 48 350-450 8.4 8.2 

48 450-500 

930 None 1.07 48 350-450 0.43 5.3 

958 0.35 0.08 36 350-450 1.9 10.4 

36 450-500 

931 1.30 1.59 18 300-350 3.3 12.3 

65 350-450 

18 450-530 

931 1.30 1.59 Same as a bove plus 2.5 — 

several partial oxi- 

dations and reduc- 

tions at 450°C. 

° Data from Ref. 43. 

6 Estimated by “point B” method. 

c Per cent ammonia produced in exit gas at 450°C, 100 atm., and a space velocity 

of 3H2 + 1N2 gas of 5,000. Equilibrium percentage of NH3 = 16.4. 

merit of BET method27 of estimating surface area from physical adsorption 
isotherms. Studies of precipitated and other types of iron catalysts are less 

numerous. 
Raw, fused-magnetite catalysts have virtually no internal surface, and 

the porosity and surface area are developed in the reduction. The surface 
area of fused catalysts depends upon the type and amount of the structural 
promoters as well as the reduction conditions. Data of Emmett and Bru- 
nauer43 (Table 68) demonstrate the effect of alumina and potassium oxide 
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content and of reduction conditions on surface area and productivity of 

catalysts in the ammonia synthesis. The surface area increased with the 

alumina content, but not with the alkali content. For a given catalyst lower 

Figure 53. Extent of reduction of catalyst D-3001 at 450° and 1000 space velocity 

as a function of time. Circles represent data taken progressively on a single sample 

for surface area measurements and squares represent independent determinations 

on separate samples for pore volume measurements. (Reproduced with permission 

from Ref. 78) 

2 
< 
cr 
o 
CE 
UJ 
CL 

UJ o 
O 3 
X O 

Figure 54. Variation of surface area and of carbon monoxide chemisorption with 

extent of reduction. The surface areas of samples reduced at 450°C are represented 

by O and their carbon monoxide chemisorptions by A. The solid points represent 

samples reduced at 550°C. (Reproduced with permission from Ref. 78) 
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surface areas were observed as the temperature of reduction was increased, 

and the area was also decreased by sintering at high temperatues and by 

partial oxidation and reduction. The yields of ammonia did not parallel 

the surface areas, but were considerably greater per unit surface area for 

catalysts containing alkali. These and other data demonstrate that alumina 

and other similar oxides are structural promoters responsible for production 

of high-area structures upon reduction. Alkali does not increase the surface 

Figure 55. Variation of mercury and helium densities with extent of reduction. 

Absolute densities of catalysts reduced at 450°C measured by displacement of He, 

are represented by O; their densities measured by displacement of Hg are repre¬ 

sented by A. Solid points represent a 550°C reduction. (Reproduced with permission 

from Ref. 78) 

area, but does advantageously modify the chemical nature of the catalyst 

both for the ammonia and hydrocarbon syntheses. 
Hall, Tarn, and Anderson78 determined surface areas and pore volumes 

of fused l00Fe:6.9MgO:0.9K2O catalyst (D3001) that has been used as a 

standard in many of the synthesis tests at the Bureau of Mines. First, the 

change in pore geometry as a function of extent of reduction was investi¬ 

gated. The course of the reduction, shown in Figure 53, indicates that the 

rate of oxygen removal decreases with extent of reduction, the process 

being essentially complete in 60 hours. Figure 54 shows the variation of 

surface area and carbon monoxide chemisorption at — 195°C. For reduction 

at 450°C (open circles), the surface area increased linearly with extent of 



168 CATALYSIS 

reduction to about 90 per cent. Above this value, the slope of the curve de¬ 

creases and becomes negative near 100 per cent. Point a corresponds to 

99.4 per cent reduction at 63 hours, and points b and c to complete reduction 

at 85 and 116 hours, respectively. The chemisorbed carbon monoxide in¬ 

creased linearly with reduction up to about 85 per cent, and for greater 

reduction the curve bends sharply upward. Fragmentary data for reduction 

at 550°C (solid circles and triangles) suggests that the process follows the 

same pattern as 450°C, but the surface areas are only 40 per cent of those 

obtained at 450°C. Experimental values for mercury (determined at an 

Figure 56. Variation of pore volume per gram of unreduced catalyst with extent 

of reduction of catalyst D-3001, where O represents reduction at 450°C, • represents 

reduction at 550°C and A represents a 115 hour reduction and sintering at 450°C. 

(Reproduced with permission from Ref. 78) 

absolute pressure of 1,150 mm Hg) and helium densities are given in Figure 

55, where the helium densities increased with extent of reduction and the 

mercury densities decreased. The pore volumes, the differences of the 

reciprocals of the mercury and helium densities, were directly proportional 

to the extent of reduction, as shown by the experimental points in Figure 

56. Data from the smoothed curves of Figures 54 and 55 have been used 

for computing average pore diameters by the equation of Emmett and 

DeWitt for even decades of reduction in Table 69. The average pore diam¬ 

eter for reduction at 450°C varied from 330-350A and increased slightly 

near 100 per cent reduction due to deviation of the area-reduction curve 

from a straight line. The values for the volume of mercury displaced per 

gram of unreduced catalyst remain essentially constant as the reduction 

proceeds. Apparently the mercury does not penetrate or wet the catalyst, 



FISCHBR-TROPSCH CATALYSTS 169 

and the constancy of the values indicates that the external volume of the 

catalyst particles remains unchanged in the reduction. If this is the case, the 

Table 69. Density and Adsorption Data of Catalyst D-3001 as a Function 

of the Extent of Reduction® 

Per cent 
Reduction 

^He 
(cc/g) 

duJ’ 
(cc/g) 

Volumec 
of Hg 

Displaced 
(cc/g 

Unreduced 
Catalyst) 

Pored 
Volume 

(cc/g 
Unreduced 
Catalyst) 

de 
A 

Surface 
Area 
(m2/g 

Unreduced 
Catalyst) 

Vmf 
(cc/g) 
(STP) 

Vcoa 
(cc/g) 
(STP) 

Fco 
vm 

0.0 4.96 4.91 0.203 0.002 _ 0.0 0.0 0.0 _ 
10.0 5.07 4.80 .203 .010 400 1.0 .23 .09 0.39 
20.0 5.18 4.68 .203 .018 343 2.1 .48 .16 .33 
30.0 5.32 4.56 .203 .027 348 3.1 .71 .22 .31 
40.0 5.45 4.45 .202 .035 333 4.2 .96 .29 .30 
50.0 5.60 4.33 .204 .043 331 5.2 1.29 .36 .28 
60.0 5.77 4.22 .201 .052 330 6.3 1.44 .43 .30 
70.0 5.98 4.10 .200 .061 334 7.3 1.67 .50 .30 
80.0 6.22 3.98 .200 .071 338 8.4 1.92 .57 .30 
90.0 6.50 3.87 .199 .082 349 9.4 2.15 .67 .31 
95.0 6.65 3.81 .199 .086 348 9.9 2.26 .83 .37 

100.0 6.82 3.75 .198 .089 352 10.1 2.31 1.00 .43 

100.0'* 6.82 3.78 .197 .088 371 9.5 2.20 1.00 .45 

100.0*' 6.95 3.71 .201 .094 917 4.1 .94 .38 .40 

68.9*' 

KCH 1.983 

1.984 

1.978 .000 
832 3.1 .71 .22 .31 

“ All reductions were made with a flow of 1,000 volumes of pure H2 gas per volume 

of catalyst space per hour and at 450°C except where otherwise noted. The catalyst 

was in all cases 6 to 8 mesh. From Ref. 78. 

b Determined at an absolute pressure of 1,100 mm of Hg. 

c Vx = (1 — f)dx , where dx is the helium or mercury density, and / is the frac¬ 

tional weight loss on treatment. 

•d Difference between the volume of Hg and He displaced. 

ed = 4(pore volume)/surface area, (c.f. Ref. 44). 

t Volume of nitrogen corresponding to a monolayer, per gram of unreduced cat¬ 

alyst. 

‘'Volume of carbon monoxide chemisorbed at —195CC per gram of unreduced 

catalyst. 

h This row of data was obtained on a sample reduced for 116 hours at 450°C. 

*' These data were obtained on samples reduced at 550°C. 

i KC1 was used to check our calibrations; the observed values are shown in the 

upper row and the literature value is below. 

pore volume can be computed directly from the equation 

Pore volume = (Vo — VF)/ 

where V0 and VF are the volumes of helium displaced by the raw catalyst 
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and the completely reduced catalyst per gram of raw catalyst, respectively, 

and / the extent of reduction. V0 and VF may be determined experimentally 

or computed from the density of components. The equation fits the experi¬ 

mental data very well as shown by the solid and broken lines in Figure 5(5. 

A simple explanation of the above results involves the following premises: 

(a) The external volume of the catalyst does not change during reduction, 

the pore structure results from the removal of oxygen, (b) Once initiated the 

reduction proceeds very rapidly in that portion, nearly but not quite, to 

Table 70. Density and Adsorption Data of Synthetic-Ammonia-type Catalysts 

as a Function of Reduction Temperature" 

Catalyst 
Reduction 

Temp.& 
Vm cc/g 

(STP) 
Vco cc/g 

(STP) 

O
l 

g 

1 

Surface 
Area 

(m2/g) 

Volume 
of Hg 

Displaced 
(cc/g) 

Porec 
Volume, 

(cc/g) 

id 
A 

D-3001 450 2.31 1.00 0.43 10.1 0.198 0.089 371 

D-3001 550 0.94 0.38 .40 4.1 .201 .094 917 

D-3006 450 2.15 .72 .34 9.4 .194 .086 366 
D-3006 500 1.21 .42 .35 5.3 .198 .091 687 
D-3006 550 1.02 .32 .31 4.5 .195 .090 800 
D-3006 600 0.46 .10 .22 2.0 .193 .092 1840 
D-3006 650 .38 .12 .32 1.6 .199 .097 2420 
D-3006" — — — — — .201 — — 

“ All data given in terms of grams of unreduced catalyst. From Ref. 78. 

6 The D-3006 samples were 4- to 6-mesh U. S. Standard screen fractions reduced in 

pure dry H2 flowing at a rate of 2,000 volumes of gas per volume of catalyst space 

per hour. 

"Difference between the volumes of Hg and He displaced. 

d d — 4(pore volume)/surface area, (c.f. Ref. 44). 

e This was an unreduced sample. 

completion. The reduction proceeds directly from Fe304 to Fe. (c) The 

reduced portion is quickly transformed to a relatively stable structure with 

a constant pore diameter, (d) On a macroscopic scale the reduction begins 

at the external surface and moves uniformly inward, (e) Residual iron oxide 

not reduced initially may act as a structural promoter, and on its removal 
the surface area decreases slightly. 

As the temperature of reduction was increased, the surface area decreased, 

but the external volume of the catalyst particles still remained unchanged 

as shown for data in Table 70 for catalyst D-3001 and a preparation of 

similar composition, D-3006. Variation of the reduction temperatures of 

fused catalysts provides a method for “tailor-making” catalysts of desired 
average pore diameters. 



Figure 57. Electron micrographs of silica replicas of reduced fused iron catalysts. 

Folded specimen in b shows the profile of replica surface. (Reproduced with permis¬ 

sion from Ref. 113) 

171 
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McCartney and Anderson113 prepared electron micrographs of replicas 

stripped from polished surfaces of particles of catalyst D-3001. The replicas 

from raw catalysts showed no structure whereas the replicas from particles 

reduced at 450 or 550°C showed a variety of peaks and ridges whose shortest 

dimension varied between 500 and 800A as shown in Figure 57. No par¬ 

ticular differences were observed for samples reduced at 450 or 550°C. 

Hall, Tarn, and Anderson79 investigated the changes of surface area and 

pore volume of a reduced catalyst during oxidation with water vapor in 

nitrogen, carbiding in carbon monoxide, and nitriding in ammonia. The 

course of the initial reduction in hydrogen, oxidation by saturated water 

A-C' a 

Figure 58. Oxidation and reduction of fused iron catalyst D-3001. (Reproduced 

with permission from Ref. 79) 

vapor in a stream of nitrogen, and subsequent rereduction in hydrogen is 

shown in Figure 58. The initial oxidation at 250°C proceeded rapidly to 

about 25 per cent and thereafter was relatively slow. Subsequent reduction 

at 300°C had about the same initial rate as at 250°C, but the initial rapid 

portion extended to 40 per cent followed by a slow period. Further oxidation 

at 450°C was more rapid than the previous oxidation at 325°C, but consider¬ 

ably less than the initial rate at 325°C. The reoxidized catalysts reduced 

more rapidly than raw catalysts as shown by reduction data at 300°C. 

Surface areas and carbon monoxide chemisorption data for the preparations 

in Figure 58 are given in Table 71. The surface areas decreased more 

rapidly than the extent of reduction. Two simplified hypotheses involving 

long open-end cylindrical pores were considered, but neither of them 

explains the fact that the surface area decreased more rapidly than the 
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extent of reduction. In the first, the oxidation was assumed to decrease the 

length of the pores, and surface area (d.) is proportional to extent of reduc¬ 

tion (/) or A/j = constant. In the second, the diameter of the pores de¬ 

creases uniformly, and A/f111 = constant. The most simple explanation is 

that the pore diameter is larger than the value calculated from equations 

for smooth cylindrical pores and that the pore walls are rough. In the initial 

Table 71. Adsorption Measurements on Reduced and Reoxidized Catalyst 

D-300R 

1 

Gas 

reatme 

Temp. 
C°C) 

nt 

Time 
(hr) 

Point 
on 

Figure 
58 

Extent of 
Reduc- 

tion (%) 

Surface 
Area 
(m2/g 

of Un¬ 
reduced 

Catalyst) 

Vmb 
cc/g 

(STP) 

Tcoc 
cc/g 

(STP) 

Vco Area'* Area^ 

Vm / /1/2 

— — — 0 0.0 0.0 0.0 0.0 _ _ _ 
Hy 550 18 A 99.7 4.7 1.07 .4 0.4 4.7 4.7 
N2 + H,0 250 136 B 60.4 2.6 .59 .1 .2 4.3 3.3 
h2 300 27 C 100.0 4.5 1.04 .5 .5 4.5 4.5 

1325 98 1 
n2 + h2o 

(450 21.51 
D 42.1 1.7 .39 .04 .1 4.1 2.6 

h,* 550 19 — 99.9 — — — — — — 

n2 + h2o 250 70 —/ 68.4 2.9 .66 — — 4.2 3.5 

h,* 550 18.5 —/ 99.8 — — — — — — 

n2 + h2o 250 66 —/ 68.2 2.8 .64 — — 4.1 3.4 

Hoy 
[450 56\ 

98.0 8.2 1.88 8.4 8.3 
(500 5J 

N*2 *4“ H2O 250 65 — 49.8 3.9 .89 — — 7.8 5.5 

a From Ref. 79. 

6 Calculated by use of the simple BET equation (per gram of raw catalyst). 

c Difference between the N2 and CO isotherms at —195°C per gram of raw cat¬ 

alyst. 

df = extent of reduction. 

« Original reduction of raw catalyst. 

I Density measurements were made on this sample. 

part of oxidation, the entire surface is oxidized but probably to a greater 

extent at the pore openings. This process decreases the surface roughness 

with the result that the surface area decreases more rapidly than the extent 

of reduction. This concept of larger pores with considerable surface rough¬ 

ness is consistent with the observation that the same surface area and aver¬ 

age pore diameter are attained if (a) a catalyst sample is reduced at 550°C, 

or (b) reduced at 450°C and then sintered in helium at 550°C. It is difficult 

to explain the transition of a system of cylindrical pores of 330 to 830A 

during sintering in helium. 

Density and pore volume data (Table 72) indicate that equal densities 
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were obtained for the same extent of reduction for both the initial reduction 

of a raw catalyst or partial oxidation of a completely reduced catalyst. The 

external volume of the catalyst per unit weight in raw state as indicated by 

displacement of mercury remained constant in reduction and oxidation; 

hence in oxidation the pores created in the reduction are filled. On the other 

Table 72. Structural Data as a Function of Solid Phase in Catalyst D-3001"' t> 

Treatment of 
Catalyst 

Phases Present 
(X-ray 

Analysis) 

f^He 
(g/cc) 

d\U 
(g/cc) 

VHu 
(cc/g 
Unre¬ 
duced 

Catalyst) 

Pore 
Volume r 

(cc/g 
Unre¬ 
duced 

Catalyst) 

Pore 
Volume 
Calcd. 

from Eq. 
on p. 169, 

(cc/g 
Unre¬ 
duced 

Catalyst) 

Po- 
r°s- 
lty5 

(%) 

Sur¬ 
face 
Area 

(m2/g 
Unre¬ 
duced 
Cata¬ 
lyst) 

Average 
Pore 

Diameter 
(A) 

None (raw) Fe304 4.96 4.91 0.203 0.002 0.00 1 0.0 — 

Reduced at o-Fe 6.95 3.71 .201 .093 .093 46 4.7 785 

550 °C 

Reoxidized6 a-Fe, 5.94 4.13 .200 .061 .064 30 2.9 820 

(/ = -684) Fe3Q4 

Reoxidizede — 5.93 4.13 .200 .061 .063 30 2.8 860 

(/ = -682) 

Carbided/ Hagg- 6.28 3.63 .225 .096 43 g (820)» 

Fe2C, 

,«-Fe (?) 

Nitrided* t-Fe2N 6.37 3.48 .237 .107 — 45 4.8 898 

° From Ref. 79. 

b Except for the raw catalyst, all samples were reduced for 19 hours at 550°C and 

at a space velocity of 1,000 volumes Ho/volume catalyst/hour. 

c Pore volume is the differences of the reciprocals of the helium and mercury 

densities per gram of unreduced catalyst. 

d Porosity = 100 X pore volume/mercury volume. 

e See footnote /, table 71. 

! Atom ratio, C/Fe = 0.494. 

s Surface area not determined; several other samples showed no change in sur¬ 

face area with -carbiding for this catalyst. The surface area was assumed unchanged, 

and the pore diameter was calculated on this basis. 

h Atom ratio, N/Fe = 0.482. 

hand, in nitriding and carbiding the external volume of the catalyst as well 

as the pore volume increased, but the porosity (100 times volume of pores 

divided by external volume of catalyst) remained constant. This behavior 

would be expected in carbiding or nitriding a block of massive iron con¬ 
taining a hole. 

Surface area studies of precipitated iron catalysts have been made only 

on preparations without structural promoters and carriers. These prep¬ 

arations are usually high area-small pore gels6 of ferric oxide or magnetite; 
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however, in treatment with hydrogen, synthesis gas, or carbon monoxide 

prior to or during synthesis, the pore geometry is drastically altered. For 

example, in reduction with hydrogen the surface area of a Fe203-K2C0;j 

Table 73. Isotherm Data of Heat-treated and Reduced Precipitated Catalyst 

P-3003.24" 

Sample 

Treatment 

Type of 
Isotherm® 

Area (m2/g of 
Unreduced 
Catalyst) 

Vsc (cc of liquid 
Nt/g 

Unreduced 
Catalyst) Gas 

Temp. 
(°C) 

Time 
(hr) 

Weight 
Loss 
(%) 

1 Evac. 100 i 1.7 IV 184.0 0.140 

2 n2 300 16 5.0 IV 97.4 .150 

3 n2 450 16 5.9 IV 23.4 .110 
4 n2 550 16 6.4 II 8.4 — 

5d h2 300 17 33.0* II 6.3 — 

6 H2-H2(V 250 19 9.2 II 11.3 — 

° From Ref. 78. 

6 Classification of Brunauer, Ref. 25. 

c Nitrogen adsorbed at po • 

d Sample after treatment 2. 

4 Sum of 2 + 5. 

/ H2 gas was saturated with H20 at 26°. Under these conditions it is not possible 

thermodynamically to reduce the oxide beyond magnetite. 

Table 74. Mercury and Helium Densities, Pore Volumes and Pore Diameters 

of Catalyst P-3003.24“ 

Sam¬ 
ple 

Gas 
Temp. 

(°C) 
Time 
(hr) 

Weight 
Loss 

(%) $£> dlie 
(cc/g) 

Volume' 1 
(cc/ 

Unre 
Cata 

Vhb 

Displaced 
g of 
duced 
lyst) 

V lie 

Pored 
Volume 
(cc/g of 

Un¬ 
reduced 

Catalyst) 

Pore Di¬ 
ameter,' 

A (A) 

Poros¬ 
ity ^f 

(%) 

7 Evac. 100 1 1.6 2.83 4.43 0.347 0.222 0.125 27 36 

8 N, 300 16 5.5 2.79 4.84 .338 .196 .151 59 45 

9 n2 450 16 6.1 3.14 5.04 .299 .186 .113 193 38 

10 n2 550 16 6.5 3.20 5.11 .293 .183 .109 519 37 

11 h2 300 17 32.6 2.73 7.60 .247 .089 .155 968 63 

12 h2-h2o 250 18 12.7 2.75 5.25 .317 .166 .151 536 48 

“ From Ref. 78. 

6 Determined at an absolute pressure of 1,100 atm. 

« Vx = (1 — f)dx , where dx is the helium or mercury density, and / is the frac¬ 

tional weight loss on treatment. 

d Difference between the volume of Hg and He displaced. 

e d = 4(pore volume)/surface area, surface areas obtained from Table 73. 

/ Pore volume divided by the mercury volume, FHg . 
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catalyst decreased from 169 to 9 m2/g180. In further Bureau of Mines 

studies78 with Fe203-Cu0-K2C03 catalyst P-3003.24 (Tables 73 and 74) it 

was demonstrated that serious thermal sintering does not occur at 300°C 

in nitrogen, whereas in the presence of hydrogen even when the sample was 

reduced only to magnetite, extensive sintering occurred at 250°C. Unlike 

the fused catalyst the external volume of the precipitated catalyst decreased 

with sintering and reduction. In Table 74 the porosity of all sintered and 

reduced samples was larger than that of the raw catalyst, the porosity 

increasing to 63 per cent for the completely reduced sample. Although the 

raw catalyst was hard, the mechanical strength of reduced or carburized 

samples was low. The surface areas of 100Fe203:20Cu:0.2K2C03 catalysts 

after induction in 1H2 + ICO gas at 225°C were 21.0 and 23.8 m2/g (Table 
55, p. 125). 

Pretreatment of Iron Catalysts 

Usually the methods of pretreating precipitated and fused catalysts are 

very different. Precipitated catalysts can be pretreated with hydrogen, 

synthesis gas, or pure carbon monoxide at temperatures in the range of 

those employed in the synthesis, 220-325°C, whereas fused catalysts re¬ 

quire reduction in hydrogen at high temperatures, 400-600°C, before syn¬ 
thesis or further pretreatment. 

Precipitated Catalysts. Before the discovery of the medium pressure 

synthesis with iron catalysts, a variety of pretreatments were tried at 

K.W.I.123. Although these procedures did not lead to satisfactory atmos¬ 

pheric pressure operation, some of these methods were successful in the 

medium pressure range. In Pichler’s studies123 of alkalized precipitated iron 

catalysts it was observed that the raw catalyst was inactive, at least ini¬ 

tially, in the synthesis, and the activity was not improved by reduction 

in hydrogen at about 360°C, the temperature normally employed for stand¬ 

ard Co-Th02-kieselguhr catalysts. This observation apparently led to the 

conclusion that reduction was undesirable for precipitated iron prepara¬ 

tions; however, the work of numerous other laboratories has demonstrated 

that active catalysts result from reduction in hydrogen at lower tempera¬ 

tures, 200-300 C. At K.W.I. methods were developed for activating cata¬ 

lysts with carbon monoxide or synthesis gas. A lengthy series of tests was 

made in which the temperature and pressure of induction in carbon mon¬ 

oxide or 1H2 + 1.5CO gas were varied. The length of induction was usually 

2o hours with a gas flow of 0.4 liters per gram of iron, and subsequent syn¬ 

thesis was conducted with 1II2 + 1.5CO gas at 15 atmospheres and 235°C. 

4 he optimum pietreatment conditions were 325°C and 0.1 atmosphere 

with carbon monoxide being somewhat better than synthesis gas as a 

pretreating agent. Synthesis data showing the effect of varying conditions 
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from the optimum ones are given in Figures 59, GO, and 61. Figure 59 shows 

that the optimum pretreatment pressure was 0.1 atmosphere (absolute) 

with both CO and 1H2 + 1.5CO gas; however, induction at 1 atmosphere 

1 Atm 
—_T-^ 

0.1 Atm 

"""X 
N 

N. 

"b 1 
5 Atm. 

B Indu ction w th CO f 325 *C 

O^J r- ■ --- __ 0.1 tm. 

— 
1.0 At 

--- 
n 

K_ 
V 

b 
\ 

't 
' l!« m. 

4 ind uction 

_ 
•ifh l H 

_ 
2 F 1 5 C 10 at 3 

_ 
25 *C. 

8 12 16 20 24 28 32 
DAYS OF SYNTHESIS 

Figure 59. Activity of precipitated iron oxide-KsCCp catalysts as a function of 

induction pressure. Length of induction 25 hours. (From Ref. 123) 

Figure 60. Influence of induction temperature upon the activity of the catalyst 

during medium-pressure synthesis after induction with CO at 0.1 atm. pressure. 

(From Ref. 123) 
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was not greatly inferior. Figure 60 demonstrates that 325°C was the opti¬ 

mum pretreatment temperature. Life tests in Figure 61 show the tempera¬ 

tures required to maintain an apparent contraction of 50 per cent (not 

C02-free) for catalysts inducted in CO at 0.1 atmosphere and 255 and 

325°C. The sample inducted at 255°C required progressive increases in 

temperature to 273°C at the end of 300 days; however, at this time the 

activity had increased sufficiently so that the temperature could be lowered 

to 254°C. For the catalyst pretreated at 325°C, contractions of about 50 

per cent were possible for 350 days. The synthesis temperature was 235°C 

for the first 135 days, after which progressive increases in temperature to 

270°C at 350 days were required to maintain the desired conversion. Prod- 

0 2 4 6 8 10 12 14 16 

MONTHS OF SYNTHESIS 

Figure 61. Influence of induction procedure on activity (expressed as temperature 

required to maintain a constant conversion). (From Ref. 123) 

ucts in this life test were 

Days 40 70 100 300 

a/mJ c6+ 108 105 110 110 
s/ l C3 + C< 44 45 47 

A catalyst sample that was started directly in the synthesis operated for 

almost 5 months; however, temperatures of 280-300°C were required. A 

similar catalyst pretreated with 1H2 + 1.5CO gas at 325°C and 0.1 atmos¬ 

phere operated for 200 days with the contraction (not C02-free) averaging 

50 per cent. After 30 days at 235°C, the temperature had to be progressively 
increased to 278°C at 180 days. 

In the pretreatment, the gel was first reduced to magnetite and part of 

the magnetite was then converted to Hagg carbide. In most instances, free 

carbon was also deposited in the catalysts. In these steps, drastic changes 

in surface area, pore volume, and mechanical strength occurred, and most 



FISCHER-TROPSCH CATALYSTS 179 

of Pichler’s catalysts lacked sufficient mechanical strength for use in verti¬ 

cal catalyst tubes. Large yields of CO2 were produced in the initial portion 

of the induction, and then the C02 decreased gradually to a low value. In 

two pretreatments, a total ot 11 and 10 liters of C()2 per catalyst contain¬ 

ing 10 grams Fe were produced. The reaction Fe20;i + SCO = Fe2C + 4C02 
requires the formation ot 10 liters ot CO2 per 10 grams of Fe. However, 

other experiments, described below, indicate that the reaction may not 

follow this path. Sizable amounts of tree carbon were produced and the 

catalyst was converted to a mixture of Hagg carbide and magnetite. 

Table 75. The Influence of Pressure and Temperature of 

Carburization of Alkalized Iron Oxide Catalysts0 

(25 hr of treatment with carbon monoxide at 4 liters per 10 gram Fe per hr) 

A. Temperature = 325°C 

Pressure 
(atm.) 

Atom Ratio, C/Fe 

Free Carbon Carbide6 

0.1 1.03 0.21 
1.0 1.97 .16 

15 — .05 

B. Pressure = 0.1 atm. 

Temp. 
(°C) 

175 0.00 0.001 
225 .03 .002 
275 .41 .166 

325 1.03 .211 
425 4.67 .008 

a From Ref. 129. 

6 Carbidic carbon determined by the acid decomposition method. 

Pichler and Merkel1'29, 130 made a detailed study of the carburization of 

precipitated iron catalysts in which carbides were determined by acid de¬ 

composition and thermomagnetic methods. An objective of this research 

was to determine why 32o°C and 0.1 atmosphere were the optimum condi¬ 

tions for catalyst pretreatment. It appears that under these conditions the 

greatest amount of carbide (Hagg) is produced. Table 75 illustrates the 

effect of pressure and temperature of carburization. These data indicate 

that even under the optimum conditions less than one fourth of the carbon 

deposited was present as carbide; however, the values for carbidic carbon 

determined by acid decomposition may be low. Table 76 relates the tern- 
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perature of carburization with carbon monoxide at 0.1 atmosphere to the 

activity and life of precipitated iron catalysts in synthesis at 235°C and 

15 atmospheres. With induction at 325°C contractions (not CCh-lree) ex¬ 

ceeded 50 per cent for 365 days. 
The highly active catalysts of Pichler and Weinrotter131 prepared from 

mixtures of ferrous and ferric chlorides, for example 75Fe+2:25Fe+++:20Cu: 

IK2CO3 , were pretreated with 2H2 + ICO gas at a space velocity of 500 

hr-1, atmospheric pressure, and 225°C. After 48 hours the catalyst was ex¬ 

tracted with a 230-280°C fraction of synthesis oil to remove wax. The in¬ 

duction was terminated by a second extraction after an additional 24-hour 

Table 76. Effect of Induction Temperature on Catalyst Life 

with a Precipitated Iron Catalyst11 

Induction conditions: 4 liters of carbon monoxide per 10 gram Fe per hour at 0.1 

atm. for 24 hr. 
Synthesis conditions: 235°C, 15 atm. of 1H2 + 1.5CO gas at a flow of 4 liters per 

10 grams Fe per hour. 

Induction 
Temp. (°C) 

Carbidic Carbon 
Atom Ratio 

C/Fe 

Days During Which 
Contraction Exceeded” 

50 Per cent 

255 0.03 2 

285 .18 10 

305 .20 24 

315 .20 50 

325 .21 365 

355 .20 20 
450 .005 c 

0 From Ref. 129. 

6 Not CCL-free contraction. 

c Contraction never exceeded 10 per cent. 

period, and the catalyst was ready for use in either atmospheric or medium- 

pressure syntheses. In the atmospheric synthesis extractions at 2-3 day 

intervals were required for the catalyst containing 1K2C03: lOOFe and less 

frequently for preparations containing lower alkali contents. In the medium 

pressure synthesis extraction was not required during the synthesis. The 

activity, selectivity, and life of these catalysts were very good. Typical 

data for synthesis with water gas are presented in Table 77. 

Scheuermann165 reported pretreatment studies of a precipitated Fe-Cu- 

MgO-KoC03 catalyst (Table 78). This preparation was moderately active 

when used directly in the synthesis, and the activity was not improved by 

reduction in hydrogen at 300°C. Reduction in hydrogen at lower tempera¬ 

tures, 180-220°C resulted in improved activity. The most active sample 

in this series was obtained by treatment with 2H2 + ICO gas at 200-250°C. 
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Reduction in 3H2 + 1N2 for about 1 hour at 300°C was the standard 

method of pretreatment at Ruhrchemie. It was desirable not to reduce the 

catalyst completely, (55-75 per cent being the reduction value for optimum 

catalytic activity68. Later work showed advantages for pretreatment with 

water gas at atmospheric pressure. Data for synthesis tests in 5 liter-double 

tube reactors after induction in hydrogen-nitrogen mixture (pretreatment 

Table 77. Synthesis Data for 75Fe++:25Fe+++:20Cu:IK2CO3 Catalyst" 

Synthesis pressure, atm. absolute 1 10 
Temperature, °C 211 200 
Space velocity, hr1 50 100 
Yield, g/m3 

Product distribution, wt-% 

135 137 

ch4 2.4 3.2 

c2—c4 10.1 9.0 

Liquid hydrocarbons <180°C 13.5 10.0 

Liquid + solid hydrocarbons >180°C 74.0 77.8 

Interval of extraction, days 2-3 Not re¬ 

quired 

" From Ref. 131. 

Table 78. Effect of Induction on Fe-Cu-MgO-KoCCb Catalysts" 

(1H2 + ICO gas at 12 atm. Presumably space velocity = 240 hw1) 

Pretreatment Synthesis 

Gas Temp. (°C) 
Space 

Velocity 
Duration 

(hr) 
Temp. 

(°C) 

CO-Con- 
verted 

(%) 

Liquid + 
Solids, 
(g/m3) 

Per cent 
Wax 

(320°C) 

cm, 
(g/m3) 

_ None _ — 240 77 97 53 14 

Ho 300 400 15 238 75 73 39 24 

H* 180-220 5000 15-20 222 64 88 60 14 

2H2 + ICO 200-250 5000 15-20 214 62 82 60 16 

" From Ref. 165. 

A) and water gas (B) are compared in Table 79. Although the activities 

were about the same, the catalysts inducted in water gas produced less 

methane and had a higher usage ratio than samples reduced in hydrogen. 

Roelen72 stated that the advantageous effects of pretreatment of catalysts 

with water gas at 0.1 atmosphere as done at K.W.I. could be reproduced 

by using a 10 per cent water gas plus 90 per cent nitrogen mixture at at¬ 

mospheric pressure. 
The Rheinpreussen catalyst in the Schwarzheide tests was reduced in 

hydrogen at 300-400°C and then treated with water gas at 245°C, both 

steps at atmospheric pressure. In the comparative tests these catalysts 
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encountered severe coking troubles. The most successful pretreatment, of 

Rheinpreussen was the “typhoon” induction142. The catalyst was treated 

with dry, C02-free 2H2 + ICO gas at 280-320°C and atmospheric pressure 

for 6 hours. The gas velocity was 20 times the usual synthesis rate, and if 

desired the gas could be recycled provided carbon dioxide and water were 

removed. 

Table 79. Effect of Pretreatment on Synthesis with 100Fe:5Cu:8Ca:30 

Kieselguhr: x K20 Catalysts0 

(Fresh feed space velocity of water gas 100 hr~l at 10 atm.) 

Catalyst 
Potassium compound 
K per 100 Fe 

Pretreatment 
Recycle ratio 

Time, hours 

PN43 
K2Si03 

1.2 

PN47 
KOH 

1.8 

Ab 
0 

B6 
0 

Ab 
3.0 

B6 
3.0 

251 36 717 310 120 743 

Temperature, °C 214 201 220 213.5 214 221.5 
Usage ratio, H2/CO 0.90 1.21 1.11 0.98 1.35 1.15 
CEE , per cent of CO reacted 22.2 4.1 15.0 17.1 75 14.6 
Contraction, % 56 45 55 69 62 70 
C5+ , g/m3 79 77 85 105 103 107 
Distillation of C5+ , wt-% 

<200°C 67.8 63.0° 58.4 57.0 44.7 
200°-290°C 18.2 19.2 9.2 18.4 13.9 
290°-320°C 5.8 9.6 7.3 5.0 4.5 
320°-460°C 7.6 6.9 22.7 13.4 18.4 
>460°C 0.6 1.3 1.5 5.3 17.7 

“ From Refs. 147, 151. 

1 Induction procedure A: 3H2 + 1N2 gas at space velocity of 60 hr-1, atmospheric 

pressure, and 300°C for 1 hour. Induction procedure B: 1.3H2 + ICO gas at space 

velocity of 100 hr.-1, atmospheric pressure, and 250°C for 24 hours. 

c Analyses after 180 hours. 

Based on the German experience the following conditions were chosen 

for routine testing of precipitated catalysts at the Bureau of Mines labora¬ 
tory: 

(a) For preparations containing no copper or only small amounts such 

as 1 per cent, the catalyst was treated with 1H2 + ICO gas at atmospheric 
pressure, a space velocity of 100 hr-1, and 260°C for 24 hours. 

(b) For preparations containing larger amounts of copper a temperature 

of 230°C was used with the other conditions the same as in (a). 

typical testing data in fable 54 indicate that these induction procedures 

produced catalysts of comparable activity and selectivity to many of the 
German preparations. 
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Samples of catalyst P3003.24 (lOOFe:lOCuiO.SK^CCh) were tested in 

the synthesis with 1H2 + ICO gas at 7.8 atmospheres and space velocities 
of 100 hr-1 after the following pretreatments171: 

Test, Space Velocity, Temp. Atom Ratio 
X Gas (hr-1) (°C) Hours N/Fe 

149 1H2 + ICO 100 230 23 0.0 
245 h2 1480 300 18 .0 

220 <J 
db 1420 300 16) 1 

.25 
,nh3 1000 300 8J r 

273A | 
h2 1350 300 251 

.48 
AHs 900 300 15J 

273B h2 1000 300 9 0 

Figure 62. Variation of activity of precipitated catalyst P3003.24 with method of 

pretreatment. (Reproduced with permission from Ref. 171) 

In the pretreatment with synthesis gas (X149) the ferric oxide was con¬ 

verted to magnetite and part of this to Hagg carbide. In X245, X220, and 

X273A the catalyst was fairly completely reduced in the hydrogen treat¬ 

ment (c.f. Table 73, p. 175). After 6 weeks of testing in X273A the catalyst 

was hydrogenated at 300°C to remove nitrogen, and the subsequent por¬ 

tion of the test was designated as X273B. 

The average activities in these experiments were about equal as shown 

in Figure 62; however, the activity of the nitrided catalysts decreased with 

time while the activity of the sample pretreated with synthesis gas in¬ 

creased. Although the average activity was about the same, the selectivity 
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changed remarkably as shown in Figure 63. The sample inducted in syn¬ 

thesis gas (X149) yielded a high molecular weight product of which 92 per 

cent was C3+ and 51 per cent boiled above 464°C. In the products from the 

reduced catalyst 84 per cent was C3+ and 18 per cent boiled above 464°C. 

The reduced and nitrided catalysts (X220 and X273A) produced a still 

lower molecular weight product with practically no wax boiling above 

464°C. Hydrogenation of the catalyst in X273A after 6 weeks produced no 

Reduced ond nitrided 

X149 X245 X 220 X273A 

TEST NUMBER 

X273 B 

Figure 63. Effect of pretreatments of precipitated catalyst P 3003.24 on the com¬ 

position of products obtained from it. (Reproduced with permission from Ref. 171) 

significant change in activity, but increased the average molecular weight 

of the products so that these products appear intermediate between those 

from the inducted (X149) and reduced (X245) samples. The liquid prod¬ 

ucts from nitrided catalysts contained larger quantities of alcohols and 

correspondingly smaller amounts of olefins than non-nitrided samples. 

Attempts were made to nitride the raw Fe203-Cu0-K2C03 catalyst di¬ 

rectly with ammonia, a process analogous to the preparation of carbides 

by treating iron oxide with carbon monoxide. However, at 300-400°C, 

ammonia only reduced the precipitated catalysts from Fe203 to Fe304 . 

Pretreatment of Fused, Sintered, and Cemented Iron Catalysts. 

In general catalysts composed of iron oxides other than the high-surface 
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area forms, such as iron oxide gels prepared by precipitation, require re¬ 

duction in hydrogen before either use in the synthesis or other pretreat¬ 

ment steps. These oxides are usually sufficiently inert to require tempera¬ 

tures of at least 400°C for reduction to proceed at a reasonable rate. At 

these high temperatures synthesis gas or carbon monoxide would deposit 

excessive amounts of free carbon. The methods of reduction employed in 

the ammonia synthesis have served as a starting point for reduction studies 

of fused catalysts. In the ammonia synthesis very complete reduction of iron 

catalysts is required for high activity, because traces of residual oxygen 

adversely affect the rate of synthesis. Hydrogen or ammonia synthesis gas 

(3H2 + 1N2), carefully freed of H20, CO, C02 and other compounds con¬ 

taining oxygen, is used for the following reasons: 

(a) The last traces in iron oxide cannot be removed in the presence of 

small amounts of compounds containing oxygen2’26. 

(b) The catalyst is believed to sinter more rapidly in the presence of 

compounds containing oxygen. 

(c) Compounds containing oxygen decrease the rate of reduction. Hence, 

conditions are chosen to keep the water produced in the reduction at a 

minimum. High space velocities of hydrogen or 3H2+ 1N2 are used, and 

frequently the temperature of reduction is increased during the process; 

for example, catalyst 931 of Table 68 (p. 165), was reduced 18 hours at 

300-350°C, 65 hours at 350-450°C and 18 hours at 450-530°C. Usually 

temperatures of 450°C or higher are required for the last stage of the re¬ 

duction. In the Fischer-Tropsch synthesis there is no necessity to remove 

the last traces of oxygen from the catalyst since sufficient water vapor and 

carbon dioxide are produced in the synthesis to oxidize the catalyst to an 

appreciable extent. 

In Germany fused catalysts were investigated seriously only at the I.G. 

Farbenindustrie laboratories at Oppau and Leuna. With a 100Fe:2.5Si: 

2.5TiO2:5.0KMnO4 catalyst, Linckh and Klemm206 found that the reduc¬ 

tion was rapid at 650°C, and the reduced catalyst was rather insensitive to 

exposure to air. However, the activity was low so that reasonable conver¬ 

sions were attained only at operating pressures of 100 atmospheres. At 

temperatures of 450-500°C, the reduction required 5 to 6 days; however, 

this catalyst was pyrophoric and had satisfactory activity at synthesis 

pressures of 15 to 25 atmospheres. Duftschmid206 recommended the follow¬ 

ing conditions for reduction of the catalyst above for use in medium pres¬ 

sure synthesis: 

470-500 

750 

6-8 

Temperature, °C 

Space velocity, hi’. 

Duration, days 

Complete reduction was considered desirable, since carbon deposition was 

said to proceed more rapidly in partly reduced catalysts. 
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At Leuna68, FeAVAUCVK^O catalysts were used. The activity of the 

catalysts increased as the temperature of reduction was decreased, the 

most active preparations resulting from reduction at temperatures of 500°C 

or less. On the other hand the average molecular weight of the synthesis 

products decreased as the temperature of reduction was decreased. It was 

suggested that this behavior resulted from the greater hydrogenation ac¬ 

tivity of the catalyst reduced at low temperatures. Catalysts for the synol 

process were reduced with hydrogen at a space velocity of 2,000 hr-1 for 

50 hours at 450°C. For Fe304-Mg0-K20 catalysts, Scheuermann165 em¬ 

ployed similar conditions, except that the temperature was 500°C. The 

extent of reduction was believed to be of secondary importance, since equal 

Figure 64. Rate of reduction of fused synthetic ammonia-type catalyst D-3001 

at 550°C in pure dry H2 and in H2 containing various amounts of CO, C02 , CH4 , 

and H20. (Reproduced with permission from Ref. 181) 

activity and selectivity were obtained for samples reduced from 30 to 100 

per cent. 

At the Bureau of Mines several aspects of the reduction of fused iron 

catalysts have been studied. Data on the rate of reduction and the develop¬ 

ment of pore structure during reduction were described previously (pp. 

165 to 174). 1 he effect of compounds containing oxygen in hydrogen on the 

rate of reduction is shown in Figure 64. Water vapor and carbon dioxide 

appear to inhibit the reduction more than carbon monoxide. In general the 

ease of reduction of fused catalysts decreased with increasing concentration 

of structural promoters, and preparations containing alumina were usually 

more difficult to reduce than those promoted with magnesia. Sintered and 

cemented preparations as well as many ores can be reduced at lower tem¬ 

peratures than fused catalysts. 
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Bureau of Mines studies78,79 of the rate of reduction and pore geometry 

of fused catalyst D3001 (Fe304-Mg0-K20) indicate that reduction pro¬ 

ceeds uniformly inward from the external surface. To study the effect of 

extent of reduction on the synthesis, 6- to 8-mesh catalyst was reduced 

at 400°C to insure that the entire bed was approximately equally reduced. 

Although the selectivity was essentially constant, the activity increased 

with extent of reduction to a constant value at about 25 per cent. For this 

extent of reduction the average depth of the zone of reduced iron was about 

0.13 mm. This result suggests that only the external surface of the particles 

is effective in the synthesis, and agrees with tests of catalysts of different 

particle size. Further, a catalyst prepared by oxidizing a completely reduced 

sample with steam until the extent of reduction decreased to 45 per cent 

had a considerably lower activity than a catalyst directly reduced to this 

extent. Reduction of catalyst D3001 in hydrogen at a space velocity of 

2,500 hr-1 according to the schedule used in the ammonia synthesis (24 

hours at 400°C, 24 hours at 450°C, 12 hours at 500°C, and 12 hours at 

525°C) resulted in only a slight improvement in activity over catalysts 

reduced at 450°C for 40 hours. 

Synthesis tests at 7.8 atmospheres on a 6- to 8-mesh sample of goethite 

ore impregnated with K20, showed that pretreatment in 1H2 + ICO gas 

at 325°C resulted in activity nearly as great as reduction in hydrogen at 

450°C. Samples treated with synthesis gas at lower temperatures than 

325°C were less active. 

Usually the activity of reduced fused iron catalysts is increased by con¬ 

version of the iron to interstitial compounds. Catalysts (Fes04-Mg0-K20) 

converted to Hagg carbide (approximate composition Fe2C) and cementite 

(Fe3C) were more active than reduced catalysts, but their selectivity was 

about the same. At 7.8 atmospheres with 1H2 + ICO gas these carbides 

have high constant activity whereas at 21.4 atmospheres the high initial 

activity decreased with time so that after 5 weeks of synthesis the carbides 

had an activity equal to or lower than the reduced samples. Reduced fused 

catalysts may be converted to Hagg carbide with carbon monoxide or 

synthesis gas at atmospheric pressure and a constant temperature in the 

range 225 to 275°C; however, carburization at a fixed temperature is usually 

a slow process since the rate declines rapidly with extent of carbiding. 

In addition, in the initial rapid period, free carbon deposition and magne¬ 

tite formation may occur due to the high concentration of carbon dioxide 

and possible overheating due to the exothermic reactions. Thus, Podgur- 

ski, Rummer, DeWitt and Emmett132 prepared Hagg carbide by treating 

a reduced fused catalyst with carbon monoxide at 225°C for 22 hours fol¬ 

lowed by 35 hours at 275°C. Hall, Tarn, and Anderson79 used a procedure in 

which the catalyst temperature was increased as required, to maintain the 

concentration of carbon dioxide in the exit gas at about 20 per cent. The 
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higher temperatures are reached at a time when the catalyst has been largely 

converted to Hagg carbide, and this phase is stable at 325°C if only small 

amounts of metallic iron are present. Cementite may be prepared by the 

thermal reaction of Hagg carbide and metallic iron in a partly carburized 

sample according to the equation* 

Fe2C (Hagg) + Fe —» Fe3C (cementite). 

This reaction, which usually goes to completion in about 2.5 hours at 

450°C84' 132, is more rapid than the thermal decomposition of relatively 

pure Hagg carbide. 

Figure C5. Temperatures of operation required to maintain constant conversions 

on reduced and nitrided samples of catalyst D3001 at 7.8 atm. (Reproduced with per¬ 
mission from Ref. 17) 

Iron nitrides have unusual properties in the Fischer-Tropsch synthesis4 - 

i6, i7, m The selectivity of nitrided fused catalysts is always greatly differ¬ 

ent from reduced or carburized samples, and nitrides often have greater 

activity. Figures 65 and 66 compare activities of reduced and nitrided cata¬ 

lyst D3001 in the synthesis with 1H2 + ICO gas at 7.8 and 21.4 atmos¬ 

pheres, respectively. Here the activities are expressed as temperatures 

required to maintain a constant conversion, the higher temperatures cor¬ 

responding to the lower activities. At 7.8 atmospheres (Figure 65) nitriding 

to a nitrogen-to-iron atom ratio of only 0.032 increased the activity, but 

a greater increase was caused by nitriding to a N/Fe ratio of 0.44. In these 

tests and those of Figure 66 the activity increased after nitriding and de- 

* See footnote on p. 86. 
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creased after reduction in hydrogen at 350°C; these changes apparently 

occur at any stage of the synthesis. In many cases the activity of a nitrided 

catalyst after reduction in hydrogen was greater than that of reduced 

catalysts. This enhanced activity apparently results from cementite pro¬ 

duced in the hydrogenation of e-carbonitrides formed in the synthesis. 

Figure 67 shows the variation of operating temperature in a life test at 7.8 
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Figure 66. Temperatures of operation required to maintain constant conversions 

on samples of reduced and nitrided catalyst D3001 at 21.4 atm. (Reproduced with 

permission from Ref. 17) 

O 250 

i 230 

210 
20 

t— X 173 

X 173-Reduced 
X2l5-Reduced ond nitr ided, N /Ft =0a 46 

J 

r~L , f 

X 215 

_r~ 

or 

LJ i 1 

J 

60 100 

DAYS OF OPERATION 

I BO 

Figure 67. Temperatures of operation required to maintain constant conversions 

on samples of reduced and nitrided catalyst D3001 at 7.8 atm. (Reproduced with per¬ 

mission from Ref. 17) 

atmospheres. Figure 68 compares the activities at 7.8 and 21.4 atmospheres 

of 1H2 + ICO gas (expressed as volumes of synthesis gas converted at 

240°C) of two nitrided fused catalysts, D3001, Fe304-Mg0-K20, and D3008, 

Fe304-Al203-K20. The magnesia-promoted catalyst was more active than 

the alumina-promoted preparation both reduced and nitrided. The activity 

of the nitrides at 21.4 atmospheres was about twice as large as at 7.8 atmos¬ 

pheres. The selectivity data for these tests (Figure 69) show that although 

the fraction of liquid products in the total hydrocarbons plus oxygenates 



Figure 68. Activities of reduced and reduced-and-nitrided catalysts D3001 and 
D3008. (Reproduced with permission from Ref. 171) 
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Figure 69. Average product compositions obtained from reduced and reduced- 
and-nitrided catalysts D3001 and D3008. (Reproduced with permission from Ref. 171) 
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was about the same, the composition of the liquids was very different. The 
condensed fractions from nitrided catalysts contained large concentrations 
of alcohols (expressed as weight per cent OH-group in fraction), aldehydes 
and ketones (weight per cent of CO-group), and esters (not indicated in 
block diagram) compared with reduced catalysts; however the concen¬ 
tration of olefins (indicated by bromine numbers, Br) in these fractions 
trom nitrided catalysts were lower than from reduced catalysts. Hydro¬ 
genation of nitrided catalyst D3008 at 385°C after 7 weeks of testing con¬ 
verted the catalyst to a mixture of a-iron, cementite, and magnetite. Al¬ 
though the removal of nitrogen caused essentially no change in activity, 
the average molecular weight and olefin content of the product was greatly 
increased, and the fraction of oxygenated molecules was decreased. 

Despite the large differences in selectivity of nitrided and reduced cata¬ 
lysts, the relative usage of hydrogen and carbon monoxide was virtually 
the same, as shown in Table 80. 

The results of Bureau of Mines’ tests of fused catalysts nitrided to vary¬ 
ing extents, now in progress, may be tentatively summarized as follows: 

Atom Ratio 

N/Fe 

0.03-0.09 

0.10-0.17 

0.18-0.51 

Activity 

Equal and in some cases greater 

than reduced catalysts 

Greater activity than reduced 

catalysts 

Greater activity than reduced 

catalysts 

Selectivity 

Same as reduced catalysts 

Same as reduced catalysts 

Typical of nitrided catalysts de 

scribed on previous pages 

These data suggest that catalysts nitrided to N/Fe atom ratios of 0.10- 
0.18 have enhanced activity and greater stability and life than reduced 
catalysts, and yet have a selectivity similar to reduced catalysts. Apparently 
the selectivity of nitrided catalysts, relatively low average molecular weight 
products with a high concentration oxygenated molecules, results from 
catalysts containing c-iron nitride or e-carbonitride as the principal phase. 
The use of various types and amounts of structural promoters in fused 
catalysts produced only small changes in activity and selectivity of nitrided 
as well as reduced catalysts. Apparently changes in catalytic behavior 
with the amount of potassium oxide are similar for both reduced and 
nitrided catalysts. The selectivity of nitrided catalysts as shown in Figure 
69 represents about the optimum (highest average molecular weight prod¬ 
uct) that can be achieved by changing the alkali content. 

Jack91 and Hall, Dieter, Hofer, and Anderson77 have described the prepa¬ 
ration and reactions of iron carbonitrides. The earbonitrides have the same 
arrangement of iron atoms with some nitrogen atoms replaced by carbon, 
e-carbonitrides may be prepared by treating e- or y'mitrides with carbon 
monoxide or hydrogen-carbon monoxide mixtures at atmospheric pressure 
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and 350 to 400°C. The t-carbonitride phase persists until about 75 per 

cent of the nitrogen in Fe2N is replaced by carbon. With further replace¬ 

ment of nitrogen atoms by carbon, carbide phases (Hagg or cementite) 

appear. Carbonitrides may also be prepared in the reverse order by nitrid¬ 

ing Hagg carbide or cementite (either completely or partly carbided) with 

ammonia at 35ff-400°C. Nitrides are converted to carbonitrides in the 

synthesis at a slow rate. In the synthesis e-carbonitrides prepared either 

by carbiding nitrides or nitriding carbides gave essentially the same results 

as e-nitrides. 

Table 80. Relative Usage of Hydrogen and Carbon Monoxide on 

Nitrided and Reduced Fused Catalysts 

(1H2 + ICO gas; conversion about 65 per cent) 

Test 
Pressure Average Initial Atom Ratio, ' Usage Ratio 

(atm) Temp. (°C) N/Fe H2:CO 

D3001 (Fe304-Mg0-K20) 

X173 7.8 258 0 0.72 

X200 21.4 257 0 .72 

X214A 7.8 225 0.44 .75 

X214B 7.8 238 0 .75 

X215 7.8 222 0.46 .74 

X218 7.8 218 .43 .71 

X219 21.4 242 .26 .77 

X225 21.4 238 .44 .79 

D3008 (FejOi-AlsOs-KjO) 

X127 7.8 271 0 .69 
X253 7.8 230 0.47 .69 
X337A 21.4 243 .46 .73 
X337B 21.4 240 ~0 .72 

The pertinent facts regarding the pretreatment of fused and sintered 

catalysts may be summarized as follows: Most catalysts of this type •re¬ 

quire reduction in hydrogen, although some catalysts such as ores may be 

activated with synthesis gas at high temperatures. Conditions of reduction 

are not as critical as those for ammonia synthesis with respect to either ex¬ 

tent of reduction or purity of hydrogen; however, the reduction can be 

accomplished more rapidly with pure dry hydrogen. Conversion of reduced 

catalysts to carbides or nitrides increases their activity in the synthesis. 

Carbides have essentially the same selectivity as reduced catalysts; how¬ 
ever, nitrides yield products that differ greatly. 
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The Course of Synthesis on Iron Catalysts 

In the synthesis iron catalysts differ in many ways from cobalt catalysts, 

particularly with respect to changes in the catalyst phases. Furthermore, it 

is advantageous to convert the iron to carbides or nitrides. Although most 

iron catalysts have low activity and short lives in the atmospheric pressure 

synthesis, a few are somewhat effective if carefully pretreated and fre¬ 

quently extracted. In the medium-pressure synthesis iron catalysts are 

similar to cobalt catalysts to the extent that the nature and amount of wax 

on the catalyst apparently have little effect on activity, and reactivation 

procedures such as hydrogenation or extraction are relatively ineffective. 

With iron catalysts operation at moderate pressures is advantageous since 

the activity increases approximately linearly with pressure at least to 30 

atmospheres, and optimum catalyst life in terms of catalyst productivity 

is usually found in the pressure range 15-30 atmospheres. 

Table 81. Atmospheric Synthesis with Precipitated Iron Catalysts" 

(Space velocity of water gas of 80 hr.-1) 

Total 
Time 
(hr) 

Temp. 
(°C) 

Contraction 
(not C02-free) 

(%) 

Carbon 
Monoxide 

Conversion (%) 

Total 
Hydrocarbons 

(g/m3) 

Ci + c2 
Hydrocarbons 

(g/m3) 

102 228 44 96 145 7 

608 229 44 95 142 6 

1105 230 44 95 143 6 

1604 231 42 93 140 5 

2104 231 43 93 141 5 

“ From Ref. 101. 

The Atmospheric-pressure Synthesis. The results of early tests of 

iron catalysts were uniformly poor with respect to both activity and life123. 

Some improvements have been made since the discovery of the medium 

pressure synthesis, especially for the purpose of substituting iron for cobalt 

catalysts in the German atmospheric plants. The catalysts of Pichler and 

Weinrotter131 (Fe-Cu-KoCCb) described on p. 181 (Table 77) had satis¬ 

factory activity and life in atmospheric synthesis with I.2H2 + ICO gas, 

provided the catalyst was extracted with a 230-280°C synthesis fraction 

at 2 or 3 day intervals. Koelbel101 was able to obtain long lives and desirable 

selectivity from precipitated Fe203-Mg0-Cu0-K2C0s-kieselguhr catalysts 

in the atmospheric synthesis. Data for an experiment with water gas in 

a conventional reactor without recycle are given in Table 81. Here the 

catalyst was given no special pretreatment and apparently was not ex¬ 

tracted. By using 2H2 + ICO gas with recycle at 200-220°C lives of more 

than 4 months were obtained. 
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Koelbel and Engelhardt103 concluded that in the synthesis iron catalysts 

are chiefly oxidized by water vapor and reduced by carbon monoxide. At 

synthesis temperatures a reduced precipitated iron-copper catalyst was not 

oxidized by a carbon monoxide-steam mixture until the ratio Pco/Ph.o 

became less than 2. The oxidation of precipitated iron-copper catalysts in 

the atmospheric pressure synthesis with 2H2 + ICO gas was studied as a 

function of position of catalyst in the bed and duration of the synthesis. 

The reactor was arranged so that the 30-cm bed of catalyst could be re¬ 

moved in 6 or 8 sections of equal length. These sections were analyzed for 

“reduced iron” which included metallic iron and carbides. Figure 70 shows 

the fraction of iron in the reduced state as a function of bed length for a 

12 3 4 5 6 7 8 

SEGMENT OF BED 

Figure 70. Reduced iron in supported iron-copper-kieselguhr catalysts as a func~ 

tion of bed length and time. 2H2 + ICO gas at 230°C and atmospheric pressure. (Re¬ 

produced with permission from Ref. 103) 

precipitated iron-copper-kieselguhr catalyst used in the atmospheric syn¬ 

thesis without pretreatment. At 50 hours the analyses showed a maximum 

amount of “reduced iron” in the inlet portion of the catalyst bed. As the 

synthesis continued, the maximum remained in the same place; however, 

the content of “reduced iron” at the maximum increased while the extent 

of reduction at the outlet end of the bed decreased. The reduction reached 

a maximum at 200 hours. In another test a supported iron-copper catalyst 

was pretreated by an unspecified method to produce “reduced iron” to the 

extent of 50 to 00 per cent throughout the catalyst bed. Analysis of this 

catalyst after 1,000 hours of atmospheric synthesis at 230°C showed that 

the extent of reduction had increased slightly in the inlet portions of the 

catalyst bed but had decreased with bed length to a very low value at the 

outlet of the bed. These observations suggest that the ratio of partial 

pressures of carbon monoxide to water vapor were sufficiently high in the 
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.nlet portion to reduce and/or carbide the catalyst, but due to the consump¬ 

tion of carbon monoxide and the production of water this ratio decreased 

so that the catalyst was oxidized in the remainder of the bed. The authors 

noted that the maximum amount of “reduced iron” always occurred at 

the same position in the bed, and believed that processes of inactivation of 

the catalyst such as sintering were not involved in producing the reduction- 

bed length pattern. If such an inactivation determined the reduction pat¬ 

tern, the position of the maximum should progress from the inlet to outlet 

ends of the bed with time of synthesis. These facts suggest that the eventual 

decrease in catalyst activity may be related to the oxidation of the outlet 

end of the catalyst bed; however, other factors such as accumulation of 

wax may decrease the activity in the atmospheric synthesis. 

Pichler and Merkel129 followed the composition changes of precipitated 

iron catalysts in atmospheric synthesis with 2H2 + ICO gas by thermo- 

magnetic analysis. The composition of the catalysts follow: 

A. lOOFe :0.25Cu:0.25K2CCb (alkali content not stated, but it may be 

inferred that this was their so-called standard preparation) 

B. lOOFe:20Cu:0.25K2CO3 

C. lOOFe :20Cu:1.5K2CO3 

The samples were started directly in the synthesis at 235°C for catalysts 

A and B and 225°C for catalyst C without any pretreatment, and in the 

first hour or two the catalysts were reduced to magnetite. Following this 

reaction the contraction fell to a low value and then increased slowly. 

With catalyst A the contraction increased gradually for the first 49 hours, 

and this change was paralleled by a corresponding increase in the content 

of Hagg carbide (Curie point 265°C). However, the Hagg carbide content 

increased after the maximum contraction was attained, the iron as carbide 

being about 40 per cent after 120 hours of synthesis. The activity and com¬ 

position data for catalyst B were similar except that a small amount of 

hexagonal carbide (Curie point 380°C), in addition to Hagg carbide and 

magnetite, was detected. Catalyst C was the most active of the group; 

however, due to the production of a high molecular weight product caused 

by the higher alkali content, frequent solvent extractions were necessary. 

Catalyst C carburized more rapidly and completely than the other samples, 

and sizable amounts of both Hagg and hexagonal carbides were present 

after 3 days. The magnetic curves for catalysts A, B, and C contained, in 

addition to Curie points for the phases described, plateaus and points of 

inflection that could not be explained. The authors concluded that the ac¬ 

tivity was proportional to the amount of carbide present in the catalysts 

with hexagonal carbide being more effective in increasing the activity than 

Hagg carbide. 
The Medium-pressure Synthesis. The medium-pressure-synthesis 
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data announced by Fischer and Pichler in 1937123 > 131 demonstrated that the 

synthesis with iron catalysts was more attractive in many respects than 

with cobalt catalysts. At the Kaiser Wilhelm Institut studies were made to 

establish the optimum pressure for the precipitated alkalized iron oxide 

gel catalysts. As shown in Figure 71, the optimum pressure for synthesis 

with 1H2 + 1.5CO gas was between 10 and 20 atmospheres, and usually 

15 atmospheres was chosen for subsequent synthesis tests123. Although most 

iron catalysts operate satisfactorily at 15 atmospheres, the productivity, 

space-time-yield, of some other types of catalysts can without impairing 
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Figure 71. Variation of activity of precipitated iron catalysts with synthesis pres¬ 
sure. Constant flow of 1H2 + 1.5CO gas. (From Ref. 123) 

catalyst life be increased by employing higher pressures. Bureau of Mines 

tests15 compare the activity of several types of catalysts at 7.8 and 21.4 

atmospheres as shown in Figure 72. In all cases the average activity was 

increased more than two-fold by increasing the synthesis pressure from 

7.8 to 21.4 atmospheres. The activity of the precipitated catalyst declined 

more rapidly with time at the higher operating pressure, while the activity 

of the fused catalysts declined rapidly at 7.8 atmospheres, but was constant 

at 21.4 atmospheres. Sintered catalysts as well as nitrided fused catalysts 

had relatively constant activities at both pressures. The optimum pressure 

for reduced fused and sintered catalysts probably lies between 30 and 40 

atmospheres, but this upper limit has not been carefully investigated. 
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The ultimate lives of many of the better iron catalysts are considerably 

longer than six months, and in most cases the tests have not been continued 

until the catalyst failed due to loss of activity, or factors related to loss of 

mechanical stability such as excessive spalling or plugging of the catalyst 

tubes. Most of the catalysts of the Schwarzheide tests (pp. 160 to 164) 

operated for 3 months with maximum temperatures of about 220°C, and 

if higher operating temperatures had been permitted, lives of at least 6 or 

9 months might have been expected. The activity and mechanical proper- 
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Figure 72. Activity of iron catalyst with 1H2 to ICO gas at 100 and 300 psig, 

(Reproduced with permission from Ref. 15) 

ties of a nitrided fused catalyst (Figure 67) were unchanged after 6 months 

of operation. In the fluidized synthesis at high temperatures the catalyst 

life is relatively short, 2 to 3 weeks; however, the total productivity per 

unit weight of catalyst is relatively high, since the space velocity is 10 to 

20 times higher than in the conventional fixed-bed synthesis. In the Bureau 

of Mines oil-circulation reactor36 lives of reduced fused iron catalysts of 4 

months have been attained. In these experiments the catalyst was given 

occasional reactivations with hydrogen under pressure. In this reactor 

massive iron catalysts activated by oxidation with steam and reduction 

with hydrogen both before and during the synthesis had a life of more than 

6 months. 
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With Pichler’s standard precipitated iron catalysts123 lives as long as 15 

months were obtained in tests with 1H2 -f 1.5CO gas at 15 atmospheres. 

These experiments, which are described on p. 178, demonstrate that cata¬ 

lysts that were not pretreated with carbon monoxide or synthesis gas at 

atmospheric or subatmospheric pressure had low activity and relatively 

short life. Presumably nearly horizontal tubes that were only partly filled 

with catalysts were used, and probably these long lives could not be 

achieved in vertical tubes. Koelbel101 described a three year test of a carrier- 

free precipitated iron catalyst in the medium pressure range with 1H2 + 

1.6CO gas. The catalyst was occasionally extracted with a hydrocarbon 

fraction. 

For iron catalysts in the medium-pressure synthesis, reactivation pro¬ 

cedures are usually ineffective and in most cases unnecessary; similar re¬ 

sults were observed for cobalt catalysts in the medium pressure synthesis. 

Pichler123 found that, after long periods of synthesis especially after the 

catalytic activity had declined, the catalyst could not be reactivated by 

treatment with hydrogen at 325°C or by repeating the induction procedure 

(carbon monoxide at 325°C and 0.1 atm.). If, however, the catalyst was 

reactivated with hydrogen frequently (at intervals of 5 to 10 days) some 

improvement in activity resulted. Pichler concluded that if activation of 

precipitated catalysts with hydrogen is desired, the reduction must be done 

as soon as the catalytic activity begins to decrease. For fused catalysts in 

the oil circulation reactor (granular catalyst submerged in oil) of the Bureau 

of Mines36, reactivation with hydrogen at synthesis pressure and 250 to 

300°C either with the catalyst submerged in cooling oil or with the oil 

removed was very effective in activating the catalyst, whereas similar 

treatment at atmospheric pressure did not improve the catalytic activity. 

The catalyst, after about a month of synthesis, contained large amounts of 

magnetite as well as small quantities of Hagg carbide. Both oxygen and 

carbidic carbon were quite completely removed in the pressure reactiva¬ 

tion, although the temperature was at least 150°C lower than that required 

for the initial reduction. These results are in agreement with the experi¬ 

ments described on p. 172, in which reoxidized, fused catalysts were shown 

to reduce more readily than raw catalysts. In fixed-bed tests of reduced 

fused catalysts, hydrogen treatment at atmospheric pressure and 250 to 

300°C apparently does not reduce either magnetite or carbides, nor does 

it remove the wax from the catalyst. Apparently hydrogen under moderate 

pressure is necessary for reduction to proceed to a significant extent; pos¬ 

sibly pressure is required for hydrogen to penetrate wax-filled pores of the 

catalyst. 1 his explanation may be a valid explanation for the observations 
of Pichler. 

At Leuna202 used ammonia-type catalysts were refused by the following 



FISCHER-TROPSCH CATALYSTS 199 

procedure: Before removal of catalyst from the reactor, wax was extracted 

and the catalyst was reduced in hydrogen. The catalyst was then stabilized 

by a slight oxidation with inert gas containing only small concentrations 

of oxygen to destroy the pyrophoric tendencies so that the material could 

be handled in air. Subsequently, the catalyst was remelted in oxygen in 
the manner employed in the initial preparation. 

Ruhrchemie documents150 describe the extraction of precipitated iron 

catalysts after use in the synthesis. Apparently these studies were made 

to establish a method for recovering the adsorbed wax and facilitating the 

removal of the catalyst from the reactor. After 45 days of synthesis with 

a wax-producing catalyst in a reactor having a volume of 127 liters, the 

catalyst was extracted at 140°C with a 150-210°C fraction of synthesis 

oil. Apparently, the reactor was merely filled with oil, and after an unspeci¬ 

fied time the oil was drained from the unit. A sizable fraction of hydrocar¬ 

bon boiling above 220°C was found in solvent after the first and second 

extractions, 29 and 18 per cent, respectively, but in subsequent extractions 

the distillation range was about the same as the original solvent. Hence 

only the first two extractions of this type were effective in removing ab¬ 

sorbed wax. After the solvent from the last filling was drained from the 

reactor, the temperature was increased to 200°C with the result that 46.7 

kg of solvent was displaced from the catalyst. Steam distillation at 200°C 

and 0.33 atmospheres (absolute) removed another 6 kg of solvent. Thus, 

the catalyst after the final extraction retained 52.7 kg of solvent correspond¬ 

ing to 71 liters per 127 liters of catalyst. Nitrogen was passed over the 

catalyst and the temperature was lowered to 120°C. Then the catalyst was 

treated with carbon dioxide and removed from the reactor Avith only light 

hammering. The catalyst Avas in good mechanical shape and was not pyro¬ 

phoric. Extraction of a sample of this material with benzene in laboratory 

apparatus showed that the catalyst still contained 3.8 weight per cent of 

heavy wax. 

Phase changes of iron catalysts in the medium-pressure synthesis are 

similar to those described for the atmospheric synthesis (pp. 193-195). 

Reduced catalysts are carburized and oxidized. Catalysts converted to 

carbide phases are also oxidized; however, at lower synthesis pressures car¬ 

bides oxidize more slowly than reduced catalysts. Nitrided catalysts oxi¬ 

dize at a slow rate at all pressures investigated, and during the synthesis 

nitrides are converted to carbonitrides by carbon atoms replacing nitrogen. 

At higher synthesis temperatures such as those employed in fluidized re¬ 

actors deposition of elemental carbon is the principal cause of catalyst dis¬ 

integration, but at lower synthesis temperatures (less than 270°C) carbon 

deposition is usually not excessive. 

Pichler and Merkel129 studied the changes in composition of precipitated 
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iron catalysts by thermomagnetic and acid decomposition methods. An 

alkalized catalyst containing only a small amount of copper was pretreated 

with carbon monoxide (8 liters per 20 grams of iron per hour) at 325°C and 

0.1 atmosphere for 24 hours (Pichler’s standard induction procedure). 

Samples were taken from the inlet portion of the catalyst bed before and 

during synthesis at 235°C and 11 atmospheres (gas composition was pre¬ 

sumably 1H2 + 1.5CO), and subjected to thermomagnetic analysis. The 

thermomagnetic curves indicated only the presence of Hagg carbide (Curie 

point = 265°C) in the samples taken after induction, and during the first 

18 hours of synthesis. Samples at 40 and 62 hours showed the presence of 

magnetite in addition to Hagg carbide. After 109 hours of synthesis the 

catalyst contained sizable amounts of magnetite, roughly half Hagg carbide 

and half magnetite. The catalytic activity began to decrease after 62 hours, 

and this decrease was believed to be related to the progressive conversion 

of Hagg carbide to magnetite. The analyses indicated that a-iron, hexagonal 

carbide and cementite were not present. A similar catalyst was inducted 

with lHo + ICO gas at 325°C and 0.1 atmosphere, and operated in the 

synthesis at 215°C and 12 atmospheres for 400 hours. Samples taken before 

and after this period of synthesis contained chiefly Hagg carbide. 

Acid decomposition studies of a series of active precipitated catalysts 

inducted in carbon monoxide at 325°C and 0.1 atmosphere indicated that 

the amount of carbidic carbon decreased 10 to 30 per cent in the first 7 

days of synthesis (235°C and 15 atm.), and then remained essentially con¬ 

stant for periods as long as 112 days. In this period the oxygen content 

increased only slightly. The authors believed that catalysts pretreated to 

contain sizable amounts of Hagg carbide resisted chemical change, whereas 

if the pretreatment was not adequate or if the synthesis temperatures were 

too high, the content of carbidic carbon decreased rapidly and the amount 
of magnetite increased. 

Herbst, Halle, and Brill80' 129 of I.G. Farbenindustrie found hexagonal 

and Hagg carbide in fused and precipitated iron catalysts after use in the 

synthesis. Precipitated catalysts, especially those containing copper, gave 

x-ray diffraction lines for hexagonal carbide. Hagg carbide was usually the 

only interstitial phase found in used fused catalysts; however, a fused 

catalyst (containing 87.6 per cent Fe, 3.42 A1203,3.6 CaO, and 0.52 K20 

in the raw state) used in the synol process at low temperatures (~200°C) 

contained large quantities of hexagonal carbide and a small amount of 

Hagg carbide. Apparently the presence of copper favors the formation of 

hexagonal carbide and stabilizes this phase. In copper-free catalysts, hex¬ 

agonal carbide is found only in samples operated at low temperatures. The 

authors of these documents believed that the presence of hexagonal carbide 

was a necessary but not a sufficient condition for catalysts of high activity. 
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Jellinek and Fankuchen92 reported x-ray analyses of two reduced iron 

catalysts, presumably used in a fluidized reactor. After synthesis one active 

catalyst showed only the diffraction pattern of magnetite, while another 

catalyst which was somewhat more active and had been used for a longer 

period gave only the diffraction pattern of a carbide, presumed to be Hagg 

carbide. The authors were puzzled to find such dissimilar phases in two 

active catalysts. Eckstrom and Adcock39 found a new iron phase, presum¬ 

ably a carbide of higher carbon content than Fe2C, in catalysts used in the 

fluidized synthesis. Phase changes occurred in the following order: The 

reduced catalyst was rapidly and completely converted to Hagg carbide 

the first few days of synthesis. Then at a somewhat slower rate the Hagg 

carbide was converted to magnetite. When the Hagg carbide content had 

decreased to a low value, the magnetite was converted to this new phase. 

Despite these major changes in catalyst phases, the activity remained about 

the same. Seelig168 and coworkers found that reduced catalysts in the 

fluidized synthesis were carburized and oxidized, and it was suggested that 

for most of the synthesis the iron of the catalyst could be assumed to be 

present as either Hagg carbide or magnetite. 

At the Bureau of Mines composition and phase changes of catalyst D3001 

(Fe304-Mg0-K20) in the synthesis with 1H2 + ICO gas after reduction 

and after conversion to Hagg carbide, cementite, and e-nitride were de¬ 

termined as a function of duration of synthesis. The entire catalyst charge 

was dropped into heptane, stirred, sampled, and replaced in the reactor. 

The samples were subjected to chemical, x-ray diffraction, and thermo- 

magnetic analysis. Figure 73 shows the composition changes of a reduced 

catalyst during synthesis at 7.8 atmospheres10, obtained by a combination 

of analytical methods. After 46 hours at 235°C, the catalyst temperature 

was held at 257 =t 2°C with the flow of gas varied to maintain conversions 

of about 62 per cent. After about 1,900 hours the temperature was increased 

in several steps to 300°C. Catalyst activities corrected to 240°C were essen¬ 

tially constant during most of the test. In the first 46 hours of synthesis 

the total carbon to iron atom ratio (by chemical analysis) increased to 

about 0.2 and remained essentially constant until the synthesis temperature 

was increased near the end of the experiment. The x-ray and magnetic 

analyses, upper portion of Figure 73, indicated that the iron as Hagg car¬ 

bide increased to 29 per cent early in the synthesis and then decreased at 

a slow rate. The iron as magnetite increased rapidly in the initial portion 

of the synthesis and then at a slower rate. Magnetite was produced chiefly 

at the expense of a-iron. Since the magnetic analysis was performed at a 

relatively low field strength, some of the magnetic phases were probably 

not saturated. This results in an incomplete accounting for iron phases, 

represented by the non-magnetic iron field of fhe composition diagram. 
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Operation at higher temperatures increased total carbon and magnetite, 

and decreased Hagg carbide. The amount of free carbon was not large at 

any time, and most of this carbon was apparently produced by the oxida¬ 

tion of Hagg carbide. Reduced catalysts oxidized more rapidly at 21.4 

than at 7.8 atmospheres; however, at 21.4 atmospheres the activity re¬ 

mained essentially constant for long periods (see test X200 of Figure 72). 

Figure 73. The variation of catalyst composition, activity and temperature with 

time: Fe304-Mg0-K20 catalyst at 7.8 atmospheres af 1H2: ICO gas. (Reproduced 
with permission from Ref. 10) 

Fused catalysts converted to Hagg carbide or cementite oxidize more 

slowly than reduced catalysts in the synthesis at 7.8 atmospheres, the car¬ 

bides being oxidized to magnetite and free carbon. However, at 21.4 atmos¬ 

pheres the carbides oxidize at about the same rate as reduced catalyst. In 

the synthesis at 7.8 atmospheres the ratio of total carbon to iron increased 

during the tests; however, at higher pressures this ratio decreased. Table 

82 illustrates the magnitude of the oxidation of reduced and carbided cata¬ 
lysts. 
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Nitrided iron catalysts have remarkable stability toward both oxidation 

and deposition of elemental carbon in the synthesis at both 7.8 and 21.4 

atmospheres. Shultz, Seligman, Lecky, and Anderson170 described compo¬ 

sition changes of several types of nitrided iron catalysts in the synthesis. 

In test X218 with fused catalyst D3001 (Fe304-Mg0-K20) using 1H2 + 

ICO gas at 7.8 atmospheres, the catalyst was sampled by the method 

described above. Only x-ray diffraction patterns of e-iron nitride or carboni- 

tride were observed, except for weak patterns of magnetite in a few sam¬ 

ples. The changes in atom ratios of nitrogen, total carbon, elemental car¬ 

bon, and oxygen to iron as well as the fraction of iron as e-carbonitride and 

magnetite are given in Figure 74. In this figure the carbonitride phase was 

arbitrarily assumed to be composed of Fe2C and Fe2N to show the rela¬ 

tive quantities of carbon and nitrogen in the e-phase. During the first 98 

Table 82. Rate of Oxidation of Reduced and Carbided Iron Catalysts'1 

(Fe304-Mg0-K20 with 1H2 + ICO, conversion about 68 per cent) 

Initial Phase 

Increase in Iron as Magnetite in 35 to 40 
Days of Synthesis, per cent of total Fe 

7.8 atm. 21.4 atm. 

a-iron (reduced) 40-70 78 

Hagg carbide (>90%) 12 89-100 

Cementite (>90%) 8 93 

° From Ref. 169. 

days of synthesis, the temperature was maintained at 217°C, and the ac¬ 

tivity was essentially constant. The nitrogen content decreased while the 

carbon content increased, at rapid rates in the beg nning of the synthesis 

and thereafter at lower rates. In this period the atom ratio of elemental 

carbon to iron increased from 0 to 0.10. The amount of iron present as 

magnetite was only about one fourth as great as in the test of the reduced 

catalyst in Figure 73. From 99 to 139 days the temperature was'increased 

to 240° and finally to 258°C. The elimination of nitrogen and the deposition 

of both interstitial and elemental carbon were accelerated, but the rate of 

oxidation remained about constant. 

Analytical data for other tests with nitrided catalyst D3001 at 7.8 and 

21.4 atmospheres are given in Table 83. After 203 days of synthesis at 7.8 

atmospheres in test X215, the catalyst contained only small amounts of 

magnetite and elemental carbon, and gave only the x-ray diffraction pattern 

of the t-phase. Although the activity was still high, the catalyst was re- 

nitrided with ammonia at 350°C after 203 and 238 days of synthesis. After 

these ammonia treatments and subsequent synthesis, the catalyst still 
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produced only the x-ray diffraction pattern of e-carbonitride. In test X349 

at 21.4 atmospheres with 1H2 + ICO gas the catalyst composition changed 

more rapidly than at 7.8 atmospheres, especially the elimination of nitro¬ 

gen and oxidation of the catalyst. After 37 days of synthesis 36 per cent 

of the iron was present as magnetite. In tests with 1H2 + 1.5CO gas at 

7.8 atmospheres (X236> and 2H2 + ICO gas at 21.4 atmospheres (X226) 

Figure 74. Composition changes of catalyst D3001 with days of synthesis with 

1H2 4- ICO gas at 100 psig in test X 218. Part A. presents atom ratios of nitrogen, 

total carbon, elemental carbon, and oxygen to iron. Part B. shows the distribution 

of iron as carbonitride and magnetite. Part C. presents the temperatures of synthesis. 

(Reproduced with permission from Ref. 170) 

the changes in composition during synthesis appear to be about the same 

as in corresponding tests with 1H2 -f ICO gas, although there is some un¬ 

certainty in comparing the catalyst composition of tests of different dura¬ 
tion. 

Nitrided catalysts of the fused type with alumina or zirconia as structural 

promoters oxidized less rapidly than magnesia-promoted catalyst D3001. 

In the synthesis at 7.8 atmospheres a nitrided sintered catalyst (Fe304-K20) 

and a nitrided precipitated catalyst (Fe203-Cu0-K2C03) oxidized at a very 
slow rate. 
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Hydrogenation of nitrided catalysts after use in the synthesis removed 

virtually all of the nitrogen, but the carbon content was essentially un¬ 

changed and the oxygen decreased only slightly. In some cases the used- 

and-reduced catalysts contained cementite or Hagg carbide in addition to 

a-iron and magnetite; the carbide phase produced apparently depends 

upon the temperature of the reduction. After hydrogenation of the catalyst 

the synthesis products were characteristic of reduced catalysts, and the 
catalysts oxidized rapidly. 

In this study of composition changes of nitrided catalysts170, it was recog¬ 

nized that the presence of siderite (FeCOs) or promoter carbonates would 

greatly complicate the interpretation of data from chemical analysis. On 

this basis the carbon dioxide content of the samples described in Table 83 

were determined by digesting the used catalyst in hydrochloric acid. The 

carbon dioxide liberated was less than one per cent by weight for all cata¬ 

lysts except D3001 which contained magnesia, and for this catalyst the 

percentage of carbon dioxide exceeded four per cent in tests at 21.4 atmos¬ 

pheres. In this case it appears probable that most of the carbon dioxide was 

associated with the magnesia. In x-ray analysis of reduced catalysts after 

use in the synthesis, occasional samples, especially those from tests at 

pressures higher than those normally used in the medium pressure synthesis, 

gave diffraction lines corresponding to siderite. In any case the amount of 

siderite in used catalysts is usually small. Michael112, however, reported 

that in the slurry process a scale of siderite deposited on the walls of re¬ 
actors. 

The Selectivity of Iron Catalysts 

The products from iron catalysts are qualitatively similar to those from 

cobalt with only a few exceptions; the most important quantitative differ¬ 

ences are the greater degree of branching of the carbon chain and the larger 

fractions of olefins and oxygenated molecules in products from iron cata¬ 
lysts. 

Detailed Characterization of Hydrocarbons and Oxygenated 

Molecules. The products from the Schwarzheide tests (pp. 160 to 164) 

were characterized by a combination of precision distillation and chemical 

methods166; however, an uncertain feature of these separations was that 

the oxygenated molecules dissolved in the hydrocarbon phases were not 

removed before the distillation, but were determined by chemical methods 

on the fractions. In the presence of oxygenated molecules, distillation data 

for hydrocarbons may be difficult to interpret. Apparently there was no 

analysis for aromatic hydrocarbons and no detailed determination of oxy¬ 

genated molecules. I able 84 presents the carbon number distributions for 

hydrocarbons, the data being averages of the analyses of 3 or 4 samples 
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taken during the course of the tests. Included for comparison is the dis¬ 

tribution of hydrocarbons from the fluidized-iron synthesis200. Products 

from the Lurgi and Brabag catalysts had the highest average molecular 

Table 84. Carbon Number Distributions for Hydrocarbons from 

Synthesis with Iron Catalysts 

Carbon Number 

K.W.I. 

1 

2 
3 

4 

5 

6 
7 

8 
9 

10 
ll' 

12 
13 

14 
15^ 
16, 
17 

18 

19-27 

>27 

8.5 

9.0 

11.7 

9.2 

6.2 
5.7 

4.3 

4.0 

3.1 

3.2 

4.5 

4.1 

3.0 

3.2 

7.7 

12.6 

Lurgi 

7.1 

7.0 

8.5 

6.8 
6.0 
4.4 

3.6 

3.2 

2.4 

2.7 

3.4 

3.8 

3.3 

3.0 

8.3 

26.5 

Cr-C4 
C2-C4 
c6+ 

38.4 

30.1 

61.6 

29.4 

22.3 

70.6 

C5-C12 
Cl3 Clg 
C19 + 

31.0 

10.3 

20.3 

25.7 

10.1 
34.8 

Cl3 + 30.6 44.9 

Weight Per cent of Total Hydrocarbons 

Brabag 

6.6 
6.9 

8.7 

7.0 

5.8 

5.5 

4.1 

3.1 

3.3 

3.6 

4.8 

5.0 

4.7 

4.4 

10.0 
16.5 

29.2 

22.5 

70.8 

30.2 

14.1 

26.5 

40.6 

I.G. 
Farben. 

10.4 

9.3 

12.7 

9.1 

7.4 

5.3 

3.6 

3.7 

2.8 
2.8 

3.3 

2.8 

2.7 

2.4 

5.9 

15.8 

41.5 

30.9 

58.6 

28.9 

7.9 

21.7 

29.6 

Ruhr- 
chemie 

9.4 

8.3 

10.8 
8.2 
5.4 

5.2 

4.0 

3.7 

3.0 

2.9 

4.1 

3.0 

3.0 

2.9 

8.3 

17.8 

36.7 

27.3 

63.4 

28.3 

8.9 

26.1 

35.0 

Rhein- 
preussen 

9.6 

9.5 

12.9 

10.2 
7.8 

6.0 
5.1 

4.4 

3.6 

3.3 

4.1 

4.0 

4.4 

2.5 

6.6 
6.0 

42.2 

32.6 

57.8 

34.3 

10.9 

12.6 

23.5 

Fluid 
Reactor" 

8.9 

7.8 

15.9 

13.9 

11.5 

8.6 
6.6 
5.0 

3.9 

3.0 

f 2.4 
\1.8 

I1'4 
11.1 
jl.O 

\0.9 

6.36 

46.5 

37.6 

53.5 

42.8 

10.7 

° From Ref. 200. 

b Average carbon number of 30. 

weight and those from the I.G. Farben. and Rheinpreussen catalysts the 

lowest. Table 85 also compares the hydrocarbon distribution for the 

Schwarzheide tests and the fluidized synthesis. The fluidized synthesis 

produced larger yields of C2-C4 hydrocarbons and gasoline but smaller 

yields of diesel oil and wax. All of the distributions in Table 84 have maxima 
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at C3. The yield of C2 is usually equal or less than Ci or C3, whereas above 

C3 the yields decrease monatonically with increasing carbon number. 

The carbon number distributions of Table 84 are plotted as the logarithm 

Table 85. Comparison of Schwarzheide and Fluidized Synthesis Products 

Per cent of total Hydrocarbons 

Range for Products 
from Schwarzheide Tests 

Fluidized Synthesis 
(Weitkamp) 

Ci 8.5-10.4 8.9 

C2-C4 22.3-32.6 37.6 

Gasoline 25.7-34.3 42 

Diesel oil 7 9-14 l) 
„ 20.5-48.9 10.7 

Wax 12.6-34.8) 

Figure 75. Logarithmic plots of moles against carbon number for hydrocarbons 

from Schwarzheide tests. 

of moles in carbon number fractions against carbon number in Figures 75 

and 76. The data can be approximated by two straight lines, one portion 

extending from carbon numbers 3 to 9 and the other from 10 to 21. 

In the Schwarzheide products, the olefin content of the fractions was low 

at C2 and then increased to a maximum at C3 to C6 , as shown in Figure 77. 
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Figure 76. Logarithmic plots of moles against carbon number. Hydrocarbons from 

Schwarzheide tests compared with those from fluidized synthesis. 

6 II is 
CARBON NUMBER 

Figure 77. Olefin content as a function of carbon number for products from the 

Schwarzheide experiments. 
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Above C6 or C6 the olefin content decreased with increasing carbon number 

except for Lurgi and Brabag products, for which the unsaturation remained 

essentially constant from C3 to C12 . 

The extent of branching of C4 , C6, and C7 hydrocarbons from the 
Schwarzheide tests (Table 86) was determined by precision distillation. 

These characterizations are not as accurate or detailed as those determined 

by a mass spectrometer. For example, the increase in branching from C6 

to C7 fractions appears to be smaller than would be expected on the basis 

of other available data, and the branching of the C6 and C7 fractions from 

cobalt catalysts, 10.4 and 12.3, respectively, agrees only approximately 

with the values of Friedel and Anderson64 (p. 112). 

Table 86. The Extent of Branching of Hydrocarbons from the 

Schwarzheide Tests0 

Per cent Branched Hydrocarbons in Following Fractions 

c« C6 C7 

Brabag — 13 13 

Ruhrchemie 9.6 11 11 

Lurgi — 13 13 

Kaiser Wilhelm Institut 6.7 14.5 17 

7.9 

I. G. Farben. — 16 18 

Rheinpreussen — 11 12 

Normal cobalt catalyst — 12.5 16.5 

0 From Ref. 166. 

In the last few years, American petroleum companies have published 

excellent detailed analyses of products from the fluidized synthesis. These 

studies have employed modern techniques of fractionation and separation, 

together with spectroscopic analyses. The carbon number distribution of 

products from this process at 315°C and 18 atmospheres of 2H2 + ICO 

gas determined by Weitkamp and co-workers200 was shown in Table 84 

and Figure 76. Although the products were qualitatively similar to those 

of the Schwarzheide tests, the average molecular weight of hydrocarbons 

from the fluidized synthesis was lower. The distribution of hydrocarbons 

into paraffins, olefins, and aromatics is given in Figure 78. Although the 

aromatics in the fractions of higher carbon number were as high as 20 per 

cent, the aromatics based on total hydrocarbons was only 2.3 per cent by 

weight. As in the German data, the olefin content of fractions above C5 de¬ 
creased with increasing molecular weight. 

Mass spectrometric methods permit detailed analysis of lower hydro- 
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carbons. First to be considered is t lie chain branching of C4 to Cs aliphatic 

hydrocarbons. Data of Bruner28, Weitkamp20", and Clark32 in Table 87 

are remarkably consistent. The extent of branching increased with carbon 

number in a manner similar to that observed for products from cobalt 

catalysts; the extent of branching, however, was greater for hydrocarbons 

from iron catalysts. Dimethyl-substituted carbon chains were found, but 

none containing quaternary carbon atoms. The ethyl-substituted isomer, 

3-ethylpentane was not found in the C7 hydrocarbons. More detailed data 

for chain structure and double-bond position of C2 to C6 aliphatic hydro- 

Figure 78. Composition of hydrocarbons from fluidized synthesis as a function 

of carbon number. (From data of Ref. 200) 

carbons are presented in Table 88. In both the straight- and branched-chain 

olefins, the isomers with double bond in the alpha position were present in 

greater amounts. 
Small amounts of cyclo-pentane, -pentene, -hexane and -hexene and 

their derivatives were found in the following percentages in the C6 , C6 , 

and Cr fractions, respectively, 0.5, 1.8, 4.2200. Cady, Launer, and Weit¬ 

kamp29 made a detailed study of the aromatic hydrocarbons present in oils 

from fluid reactors. Table 89 indicates that the isomers with the longest 

side chains are present in the larger amounts. 

Iron catalysts usually produce greater yields of oxygenated organic mole¬ 

cules than cobalt catalysts. High yields of these products in the fixed-bed 

synthesis were obtained in the synol process5' 139 with an alkalized, fused- 
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Table 87. Chain Branching in Paraffins Plus Olefins 

Fluidized-iron Synthesis 

Brunera Clark6 Weitkampr 

c c c c 89.4 89.6 

c c c 10.6 10.4 

c 

c c c c c 81.2 80.4 80.3 

c c c c 18.8 19.6 19.7 

c 

c c c c c c 78.8 73.7 

c c c c c 11.2 14.1 

c 

c c c c c 9.5 8.9 

c 

c c c c 0.4 3.3 

c c 

c c c c c c c 66.0 70.0 

c c c c c c 13.1 10.4 

c 

c c c c c c 19.1 17.6 

c 

c c c c c 1.6 1.0 
c c 

c c c c c 0.3 1.0 
c c 

cccccccc 61.0 

Mono methyl 36.4 

Dimethyl 2.6 

° From Ref. 28. 

6 From Ref. 32. 

c From Ref. 200. 
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iron catalyst with a recycle ratio of 10 to 1 and 1.3H2 + ICO fresh feed 

at 20 atmospheres and temperatures from 190 to 210°C. Here the principal 

products were alcohols and olefins with moderate amounts of paraffins, 

Table 88. Chain Structure and Double-bond Position of Cs-Ce 

Aliphatic Hydrocarbons from the Fluidized-iron Synthesis0 

c c C=C 
72 28 

C C C c c=c 
28 72 

c c c c c c c=c c c=c c 
12.2 69.8 tra7is 4.1 

cis 3.5 

C C C C C=C 
C C 

2.0 8.4 

C C C C C c c c c=c c c c=c c 
8.3 68.6 trans 1.5 

c.is 1.5 

C C C C G C C=C c c=c c c=c c c 
C C c c 

4.3 4.9 0.6 9.8 

c c c c c c c c c c c=c c c c c=c c c c c=c c c 

8.1 62.2 1.3 

c c=c c c c=c ccc C C C C C C
 c c c II c C C O—C 0 

c c c c c 
1.4 2.8 1.5 trans 0 S.O 

cis — 

C C C C C C C C C=C c c c=c c ccccc 
C c c II 

c 
4.5 2.6 trans trace 

cis 1. C 

0.5 

C C C C C C C=C c c=c c 
C C C C c c 

0.9 0.9 1.4 

C C 

C C C C C=C C C 

C C 

Not present Not present 

a From Ref. 200. 

aldehydes, and ketones, and minor quantities of acids and esters. Evidence 

was obtained for the presence of unsaturated alcohols. The carbon number 

distribution of alcohols, olefins, and paraffins in synol products, as com¬ 

puted by Storch181 from the data of Reisinger139 (Table 90), shows that the 

yield of alcohols remained large up to rather high carbon numbers. This 
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fact is presented more clearly in Figure 79, where the weight per cent of 

alcohols is plotted. 
The characterization of oxygenated products from the fluidized synthe¬ 

sis by American petroleum companies is the most detailed and precise of 

available data on Fischer-Tropsch oxygenates. Despite the high synthesis 

temperature, the fluidized synthesis produces high yields of oxygenated 

molecules. Unfortunately, in the papers on this subject, the data are not 

Table 89. Distribution of Aromatic Hydrocarbons Produced by 

the Fluidized Synthesis" 

Carbon Number 
Weight Per cent of 
Total Hydrocarbons 

Analysis of Fraction 

Compound Volume Per cent 

6 0.024 Benzene 100 
7 .18 Toluene 100 

Ethylbenzene 46 

8 .27 
o-Xylene 29 

m-Xylene 18 

p-Xylene 7 

n-Propylbenzene 39 

Isopropylbenzene 2 
l-Methyl-2-ethylbenzene 19 

9 2Q 
1-Methyl-3-ethylbenzene 23 
1 -Methyl-4-ethylbenzene 9 
1,2,3-Trimethylbenzene 1 (?) 
1,2,4-T rimet hylbenzene 6 
1,3,5-T rimethylbenzene 1 

10 .21 
11 .26 

12 .28 

13 .30 

14 .22 

“ From Ref. 29. 

presented in a manner that permits a simple comparison of the yields of 

oxygenates and hydrocarbons. According to Weitkamp200 , 60 per cent of 

the carbon monoxide consumed appeared as hydrocarbons and 18 per cent 

as oxygenated molecules, 10 per cent in the aqueous layer and 8 per cent 

in the oil phase. On this basis, hydrocarbons comprise approximately 72 

per cent by weight of the total product, exclusive of water and carbon di¬ 

oxide; oxygenated organic molecules, 17 and 11 per cent in aqueous and 

oil layers, respectively. The total yield of oxygenated molecules was 39 

per cent of the total hydrocarbons and 73 per cent of the liquid (C5+) 

hydrocarbons. The yields, of course, can be varied somewhat by changing 
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operating conditions and catalyst composition. The data of Morrell116 in 
Figure 80 show that the distribution of oxygenated molecules varies in a 
manner similar to hydrocarbons, and these workers suggested that a re¬ 
lationship may exist between C„ hydrocarbons and Cn+i oxygenates. 

Table 90. Distribution of Synol Products'1 

Carbon Number 

Mole Per cent6 

Alcohols Olefins Paraffins Total 

1 2.35 —. 37.3 39.65 
2 4.36 5.98 1.37 11.71 

3 4.55 9.68 2.33 16.56 

4 1.47 7.41 1.79 10.67 

5 0.765 2.09 0.67 3.53 

6 .681 3.17 .78 4.63 

7 .783 1.075 .87 2.73 

8 .645 0.938 .39 1.97 

9 .627 .424 .36 1.41 

10 .651 .245 .19 1.09 

11 .502 .125 .13 0.757 

12 .460 .203 .045 .708 

13 .269 .120 .032 .421 

14 .209 .131 .020 .360 

15 .275 .090 .019 .384 

16 .203 .108 .009 .320 

17 .096 .084 .008 .188 

18 .141 .078 .011 .230 

19 .140 .072 .007 .219 

20 .123 .078 .007 .208 

21 .110 .045 .006 .161 

22 .191 .030 .006 .227 

>22 .848 .930 .045 1.823 

a From Ref. 181. 

b 7.2 weight per cent of esters + aldehydes + ketones + acids is not included in 

this distribution. 

The yields of water-soluble oxygenated molecules from fluidized synthe¬ 
sis of three groups40' 116• 178 are presented in Table 91. As an average, about 
50 per cent of these chemical were alcohols, 25 acids, 15 ketones, 8 alde¬ 
hydes, and 2 esters. In all cases the yields of these molecules were maximum 
at C2 • The yields of acids were very much larger than those obtained in the 
fixed-bed experiments at low temperatures. Only small yields of methanol 
and formaldehyde were found; however, the production of these molecules 
may be limited by the unfavorable thermodynamics of their synthesis. 
Both secondary alcohols and alcohols with branched-carbon chains were 
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A Composition of condensed B Composition of alcohols, 

product (exclusive of woter). 

Figure 79. Products from the synol process with a fused FesCh-AhOa-KjO catalyst. 
(From Ref. 5) 

Figure 80. Comparison of the carbon number distributions of hydrocarbons and 
oxygenated molecules from fluid synthesis. (Reproduced with permission from 
Ref. 115) 

found in considerably smaller amounts than the corresponding straight- 

chain primary alcohol. Cain30 characterized many of the oxygenated com¬ 

pounds in the oil phase. The content of oxygenates in the oil phase was 

about 27 per cent, as shown in Table 92. Alcohols, acids, and carbonyl 
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Table 91. Oxygenated Compounds in Water Phase from Fluidized Synthesis 

Weight Per cent of Type Compound 
Weight Per cent of 
Total Oxygenated 

Compounds 

Weight per cent in 
Aqueous Phase 

A° Bb Cc A B c A B C 

Alcohols: 42.2 51.9 58.7 4.3 5.1 
Methanol 0.5 0.5 0.6 
Ethanol 58.2 71.0 78.6 
1-Propanol 25.3 16.7 16.1 
2-Propanol 6 0 1.5 

1-Butanol 6.8\ 

2-Methyl-1-propanol 0.7} 
7.7 (>Cs 4.6) 

1-Pentanol 1.7 (>C4 2.3) 

3-Methyl-1-butanol 0.8 

Acids: 30.4 27.0 20.7 3.1 — 1.8 
Acetic 72 67.0 48 

Propionic 18 17.4 18 

Butyric 2 12.6 14 

C5 acids 2 (>C4 3.0) (>C4 20) 

Ketones: 21.6 10.8 10.3 2.2 — 0.9 
Acetone 75.6 69.4 73 

Butanone 18.1 20.4 25 

2-Pentanone 4.9 (>C4 10.2) 

2-Hexanone 1.3 

Aldehydes: 5.8 10.3 6.9 0.6 — 0.6 

Formaldehyde trace 

Acetaldehyde 69.5 58.3 48.7 

Propionaldehyde 19.5 21.4 25.7 

Butyraldehyde 7.3 20.3 23.0 

n-Valeraldehyde 3.7 (>C4 2.6) 

Esters: 0.04 — 3.4 0.004 — 0.3 

Methyl acetate 20 

Ethyl acetate 80 

100.0 100.0 100.0 10.2 10-20 8.7 

° From Ref. 178. 

b From Ref. 40. 

c From Ref. 115. 

Table 92. Composition of Oil Phase from Fluidized Synthesis" 

Type of Compounds Estimated Weight per cent of Oil Phase 

Alcohols 8.0 

Acids 8.1 
Aldehydes + ketones 9.4 

Esters 1.5 

Hydrocarbons 73.0 

n From Ref. 30. 

compounds (aldehydes plus ketones) were present in about equal amounts, 

and the yield of esters was low. The yields of the three principal types of 

oxygenated molecules in the oil phase as a function of carbon number are 

shown in Figure 81. Above C4, where solubility in aqueous phase becomes 
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relatively unimportant, the yields of all of these components decreased 

regularly with carbon number, and the molar quantities of acids was greater 

than either alcohols or carbonyls. The branching of the carbon chain of the 

alcohols was about the same as that of the corresponding olefin; for ex¬ 

ample, the C4 alcohols contained 8 per cent 2-methyl-1-propanol and the 

C10 alcohols 52 per cent molecules with branched-carbon chains. Branch¬ 

ing in the acids was somewhat greater than in the alcohols, and the branches 

on the carbon chain appeared to be located near the carboxyl group. A 

sizable concentration of unsaturated alcohols and acids was found, in¬ 

creasing from about 2 per cent at C5 to 20 per cent at C10 . Bifunctional 

molecules, such as dibasic acids or acids containing hydroxyl or carbonyl 

groups, were not found; however, a variety of oxygenated compounds 

tigure 81. Distribution of types of oxygenated molecules in oil phase from fluid 
synthesis with iron catalysts. (Reproduced with permission from Ref. 115) 

containing aromatic structures or unsaturated bonds were present in trace 
amounts. 

Products from two nitrided iron catalysts were characterized in some 

detail at the Bureau of Mines5. Samples of the oil phases were distilled into 

100 Cl fractions from 50 to 450°C. These fractions were separated into 

hydrocarbon and oxygenated portions by chromatography, and the oxy¬ 

genated material was characterized for functional groups by chemical and 

spectrometric methods. F rom those data and an analysis of the aqueous 

phase, the product distribution diagrams in Figures 82 and 83 were con¬ 

structed. For some fractions, the analyses did not account for the entire 

product and these differences are indicated by question marks. In addition, 

alcohols were separated from the oil and aqueous phases by formation of 

half-acid phthalates. In the separation procedure, esters in the aqueous 

phase weie hydrolyzed and acids and ketones in the oil phase were not 

separated. The yields of alcohols actually separated (Table 93) were slightly 
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lower than those derived from functional group analysis in Figures 82 and 

83. Alcohols were apparently chiefly straight-chain, primary type. Esters 

were present in sizable amounts in products from the fused catalyst pro¬ 

moted with alumina. Yields of aldehydes, ketones, and organic acids were 

relatively small. The main differences between the synol and nitrided 

products were the rather rapid decrease in alcohol yield with increasing 

carbon number and the higher yields of esters from the alumina-promoted 

nitrided catalysts. 

HYDROCARBONS 

(>c4) 

>350°C 
(NOT ANALYZED) 

100- 

HYDROCARBONS 

Ci 

>c4 

>350°C 
(NOT analyzes:| 

A DistiiloNon of condensed phoses, exclusive of woter, 

ond composition of frocbons. 

B Composition of C Composition of 

condensed phoses, totol product, 

exclusive of woter exclusive of woter 

ond corbon dioxide 

Figure 82. Product from Fischer-Tropsch synthesis with nitrided fused Fe304- 
AI2O3-K2O catalyst. 1H2 + ICO gas at 21.4 atm. (Reproduced with permission from 

Ref. 5) 

Selectivity as a Function of Composition and Pretreatment of 

Iron Catalysts. In these and the subsequent pages, the factors determin¬ 

ing selectivity—catalyst composition, pretreatment, and operating vari¬ 

ables (temperature, pressure, flow, gas composition, etc.)—are considered. 

Depending upon the combination of circumstances, any of these factors 

may control the selectivity. On this basis, selectivity data must be care¬ 

fully evaluated. 
Alkali, usually potassium compounds such as KOH, K2C03 , and KN03 , 



220 CATALYSIS 

is the most important and probably the only necessary promoter for iron 

catalysts. The use of a variety of potassium salts had essentially the same 

effect on the selectivity of precipitated iron catalysts123’ m. K.W.I.123 and 

Bureau of Mines tests15 of precipitated iron or iron-copper catalysts (Fig¬ 

ures 32 and 33) indicated that the average molecular weight of the product 

increased with increasing alkali content to 1 part K2C03 per lOOFe for the 

experiments at 15 atmospheres and to the highest alkali content employed 

in tests at 7.8 atmospheres. Similarly, the average molecular weight of 

A-Distinction of con¬ 

densed phases 

exclusive of woter 
ond composition 
of fractions 

Hydrocorbons 

C, 

B-Composition of 

condensed phoses 

exclusive of woter 

-Composition of 

totol products ex¬ 

clusive of woter 
ond carbon Oi - 
oxide 

Figure 83. Product from Fischer-Tropsch synthesis with nitrided fused Fe304- 

MgO-K20 catalyst. 1H2 + ICO gas at 21.4 atm. 

products from precipitated Fe-Cu-kieselguhr catalysts98 increased with 

alkali content to 6 or 8K2CO3 per lOOFe at 5.8 and 9.7 atmospheres, but 

was essentially constant at 14.5 and 19.4 atmospheres in the range 2 to 

8K2CO3 per lOOFe. With fused and sintered catalysts, the average molecu¬ 

lar weight of hydrocarbons increased to a maximum at about 0.5K2O per 

lOOFe and then remained essentially constant (Figure 44 and Figure 47). 

Figure 84 presents the analysis of product fractions (expressed as weight- 

per cent functional group in liquid fractions) from a sintered iron catalyst 

at 21.4 atmospheres as a function of alkali content. The overall distribution 

ot products in this series of tests is shown in Figure 47. The alcohol content 
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of fractions increased with alkali concentration to about 0.5K2O per lOOFe 

and then decreased. The olefin content increased to about 0.25K20 per 

lOOFe and then decreased. a-Olefins predominated in all samples, and the 

Table 93. Alcohols Separated from Products of Nitrided 

Iron Catalysts 

Test Number X337A X349 

Catalyst F e 3O4-AI2O 3- K2O Fe304-Mg0-K20 

Composition, Weight Per cent n 

Component 
Oil 

Phase 
Aqueous 

Phase 

Total 
Condensed 
Product 

(exclusive 
Oil Phase 

Aqueous 
Phase 

Total 
Condensed 
Product 

(exclusive 
of H2O) of H20) 

Acids a 5.28 1.746 a 1.93 O^4 

Acetone a 0.12 0.046 a 0.25 .09* 

Methylethyl ketone a .09 a .11 ,046 

Methyl propyl ketone a .06 ,02b a .08 mb 
Alcohols 20.46c 14.32^ 23.80 19.49c 28.72d 28.52 

Methanol 0.06 0.51 0.23 0.11 3.30 2.18 

Ethanol 5.70 11.53 9.12 3.78 17.03 9.47 

n-Propanol 3.28 1.51 3.54 3.64 5.01 5.03 

i-Propanol 0.08 — 0.07 0.40 0.67 0.59 

n-Butanol 2.85 0.48 2.82 2.56 1.65 2.87 

i-Butanol 0.01 — 0.01 — — 

n-Pentanol 2.29 0.23 2.22 3.08 0.76 3.01 

n-Hexanol 1.89 .06 1.78 1.92 .30 1.82 

n-Heptanol 1.54 — 1.44 0.14 — 0.12 

n-Octanol 0.95 — 0.88 .03 — .02 

w-Nonanol .63 — .59) 
3-26}(V 2.90 

C10+ alcohols 1.18 — 1.10J 

— — — 0.57c — 0.5P 

Total oxygenated mol¬ 
ecules separated 

20.46 19.87 25.63 19.49 31 .09 29.38 

“ These organic molecules were not separated from oil phase. 

b Only from aqueous phase. 
c Does not include alcohols combined in esters. 
d Includes alcohols combined in esters. 
« Secondary alcohols. 

amount of internal olefins decreased with alkali content. 1 he olefin con¬ 

tent of the C3 and C4 fractions remained essentially constant. For C2 hydro¬ 

carbons, the olefin content increased slightly up to 0.2 K20 per lOOFe 

and then remained constant. In fluidized tests168'200 the alkali content had 
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a more pronounced influence on the olefin concentration of the gaseous hy¬ 

drocarbons, as shown in Table 94. Weitkamp200 reported similar data in 

which the C2-C4 hydrocarbons were characterized in detail, as shown in 

Table 95. The olefin content of the gaseous hydrocarbons from the alkalized 

□ 1 1 C,(D) ond C4(A) 1 „ 

-a-u—- zs 8 

Go»eous hyc/rocorbon* 

i_l_1- J 

Figure 84. Analysis of distillation fractions from a sintered iron catalyst as a 

function of alkali content. (From Ref. 15) 

Table 94. The Influence of Alkali Content on Olefin Content of Gaseous 

Hydrocarbons from Fluidized Synthesis'1 

k20 (%) Olefin Content of C3 + C4 Hydrocarbons (%) 

0.07 14.4 

.17 29.9 

.27 39.5 

.37 46.4 

.47 54.9 

0 From Ref. 168. 

catalyst was much greater than from the alkali-free material. No olefins 

are found in the C2 and C3 fractions from the alkali-free catalyst. Although 

the olefin content of the C4 fraction was strongly influenced by the presence 

or absence of alkali, the extent of branching of the carbon chain remained 

about the same. Further, the distribution of the double-bond position iso¬ 

mers of the n-C4 olefins from the alkali-free catalyst more nearly approached 

the equilibrium concentrations than the corresponding olefins from the 
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alkalized sample. The fraction of branched hydrocarbons in the C4 frac¬ 

tion was the same for catalysts with and without alkali, showing that chain 

branching probably results from some fundamental step in the reaction 

mechanism that is relatively unaffected by subsequent reactions. The usage 

ratio, H2/CO, for alkali-free catalysts was usually higher than for alkalized 

preparation; however, the usage ratio was constant for catalysts containing 

alkali in excess of 0.1-0.2K2O/100Fe. 

The effects of promoters other than alkali are more difficult to define. 

For a given alkali content, the average molecular weight of the product 

from precipitated catalysts decreased with increasing content of active 

Table 95. Effect of Alkali on Composition of C2-C4 Hydrocarbons'1 

Percentage in carbon number fractions. Numbers in brackets [ ] refer to alka- 

linized catalysts; numbers in parentheses ( ) refer to alkali-free catalysts. 

c c c=c 
[72] [28] 

(100) (0) 

c c c c c=c 
[28] [72] 

(100) (0) 

c c c c c c c=c cis C C=C C trans C C=C C total n-C4 

[12.2] [69.8] [3.5] [4.1] [89.6] 

(74.5) (4.4) (3.8) (5.8) (88.5) 

c c c c c=c total z -C4 

c c 
[2.0] [8.4] [10.4] 

(8.5) (3.0) (11.5) 

° From Ref. 200. 

forms of silica such as silica gel, kieselguhr, or clay. In most cases, however, 

these results may be explained by a decrease in the effective alkali content 

caused by the alkali reacting with the silica. In fused catalysts, small 

amounts of silica do not appear to produce this effect, since the alkali con¬ 

tent required for maximum activity and for the formation of a high-molecu- 

lar-weight product was about the same in the presence or absence of silica 

(Figures 41 and 44). Calcium oxide as an additive to precipitated catalysts 

of Ruhrehemie and Rheinpreussen (CaO from dolomite) was said to in¬ 

crease the average molecular weight of the hydrocarbon; however, testing 

data are not available to substantiate this statement. Furthermore, in 

the Schwarzheide comparative tests (Figure 52), the products from the 

Rheinpreussen catalyst had the lowest average molecular weight. Scheuer- 
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mann165 stated that fused alkalized iron catalysts promoted with alumina 

gave products containing a greater fraction of branched hydrocarbons and 

less olefins than similar catalysts promoted with magnesia. The chemical 

method employed to estimate the extent of branching is not very reliable, 

and the validity of the results on which this conclusion was made may be 

questioned. No other data relating chain branching to promoters other than 

alkali are available. The addition of fluorides, such as CaF2 , A1F3, and 

FeF3 was said to lower the average molecular weight of the hydrocarbons166. 

Davis and Wilson37 claimed that small amounts of organic halogen com¬ 

pounds, such as ethylene dichloride, added to the synthesis gas, continu¬ 

ously or intermittently, sizably increased the yield of C2-C4 olefins. 

The method of pretreatment of iron catalysts can frequently produce 

more drastic changes in selectivity than variation of the catalyst composi¬ 

tion. Since these data have been presented in the previous discussion on 

catalyst pretreatment, pp. 17G to 192, only a summary is given here. Pre¬ 

cipitated iron catalysts of at least moderate activity can be obtained by 

treatment with carbon monoxide, synthesis gas, or hydrogen, and in some 

cases without any pretreatment. Catalysts treated with hydrogen at tem¬ 

peratures high enough to permit the reduction of an appreciable amount 

of the oxide to metallic iron usually yield a lower average molecular weight 

product than catalysts used directly in the synthesis or those pretreated 

with carbon monoxide or H2 + CO mixtures, as shown in Table 77 and in 

Figure 63. The relative amounts of carbide and magnetite in the pretreated 

precipitated catalysts apparently is of minor importance in determining the 
selectivity. 

Nearly all fused and sintered iron catalysts require a pretreatment in 

hydrogen at temperatures greater than 400°C. Workers at I.G. Farben. 

believed that fused catalysts reduced at high temperatures yielded a higher 

average-molecular-weight product than those reduced at lower tempera¬ 
tures. Since fused catalysts sinter significantly at temperatures above 500°C, 

it was suggested that the higher-molecular-weight product of catalysts re¬ 

duced at high temperatures was related to a decrease in hydrogenating 

ability caused by sintering. However, Bureau of Mines studies indicated 

little change in selectivity of catalysts reduced at 450, 500, or 550°C. The 

extent of reduction in the range 30-100 per cent has little effect on selec¬ 

tivity. Conversion of reduced fused catalysts to Hagg carbide or cementite 

usually increased the average molecular weight of the product; however, 

since the carbided catalysts were often more active and were operated at 

lower temperatures, it is difficult to state whether the change in selectivity 

resulted from the pretreatment or the lower operating temperature. Al¬ 

though partial reoxidation ol a reduced catalyst decreased its activity, the 

average molecular weight of the products was presumably increased, since 



FISCHER-TROPSCH CATALYSTS 225 

the selectivity was about the same for reoxidized sample at 280°C and a 

reduced catalyst at 260°C. 

Conversion of all types of iron catalyst to e-nitride or carbonitride pro¬ 

duced the greatest changes in selectivity, as shown by the numerous 

examples presented in the text. 

The effect of catalyst pretreatment on the relative usage of hydrogen and 

carbon monox de is usually si ght. Only in the Ruhrchemie tests (Table 78) 

was a major change in usage ratio observed as a result of pretreatment. 

In this case the ratio H2/CO was higher after pretreatment with water gas 

than with hydrogen. 
Selectivity as a Function of Operating Variables. Satisfactory ex¬ 

perimental data on the influence of operating variables on selectivity are 

not numerous, and an effort has been made to select sound and consistent 

results. Usually no attempt will be made to interpret the data, for this 

subject will be considered in Chapter 3. 
Temperature. For a given iron catalyst, the selectivity usually varies 

with increasing temperature in the following manner: (a) the average 

molecular weight of the hydrocarbons decreases, (b) the olefin content of 

the hydrocarbons either remains about the same or increases, and (c) the 

production of oxygenated organic molecules decreases. The effect of in¬ 

creasing the synthesis temperature on average molecular weight is shown by 

medium-pressure data for precipitated catalysts of Pichler123. 

Per cent of C3+ as 

Temp. (°C) Wax Liquids C3 + C4 

235 26 56 18 

270 3 65 32 

Scheuermann165 reported more detailed studies of precipitated Fe-Cu- 

Mg0-Si02-K20 catalysts. In the first series, the space velocity was held 

at 720 hr-1 and the temperature varied from 215 to 275°C, as shown in 

Figure 85. The over-all product distribution shows that the largest changes 

were obtained in the Ci-C5 and the >350°C fractions as the temperature 

was varied. Analyses for the olefin and alcohol contents of distillation frac¬ 

tions (Figure 86) indicates that the average olefin content remained about 

constant, but the concentration of alcohols decreased with increasing 

temperature. In these tests, the conversion of carbon monoxide increased 

from 18 to T2 per cent as the temperature was raised. Similar results were 

obtained in tests in which the temperature and space velocity were varied 

simultaneous to maintain about constant conversion, except that the olefin 

content increased with temperature. 
Bureau of Mines tests of fused catalyst D3001 (Fe304-Mg0-K20) crushed 

to various particle sizes provide data for comparing the influence of tem¬ 

perature on selectivity when the conversion was held constant, as shown in 



226 CATALYSIS 

Figure 87. The gaseous hydrocarbons and the gasoline fraction (<195°C) 

doubled as the temperature was increased from 225 to 260°C, while the 

amount of heavy wax (>464°C) decreased sharply. The olefin content of 

Figure 85. Selectivity as a function of temperature with precipitated iron catalyst, 

1H2 + ICO gas, space velocity 720 hr-1, and 12 atm. (From Ref. 165) 

Figure 86. Alcohol and olefin content of distillation fractions in Figure 85 (From 
Ref. 165) 

the C2-C4 hydrocarbons and infrared analyses of the two lower-distillation 

fractions (expressed as weight per cent of functional group, OH groups in 

alcohols and C=C in a- and internal double bond olefins) are plotted as a 

function of temperature in Figure 88. The olefin content of C2 hydrocarbons 

decreased with temperature, but the unsaturation in the C3 and C4 fractions 

was constant. The olefin content of the distillation fractions remained 

essentially constant as the temperature was increased; however there was 
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Figure 87. Variation of product distribution with temperature. Fused catalyst, 

1H2 + ICO gas at 7.8 atm. (Reproduced with permission from Ref. 15) 

SYNTHESIS TEMPERATURE.'C 

Figure 88. Temperature variation of olefin and alcohol content of fractions shown 

in previous figure. (From data of Ref. 15) 

a gradual change from chiefly 1-olefins at 226°C to predominantly internal- 

double-bond olefins at 255 and 260°C. The yield of alcohol as indicated by 

OH group decreased sharply with increasing temperature. The yields of 

other oxygenated material, which were smaller than alcohols, decreased in 
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about the same manner as alcohols. The usage ratios, H2/CO, were con¬ 

stant, with average values for 5 weeks of testing being 0.78, 0.79, 0.71, 

0.79, 0.76, and 0.72 at 226, 238, 238, 253 and 260°C, respectively. The 

usage ratios in a large number of Bureau of Mines tests at 7.8 and 21.4 

atmospheres of 1H2 + ICO gas, in which the conversion was maintained 

about 65 per cent, were from 0.70 to 0.80 for temperatures varying from 

Table 96. Influence of Operating Temperature on Synthesis in 

Fixed-bed and Slurry Reactors'1 

(Operating pressure 300 psig, 2H2 + ICO gas) 

Reduced, fused Fe304-Mg0-K20 catalyst. Recycle ratio 2.0-2.5. 

Reactor 
Catalyst mesh size 

Fixed bed 
7-14 

Slurry 
<200 

Temperature, °C 265 300 265 300 

Space velocity, hr-1 427 1087 — — 

Liter per gram per hr 0.21 0.53 0.64 0.89 

Synthesis gas consumed per cent 89.2 89.2 66.6 84.2 

Usage ratio, H2/CO 1.86 1.81 1.40 1.72 

Yield, g/m3 (weight % of total) 

ch4 33.0 37.5 11.5 22.6 

C2-C4 48.1 56.9 48.6 63.3 

C5+ 80.3 75.0 71.0 78.8 

Aqueous alcohol 3.2 2.1 8.0 9.5 

Aqueous acids 1.3 1.9 1.6 1.6 

Distillation of C5+ , wt-% 

<200°C 65.8 73.2 44.6 73,7 

200°-300°C 20.4 14.0 21.1 16.8 
>300°C 13.8 12.8 34.3 9.5 

Analysis of 80-150°C fraction 

Olefins, weight per cent 51.2 68.4 59.0 64.5 
OH number, mg KOH/g 42.6 52.8 122.5 52.2 
Acid number, mg KOH/g 4.1 7.6 8.4 5.3 
Ester number, mg KOH/g 4.3 11.5 1.8 3.8 

“ From Ref. 74. 

215 to 280°C. Koelbel and Engelhardt102 suggested that the usage ratio in¬ 

creased with decreasing temperature; however, this occurs only when the 

conversion decreases with decreasing temperature; for example, in tests at 

constant space velocity in which the temperature is varied. Since the same 

results are obtained when conversion is varied at constant temperature, the 

usage ratio is considered to be primarily a function of conversion. 

Hall, Gall, and Smith74 studied the influence of temperature on synthesis 

in fixed-bed and slurry reactors, as shown in Table 96. In the slurry reactor 

the amount of products, especially the >300°C fraction, must be inter- 
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preted with caution, since this material is a mixture of fresh product and 

suspension oil. In these experiments, the average molecular weight de¬ 

creased with increasing temperature and the olefin content of the 80-150°C 
cut increased. 

The products from the fluidized synthesis are (pp. 210 to 218) exceptional 

in that high yields of 1-olefins and oxygenated molecules are produced at 

high temperatures, 315-340°C. In addition, the usage ratio, H2/CO, is 

high, often exceeding 274. Apparently the high space velocity together with 

recycle remove the products from the reaction zone before subsequent re¬ 
actions occur. 

Synthesis Pressure. Usually the average molecular weight of hydrocarbons 

increases with pressure to a maximum in the range of 10 to 30 atmospheres; 

Table 97. Selectivity as a Function of Pressure2 

(Precipitated iron catalyst with 1H2 + ICO gas, temperatures not specified) 

Pressure, atm., absolute 1 3 5 10 20 
Conversion of CO, % 95 75 70 75 75 

Yield of C3+ , g/m3 90 98 86 118 120 

Liquid plus solids, wt-% 

Gasoline 57 32 30 25 22 

Diesel oil 24 30 25 20 22 

Wax 19 38 45 55 56 

Olefin content, vol % 

Gasoline 68 64 63 62 63 

Diesel oil 41 48 49 47 46 

° From Ref. 145. 

however, there are some exceptions; for example, the data of Pichler131 

(Table 76) indicate that the selectivity at 1 and 10 atmospheres was about 

the same. In the atmospheric-pressure test, however, the catalyst was 

solvent extracted at frequent intervals. Roelen145, on the other hand, found 

an increase of average molecular weight with synthesis pressure up to 10 

atmospheres, as shown in Table 97. (In these and tests described subse¬ 

quently, the catalysts were not extracted.) Although the product distribu¬ 

tion changed considerably, the olefin content of the gasoline and diesel oil 

fractions was about constant. In Bureau of Mines tests15 shown in Table 

98 (activity data for these experiments are given in Figure 72), the average 

molecular weight of hydrocarbons from precipitated and sintered catalysts 

decreased slightly when the pressure was increased from 7.8 to 21.4 atmos¬ 

pheres, whereas for the reduced and nitrided fused catalysts, the molecular 

weight increased. The olefin content of the distillation fractions was ap¬ 

proximately the same at both pressures; however, the fraction of unsatu- 
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rates as 1-olefins increased with pressure. The yield of oxygenated molecules, 

especially alcohols, increased with pressure except for the nitrided catalyst, 

where the yield of oxygenates was high at both pressures. The usage ratio, 

H2/CO, usually increased slightly with pressure (Table 75). Under com¬ 

parable conditions using precipitated catalysts with 0.64-0.71 H2 + ICO 

Table 99. Influence of Operating Pressure on Synthesis in 

Fixed-bed and Slurry Reactors'* 

(2H2 + ICO gas on reduced fused Fe304-Mg0-K20 catalysts) 

Reactor Fixed Bed Slurry 

Pressure, atm. 21.4 41.8 21.46 31.6 41.8 

Temperature, °C 250 250 265 265 265 

Space velocity, hr-1 427 821 — — — 

Liter/g/hr 0.20 0.39 0.78 1.15 1.59 

Recycle ratio 2.3 2.3 6.0 5.2 5.5 

Synthesis gas consumed, % 82.1 84.8 75.9 74.7 69.6 

Usage ratio, H2/CO 1.79 1.88 1.436 1.57 1.48 

Yield, g/m3 

Ci 29.0 24.5 18.2 14.9 12.7 

c2-c4 46.0 52.0 38.5 36.9 37.0 

C&+ 90.5 93.6 96.0 91.0 86.0 

Aqueous alcohol — — 10.5 9.7 7.3 

Aqueous acids — — 2.1 2.8 4.3 

Distillation of C5+ , wt-% 

<200°C 61.5 52.7 51.2 49.6 46.9 

200-300°C 19.7 25.1 15.0 15.5 15.6 
>300°C 18.8 22.2 33.8 34.9 37.5 

Analysis of 80-150°C fraction 

Olefin content 43.7 42.1 72.0 62.8 50.6 
Hydroxyl number, mg KOH/g 41.0 48.0 70.0 95.9 143.0 
Acid number, mg KOH/g 3.9 3.9 7.7 14.1 23.0 
Ester number, mg KOH/g 6.5 1.1 16.8 20.9 37.3 

a From Ref. 74. 

b In this experiment, H2/CO of feed gas was 1.85. 

gas, Pichler123 observed the following usage ratios, 0.59, 0.60, 0.62, and 0,69 
at 5, 15, 30, and 80 atmospheres, respectively. 

Hall, Gall, and Smith74 investigated the influence of operating pressure 

from 21.4 and 41.8 atmospheres on selectivity in fixed-bed and slurry 

reactors, as shown in Table 99. The average molecular weight increased 

with pressure. For slurry tests, the fraction of olefins in the 80-150°C frac¬ 

tion decreased and the alcohol content increased with increasing pressure. 

Similar trends were observed for fixed-bed products, but the magnitude of 
the changes was very much smaller. 
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Synthesis tests at 50 atmospheres and higher pressures in Table 100 indi¬ 

cate that both selectivity and activity are inferior with respect to synthesis 

at 12 atmospheres. At 50 and 200 atmospheres, the catalyst yielded a lower 

average molecular-weight product containing a large fraction of oxygenated 

material. The effect of pressure on selectivity may be tentatively sum¬ 
marized as follows: with increasing pressure 

(a) The average molecular weight of the hydrocarbons increases to a 

Table 100. Comparison of Synthesis at 12, 50, and 200 Atmospheres 

on Precipitated Fe-Cu-Mg0-K2C03 Catalysts11 

(1H2 + ICO at space velocity of 240 hr-1) 

Catalyst A A B B 

Pressure, atmospheres 12 50 12 200 
Temperature, °C 215 225 215 265 
CO conversion, % 29 30 32 31 

Liquid + solid hydrocarbons6 g/m3 56 48 61 52 

Ci-C6 , g/m3 3 12 4 11 

Distillation data, % 

<195°C 17 41 7 34 

195-320°C 12 28 7 17 

320-450°C 21 17 14 19 

>450°C 50 12 72 30 

Olefins in fractions, % 

195-250°C 48 23 — 44 

250-320°C 48 20 — 39 

320-450°C 36 18 41 44 

Alcohols in fractions, % 

195-250°C 16 57 — 23 

250-320°C 18 57 — 32 

320-450°C 27 43 13 42 

a From Ref. 165. 

6 Include oxygenated organic molecules. 

maximum value in the range 10-40 atmospheres, the maximum probably 

varying with both the catalyst type and operating conditions. 

(b) The olefin content of various fractions remains essentially constant 

at least up to the pressure corresponding to the maximum in molecular 

weight of hydrocarbons described in (a). 
(c) The concentrations of alcohols and other oxygenated molecules in 

the hydrocarbon and water phases increase at least to 50 atmospheres 

and probably to even higher pressures. 
(d) The usage ratio (H2/CO) remains constant or increases slightly. 

Gas Composition. Usually the usage ratio, H2/CO increases, and the 
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average molecular weight and the olefin content of the product decrease as 

the H2/CO ratio of the synthesis gas is increased. Data of Scheuermann 

(Figure 89) on a magnesia-promoted precipitated catalyst indicate that 

although the total yield of hydrocarbons was greater with 2H2 + ICO gas 

than with 1H2 + ICO, the yield of product boil'ng above 320°C was sizably 

diminished and the yields of C1-C5 hydrocarbons and gasoline were cor¬ 

respondingly increased. Less olefins and alcohols were found in the inter¬ 

mediate distillation fractions from 2H2 T- ICO gas. 
At the Bureau of Mines, reduced and reduced-and-nitrided fused cata¬ 

lysts (D3001) were tested at 21.4 atmospheres with synthesis gas having 

different ratios of hydrogen to carbon monoxide, as shown in Figure 90. 

2/1 

82 

c,-c5 

<195° 

-^ 
I95--320 

320°-450° 

L >450° 

Figure 89. Selectivity as a function of gas composition. Precipitated iron catalyst, 

250°C, 12 atm., and a space velocity of 720 hr~1. (Data of Ref. 165) 

The results of tests of reduced catalysts with gas of H2,/CO ratios of 0.7 

and 1.0 were not greatly different; however, with 2H2 + ICO the average 

molecular weight of the product was appreciably decreased, the largest 

differences from the tests with 1H2 + ICO gas being observed in the 

gaseous hydrocarbon and the heavy-wax (>464°C) fractions. The yields 

of olefins and oxygenates show no particular trend. Products from nitrided 

catalysts had a lower average molecular weight and lower olefin content 

when tested with 2H2 + ICO gas than with 1H2 + ICO. 

The usage ratio, H2/CO, increases with increasing ratio of H2/CO in the 

inlet gas, but for usual fixed-bed experiments (without recycle) at relatively 

high conversion, 65 to 75 per cent, the usage ratio is always somewhat less 

than the H2/CO ratio of the inlet gas. Data in Figure 91, for tests of pre¬ 

cipitated catalysts by Pichler123 and for Bureau of Mines experiments with 

fused catalysts, are plotted as the ratio of moles of hydrogen consumed to 
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Figure 90. Selectivity as a function of gas composition with fused iron catalyst 

(Fe304-Mg0-K20) at 21.4 atm. 
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Figure 91. Relative usage of H2 and CO as a function of gas composition with 

iron catalysts at 5-12 atm. 
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total moles of H2 + CO consumed against moles H2 per total H2 + CO in 

feed gas. 
Conversion, Gas Flow and Recycle*. The effect of conversion, gas flow, 

and recycle on selectivity has not been completely determined. Without 

recycle, conversion and gas flow at a given temperature are interrelated, 

the fraction of the gas converted decreasing with increasing flow. Data of 

Scheuermann166 for a precipitated iron catalyst at 240°C are erratic. The 

yields of gaseous hydrocarbons increased with flow over the range of space 

velocities studied, 240 to 2,400 hr-1. The olefin and alcohol concentrations 

in distillation fractions varied in an irregular manner, and the only conclu¬ 

sion that can be drawn is that the concentration of these molecules is rela¬ 

tively independent of flow, possibly increasing slightly at high-space 

velocity. The use of moderate recycle ratios up to two volumes of recycle 

gas/volume of fresh feed has no effect on the olefin content of products, as 

shown in Figure 92. In fluidized studies200, a fourfold variation of recycle 

ratio produced no consistent variations in olefin content. However, the 

large alcohol yields from the synol process (Table 90) must be largely 

attributed to the high recycle ratio employed, since the same catalyst, 

operated without recycle and at somewhat higher temperature in the 

Schwarzheide tests (see I.G. Farben. catalyst in Figure 52), produced con¬ 

siderably smaller quantities of alcohols. The difference in these yields seems 

larger than would be expected for the same temperature increment without 

recycle. Less detailed synol data in Table 101 demonstrates the increase in 

alcohol content and the shift in production ratio, H20/C02, with recycle. 

The yields of alcohols from the fluidized process are considerably greater 

than would be expected from an extrapolation of synthesis data at low 

temperatures, 200-270°C to 315-340°C, and the selectivity in the fluid 

synthesis probably results from the high space velocity and the moderate 

recycle ratio employed. 

The relative usage of hydrogen and carbon monoxide is strongly in¬ 

fluenced by the conversion. Data for tests of 1H2 + ICO on fused catalyst 

D3001 (Figure 93) are typical of most experiments with 1H2 + ICO gas. 

The usage ratio decreased with conversion from a high value, possibly 

approaching 2, for zero contraction and passed through a minimum at 30 

to 40 per cent conversion. The usage ratio usually increases with recycle 

ratio, as shown ’by data from the Bureau of Mines oil circulation pilot 

plant36, in Table 102. With 1.3H2 + ICO gas, the usage ratio approaches 

the feed ratio only at moderately high recycle. Similarly, with 1H2 + ICO 

gas, the usage ratio increased with recycle, but equalled or exceeded feed 
ratio at low-recycle ratios. 

* In these experiments the recycle gas was cooled to about room temperature 

before reentering the reactor. In this process most of the water and liquid hydro¬ 

carbons was condensed and removed in the recycle system. 
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Ruthenium Catalysts 

According to Pichler131, studies of the hydrogenation of carbon monoxide 

on ruthenium catalysts at high pressures were initiated at the Kaiser 

Wilhelm Institut in an attempt to produce carbohydrates. Although carbo- 

4 

O 
o 

Figure 92. Variation of olefin content with carbon number for synthesis on a pre¬ 

cipitated iron catalyst. (From data of Ref. 198) 

Table 101. The Influence of Recycle Ratio on Selectivity" of 

Fused-iron Catalyst 

(Space velocity (fresh feed) = 350 hr-1; pressure = 25 atm.) 

Recycle Ratio Temp. (°C) 

Alcohol Content in Fractions (%) 
Production Ratio 

230~350°C 350-400°C 
h2o/co2 

0 189 55-60 45-55 0.7 

10-15 183 70-75 70-80 9.0 

“ From Ref. 137. 

hydrates were not obtained, the synthesis at high pressures yielded very 

high-molecular-weight paraffins. Studies were also made of the high- 

pressure synthesis on other platinum-group metals. Rhodium and osmium 

were moderately active catalysts, but platinum, palladium, and iridium 

had low activity. Rhodium catalysts produced sizable yields of oxygenated 

material and less wax than ruthenium. Osmium catalysts required higher 

operating temperatures and produced larger yields of gaseous hydrocarbons. 
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Preparation and Pretreatment of Catalysts 

Relatively pure ruthenium dioxide containing only traces ol impurities, 

such as those carried over from the original ruthenium or introduced in the 

preparation, was one of the best catalysts. No promoters or supports were 

Figure 93. Variation of usage ratio with conversion on fused catalyst D3001 at 

100 psig with 1H* to ICO gas. (Reproduced with permission from Ref. 15) 

Table 102. Variation of Usage Ratio with Recycle Ratio0 

(Bureau of Mines oil circulation pilot plant. 1.3H-2 + ICO gas at 20 atm. and 231- 

238°C. Space velocity of fresh feed 230 hr-1) 

Recycle Ratio, End Gas to 
Fresh Gas CO2 in End Gas (%) Usage Ratio, H2/CO 

i 27.4 0.99 

2 25.1 1.03 

3 23.4 1.15 

4 22.9 1.13 

5 21.5 1.15 

6 20.3 1.22 

7 21.5 1.21 

° From Ref. 36. 

found that improved the behavior of ruthenium catalysts. Ruthenium di¬ 

oxide was prepared from commercial ruthenium powder in the following 

way126: A mixture of IRu: 10KOH: 1KN03 was fused in a silver crucible. 

One to 2 hours were required to completely dissolve the ruthenium. The 

mass was cooled and dissolved in water to give a deep red solution of po¬ 

tassium ruthenate. The solution was heated to boiling and methyl alcohol 
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was added dropwise to reduce the potassium ruthenate to ruthenium di¬ 

oxide. The finely-divided oxide settled after a few hours and was filtered on 

a fritted plate, washed with a nitric acid solution and finally with distilled 

water, and dried at 110°C. Reduction could be accomplished with either 
hydrogen or synthesis gas. 

Operating Conditions and Selectivity 

With sulfur-free 2H2 + ICO gas, long periods of operation at constant 

activity and selectivity were possible. In one experiment at 195°C and 100 

atmospheres, the activity and selectivity were constant during a 6-month 

test. Although the ruthenium was not oxidized or carburized, operating 

conditions were favorable for the formation of the volatile carbonyl, 

Ru(CO)4 ; however, if carbonyl formed to any great extent, it did not 

Table 103. Synthesis with Ruthenium Catalysts at Various Pressures'1 

(2H2 + ICO gas at 180°C) 

Per cent of Reacted Carbon Monoxide to 

Pressure (atm) 
Carbon Monoxide, 

Conversion (%) 

Wax 
Liquid Gaseous 

Hydrocarbons Hydrocarbons 

1 

50 

0 

48 46 33 21 

100 68 53 31 16 

1000 92 59 26 15 

0 From Ref. 131. 

impair the activity. The selectivity of tests in which the catalyst was used 

in a fixed bed, or as a suspension in neutral oil, concentrated solutions of 

alkali, or dilute acid solutions, was about the same. In the absence of 

carbon monoxide, ruthenium catalysts hydrogenated carbon dioxide to 

methane at temperatures even below 100°C. However, appreciable hy¬ 

drogenation of carbon monoxide proceeded only at temperatures above the 

melting point of the highest-melting waxes produced, that is, above 134°C. 

In the presence of carbon monoxide, carbon dioxide was not hydrogenated. 

The ruthenium catalysts were more susceptible to sulfur poisoning than 

cobalt catalysts. 
Conversion increased rapidly with both synthesis temperature and pres¬ 

sure, as shown in Figure 94. Appreciable conversions were usually not ob¬ 

tained at pressures lower than 15 atmospheres. Table 103 presents typical 

products from the synthesis at 180°C. As the pressure was increased, the 

yield of wax increased at the expense of the liquid and gaseous hydrocar¬ 

bons. 
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The usage ratio, II2/CO, varied from 1.9 to 2.3 over a wide range of 
operating conditions, as shown in Table 104. In experiments at high tem¬ 
peratures, the greater relative usage of hydrogen to produce the large 
yields of methane was compensated by increased production of carbon 
dioxide so that the usage ratio remained about 2. In tests at 100 atmos¬ 
pheres and 230°C, in which the conversion was varied by changing the 
space velocity, the usage ratio decreased as the conversion was increased. 
Methane production appeared to decrease with increasing conversion. In 
experiments at 100 and 1,000 atmospheres, both methane and carbon di¬ 
oxide production was high at temperatures of 300°C and higher. 

Waxes from ruthenium catalysts were fractionated by extraction with 
different solvents at various temperatures128. Of the waxes produced at 

Figure 94. Variation of the extent of conversion with pressure on ruthenium 

catalysts. (From Ref. 126) 

100 and 1,000 atmospheres, about 13 and 50 per cent, respectively, melted 
at temperatures above 126°C, as shown in Table 105. The physical prop¬ 
erties of the fractions separated from the 1,000-atmosphere wax are given 
in Table 106. The molecular weights of these waxes, from the boiling point 
elevation of toluene, were remarkably high, and these are probably the 
highest-melting waxes ever prepared. As the molecular weight increased, 
the melting point increased asymptotically toward a constant value, about 
134°C. 

Waxes from Pichler’s ruthenium catalyst were virtually oxygen-free. The 
elemental analyses for carbon and hydrogen, respectively, varied from 
85.4-85.5 per cent and 14.2-14.5 per cent, corresponding to the empirical 
formula CH 2.00-2.04 • Bromine and acid numbers for the waxes were zero 
within experimental error. 

In patents, Howk and Hager90 and Gresham69 claimed high yields of 
primary straight-chain alcohols from the hydrogenation of carbon monoxide 
in the presence of ruthenium suspended in primary alcohols or water. A 
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Table 104. Usage Ratio and Production op Carbon Dioxide and 

Gaseous Hydrocarbons on Ruthenium Catalysts® 

Pressure (atm.) Temp. (°C) Usage Ratio, 
ft/CO 

Grams per m3 In-Gas 
Conversion, 

(%) 
co2 CH46 

100 200 2.18 0.0 16.5 
240 2.18 .0 22.9 
260 2.18 11.8 35.0 
280 2.18 25.3 55.4 
300 2.21 35.3 71.4 
320 2.14 88.4 127.2 
340 1.99 123.6 133.0 
360 1.99 123.6 134.4 
380 2.00 131.5 145.8 
400 2.03 143.3 144.5 

1000 300 1.92 94.2 132.0 
400 1.96 104.0 123.0 
500 1.97 110.0 117.1 

100 230 2.08 2.0 25.7 81 
2.12 0 32.8 79 
2.20 0 42.2 69 
2.20 0 44.3 62 
2.24 11.8 31.4 56 
2.26 0 38.6 50 
2.53 23.6 30.0 36 

° From Refs. 126 and 127. 
b Gaseous hydrocarbons computed as CH4 . Carbon numbers varied from 1.0 to 

1.4. 

Table 105. Fraction of Wax from Ruthenium Synthesis® 

Pressure (atm.) Fraction Solvent Extraction 
Temp. (°C) 

Per cent 
Dissolved 

Melting 
Point (°C) 

100 1 Benzene 20 34 50-60 
2 Benzene 80 53 113 

3 Residue — 13 126-128 
4 Toluene 110 b 132 

1000 1 n-Pentane 34 30-33 51-57 
2 w-Hexane 68 1TG7 93-95 

3 Gasoline 90 14-16 121-123 

4 n-Heptane 98 20-25 130 

5 Gasoline 121 12-15 132-134 

“ From Ref. 128. 
b Traces of wax extracted from catalyst. 
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variety of active compounds of ruthenium were described including oxides, 

carbonyls, hydrocarbonyl, and salts of organic acids, either alone or de¬ 

posited on various carriers. Ruthenium dioxide prepared by the method 

of Pichler was active in this synthesis. Operating conditions were essentially 

the same as those employed by Pichler, pressure 300-1,000 atmospheres 

and temperature 175-225°C. The only major difference between the wax 

synthesis of Pichler and this alcohol synthesis appears to be the suspension 

of the catalyst in a primary alcohol or water in the alcohol synthesis. Part 

of the alcohol suspension medium participated in the synthesis or was 

removed by other reactions. Gresham69 claimed that the presence of alka¬ 

line substances, such as NaOH, KHC03, and NH3, in the suspension 

medium to maintain the pH in the range of 7.0 to 11.5 prevented the for¬ 

mation of high-molecular-weight alcohols. 

Table 106. Properties of Wax Fractions from the 1000 
Atmosphere Synthesis'* 

Fraction6 
Melting 

Range (°C) 

Density (°C) Average 
Molecular 

Weight 

Viscosity, centistok.es, (°C) 

20 150 150 180 

1 51-57 — — — — — 

2 92-95 — 0.765 760 6 4 

3 121-122 0.966 .778 1750 29 17 
4 129-130 .978 .783 6750 870 410 

5 132-134 .980 .786 23000 35600 15800 

° From Ref. 128. 
6 Fractions described in Table 105. 

Sulfur-Poisoning of Fischer-Tropsch Catalysts 

Sulfur compounds are permanent poisons for cobalt, nickel, iron and 

ruthenium catalysts in the Fischer-Tropsch synthesis, as well as in other 

catalytic reactions such as the synthesis of methane and ammonia, the 

water gas shift reaction*, and the deposition of elemental carbon from 

carbon monoxide. Poisoning of metallic catalysts by sulfur compounds 

was known from earlier studies of the ammonia synthesis, and similar 

poisoning effects were found early in the research on Fischer-Tropsch 

catalysts. Actually the available literature contains few detailed studies of 

sulfur-poisoning of Fischer-Tropsch catalysts, and usually the workers were 

satisfied to establish a reasonable upper limit for sulfur concentration. Few 

experimental data are available that give any fundamental information 

regarding the mechanism of the poisoning process. Presumably sulfur com- 

* Iron water-gas shift catalysts are an exception in that the tolerance to sulfur 
compounds is relatively high. 
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pounds are chemisorbed relatively permanently on the catalyst surface 

and migrate only slowly if at all. Thus, in a fixed-catalyst bed, the sulfur 

compounds may be expected to be largely removed by the inlet portion 

of the catalyst, and the activity will decrease only slowly until the zone of 

poisoning has progressed through the entire bed. Similar preferential 

poisoning probably occurs in the pores of catalyst particles, but its dele¬ 

terious effect on activity may be more drastic204. Poisoning in fluid- or other 

moving-catalyst beds should be more serious, since all of the catalyst may 

be exposed to the inlet gas and usually no portion of the catalyst acts as a 
purifier. 

Sulfur compounds are classified as hydrogen sulfide and organic sulfur, 

the latter including virtually all other volatile sulfur compounds; for ex¬ 

ample, carbonyl sulfide, carbon disulfide, thiophene, mercaptans, thioethers, 

etc. The classical purification methods, the coarse and fine purifications 

with iron oxide, as employed in the German Fischer-Tropsch plants, have 

been described by Storch181. Research at the Bureau of Mines labora¬ 

tories162' 203 has shown that the removal of sulfur compounds from synthesis 

gas under pressure by activated charcoal is advantageous. Recently, 

processes for removal of sulfur compounds by low temperature ( — 40°C) 

scrubbing in liquids, such as methanol, have been described. Sulfur com¬ 

pounds usually arise from sulfur present in the raw material from which 

the synthesis gas is produced, such as coal; however, occasionally disastrous 

concentrations of hydrogen sulfide are produced by bacterial reduction of 
sulfates in gasholder water70’71 ■ 174■ 176. 

For most purposes the sulfur content of synthesis gas of 0.2 gram per 

100 m3 or 0.87 grains per 1,000 ft3* chosen by Fischer48, maybe regarded 

as a satisfactory “economic” upper limit. The amount of sulfur required 

to completely inactivate a catalyst is not well defined and presumably 

depends upon the composition and type of preparation, as well as the mode 

of operation. In any case, this amount of sulfur is very much less than that 

required to convert all of the metal to a sulfide. An experiment of Pichler 

and Merkel129 demonstrates this point. An active iron catalyst, after use in 

the synthesis, was extracted with a diesel fuel containing sulfur compounds. 

This treatment rendered the catalyst completely inactive, although thermo- 

magnetic analysis indicated that the composition of the poisoned catalyst 

was essentially the same as the active catalyst. 

Hydrogen sulfide and organic sulfur are permanent poisons for Fischer- 

Tropsch catalysts; that is, after poisoning, the activity does not return to 

its original value when sulfur-free gas is passed over the catalyst. Rela¬ 

tively mild treatment of the poisoned catalyst, such as hydrogenation or 

oxidation with air or steam under conditions that do not drastically alter 

* 1 gram/100 m3 = 4.37 grains/1000 ft3. 
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the properties of the catalyst, does not usually improve the activity62. Re- 

preparation of precipitated catalysts by dissolution in nitric acid and 

reprecipitation yields catalysts of high activity62 and, similarly, refusion of 

fused catalysts should be expected to yield materials of essentially the 

same activity as the original catalyst. Although the presence of sulfates m 

solutions used in the preparation of precipitated catalysts is usually con¬ 

sidered undesirable, the activity is often not greatly decreased. This result 

is not unexpected, since efficient washing of the precipitate may remove 

most of the occluded sulfate ions. Roelen reported that the presence of 

sulfate ion in solutions at concentrations up to 8 per cent does not ap¬ 

preciably decrease the activity of precipitated cobalt catalysts. Howevei, 

in technical preparations, the solutions usually contained calcium ions, and 

calcium sulfate precipitated in the catalyst had a detrimental effect on 

activity. Fischer and Tropsch62 reported that small amounts of impregnated 

potassium sulfate (e.g., 1 per cent) produced the same increase in activity 

of an iron catalyst as the equivalent amount of potassium carbonate, 

whereas potassium sulfide completely inactivated the catalyst. Experiments 

of Frear and Shultz63 demonstrated that sulfur dioxide was only a tempo¬ 

rary poison (similar to water and oxides of carbon) for iron catalysts in the 

ammonia synthesis. From these data it may be inferred that oxides of sulfur 

are at most mild poisons compared with hydrogen sulfide and organic sulfur. 

Steinbrecher177 stated that the poisoning action of organic sulfur com¬ 

pounds for cobalt catalysts in order of decreasing effectiveness was: Thio¬ 

phene and other ring-substituted sulfur compounds, mercaptans, carbon 

disulfide and carbon oxysulfide. It was postulated that ring-substituted 

compounds are less strongly adsorbed and hence penetrate to a greater 

depth of the catalyst bed than molecules without the cyclic structure. 

Karzhavin94 cites Russian data on the thermodynamics of the reaction 

3Ni + 2H2S = NFS2 + 2H2. 

At 180°C, under synthesis conditions, a concentration of H2S corresponding 

to 0.45 g S/100 m3 is required for formation of Ni3S2 . Since this equi¬ 

librium concentration is more than twice the upper “economic” limit of 

sulfur tolerance, it was inferred that surface atoms are more reactive and 

adsorb sulfur compounds at considerably lower concentrations than re¬ 

quired for producing bulk-phase sulfide. This concept is consistent with 

observations on the poisoning of iron catalysts in the ammonia synthesis, 

where the concentration of water vapor required to inactivate the catalyst 

was 0.1 per cent of that required to produce magnetite2' 26■ 63. 

Cobalt and Nickel Catalysts 

Herington and Woodward82 studied the poisoning of a pelleted Co-Th02- 

kieselguhr catalyst at atmospheric pressure. Hydrogen sulfide was added 
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intermittently by dropping pellets of cadmium sulfide into acid in a suit¬ 

able vessel in the gas inlet system. In all cases, the hydrogen sulfide was 

completely adsorbed by the catalyst. The data were reported as relative 

yields of condensed and gaseous (average carbon number = 1.7) hydro¬ 

carbons, as shown in Table 107. Initially, as the sulfur content of the 

catalyst increased, the relative yields of condensed hydrocarbons increased 

and the formation of gaseous hydrocarbons decreased. At about 8 mg sulfur 

per gram of catalyst (approximately 24 mg per gram of cobalt), the cata¬ 

lytic activity had decreased sufficiently to require a higher reactor tempera¬ 

ture to maintain a moderate conversion. Under these conditions, the yields 

of condensed hydrocarbons decreased and gaseous products increased. A 

similar initial increase in average molecular weight was observed in the 

addition of carbon disulfide. On a partly sulfur-poisoned catalyst, liquid 

Table 107. Sulfur-Poisoning of Co-ThCq-KiESELGUHR Catalyst0 

Sulfur Added, mg/g of 
Catalyst Catalyst Temp. (°C) 

Relative Yields of Hydrocarbons 

Condensed Gaseous 

0.00 183 1.00 1 .00 
.67 183 2.3 1.0 

3.50 183 2.1 0.8 
7.94 183 —■ .5 
7.94 195 2.0 1.3 

13.4 195 1.5 — 

33.5 207 1 .2 2.1 

° From Ref. 82. 

hydrocarbons were produced in synthesis with 1.4H2 + ICO gas at 300°C. 

It must be concluded that small quantities of sulfur increased the average 

molecular weight of synthesis products. It has been demonstrated by 

Craxford35 and others that hydrocracking reactions occur in the synthesis 

with cobalt catalysts, and with freshly reduced catalysts or at very high 

conversion, may decrease the average molecular weight of products appre¬ 

ciably. Apparently sulfur-poisoning decreases the magnitude of the hydro¬ 

cracking reactions. If the conversion at the start of the experiments was 

very high, merely poisoning of the initial portion of the catalyst bed would 

be sufficient to explain the observed results; however, it is also possible that 

poisoning preferentially destroys the activity of portions responsible for 

hydrocracking. Data are not sufficient to demonstrate which mechanism 

is predominant; however, the following experiment seems to indicate that 

sulfur is strongly adsorbed at the inlet portion of the bed: A catalyst was 

progressively poisoned with organic sulfur in the synthesis at 200°C. By 

the time 19.4 mg of sulfur per gram of catalyst had been introduced, the 
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contraction had decreased from the initial value of 59 to 38 per cent. In an 

attempt to remove sulfur by hydrogenation, the sample was heated in 

pure hydrogen at 375°C for 14 hours. No hydrogen sulfide was evolved. 

After this treatment, the contraction observed in synthesis at 200°C was 

only 10 per cent. A similar treatment of an unpoisoned catalyst at 375°C 

caused no decrease in contraction. The authors postulated that a redistri¬ 

bution of sulfur occurred during the hydrogenation. Data of Alberts131 

show the sulfur concentration of a cobalt catalyst as a function of bed 

length after a year of synthesis at 10 atmospheres. The inlet portion of the 

catalyst contained about 0.8 per cent sulfur, and the sulfur content de¬ 

creased progressively to a very low value at about half of the bed length. 

About 40 per cent of the sulfur in the inlet portion of the bed was present 

as sulfate, possibly due to oxidation of sulfides by traces of oxygen in the 

synthesis gas. 
Weingaertner177 of Brabag reported analyses of a standard German 

cobalt catalyst after synthesis with a gas containing 0.45 g S per 100 m3. 

The inlet portion of the catalyst bed contained 1.62 per cent sulfur and the 

outlet portion 0.25 per cent. The average sulfur concentration was 0.30 

per cent. The sulfur in the gas passed over the catalyst was equivalent to 

0.2 per cent of the weight of the catalyst and the sulfur content of fresh 

catalyst was about 0.1 per cent. Thus, virtually all of the sulfur was ad¬ 

sorbed in the catalyst bed. On this basis, a catalyst should have a longer 

life in a second than in the first stage, and the author stated maximum lives 

of 4,000-5,000 hours in Stage II compared with 3,000 hours in Stage I. 

The following data for the average contraction in 2,000 hours for catalysts 

n the first stage as a function of sulfur content were given: 

Sulfur Content, g/100 m3 Average Contraction (%) 

0.4-0.5 50 
0.7-0.8 35 

The poisoning of nickel catalysts by H2S and CS2 was studied by Fuji- 

mura, Tsuneoka, and Kawamichi65. Data for synthesis at 200°C and 

atmospheric pressure (Figure 95) indicate that poisoning by H2S and CS2 

is similar on a given catalyst; however, catalysts of different compositions 

do not respond in the same manner. For the Ni-Mn-Th02-kieselguhr prep¬ 

aration, the activity (expressed as apparent contraction) and the selectivity 

(yield of liquid hydrocarbons divided by contraction) decreased mono- 

tonically with sulfur content. The activity and selectivity of Ni-Mn- 

bleaching earth-kieselguhr increased to a maximum and then decreased as 

the sulfur content increased.The sulfur content required to decrease the 

contraction to half its original value was 50-100 mg S/g Ni for the Ni-Mn- 

Th02-kieselguhr catalyst and 154 for Ni-Mn-bleaching earth-kieselguhr. 

The increased hydrocarbon yields observed with the latter catalyst at low- 



FISCHER-TROPSCH CATALYSTS 247 

sulfur contents are similar to the results of Herington and Woodward for 
cobalt catalysts. 

Fischer and Meyer04 studied the poisoning of a nickel-cobalt-silicon 

skeletal catalyst in the synthesis with 2H2 T- ICO gas containing 30 grams 

sulfur per 100 m3. The contraction decreased from 57 to 29 per cent in the 

first 47 hours. At this point, the catalyst was boiled in a sodium hydroxide 

solution for 30 minutes. The activity was partially restored, and on re¬ 

suming synthesis the contraction decreased from 53 to 27 per cent in 48 

hours. After a second sodium-hydroxide treatment, the conversion dropped 

Figure 95. Sulfur poisoning of nickel catalysts. (From data of Ref. 65) 

from 51 to 15 per cent in 40 hours. Further treatment with sodium hydrox¬ 

ide did not restore the activity. In the experiments, about 0.24 mg S was 

introduced per gram Co + Ni per hour, and the addition of 12 mg S per 

gram Co + Ni (in 48 hours) decreased the conversion to less than half. 

The activation by alkali-treatment may have resulted from the formation 

of fresh surface by further leaching of the silicon from the alloy. 

Workers of the Gas Research Board22’205 have studied the poisoning of 

nickel methanization catalysts with sulfur. Moderately long catalyst lives 

were obtained with synthesis gas containing no more than 0.3 grains of 

sulfur per 1000 ft3; however, considerably better results were achieved 

with a gas containing 0.04 grains per 1000 ft3. 
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Iron Catalysts 

Koelbel99a reported a few results of sulfur poisoning of precipitated iron 

catalysts in the atmospheric pressure synthesis. The activity of catalysts 

in a typical synthesis gas containing 0.4 g sulfur per 100 m3 was, through¬ 

out the test, only about half as great as in pure gas. Systematic tests demon¬ 

strated that this type of catalyst was particularly sensitive to poisoning 

during the induction period. Three portions of the same catalyst were used: 

sample a was inducted with the regular synthesis gas (0.4 g S/100 m3), and 

samples b and c with gas scrubbed with charcoal. At 120 hours sample c 

was changed to the regular synthesis gas. Samples b and c had equal 

activity (contraction = 25 per cent) for the first 300 hours, but after this 

period the activity of sample c decreased at a faster rate than sample b so 

that the contractions at 1,250 hours were 19 and 14 per cent for samples 

b and c, respectively. Sample a, that was inducted with the impure gas, 

had low activity throughout the experiment. 
Although sulfur-poisoning has not been systematically investigated at the 

Bruceton laboratory of the Bureau of Mines, some information was inad¬ 

vertently obtained by Benson and co-workers20 in pilot-plant studies of the 

oil-circulation process. The synthesis gas was produced by reforming natu¬ 

ral gas. Since the natural gas contained virtually no sulfur compounds and 

the reformed gas consistently had a sulfur content less than 0.5 grains per 

1,000 ft3, the synthesis gas was used without sulfur-purification, with analy¬ 

ses made at regular intervals. After three years of research on a variety of 

catalysts with no apparent difficulty due to sulfur-poisoning, the catalysts 

in the two pilot-plant units lost activity more rapidly than anticipated and 

did not respond to reactivation by hydrogen treatment. At the beginning of 

this period, the gas contained 31 grains S per 1,000 ft3 and 8 days later 

120, although the natural gas was essentially sulfur-free over this period. 

Analyses of used catalysts from several pilot-plant experiments (Table 

108) showed that catalysts with moderate to high activity contained less 

than 0.03 per cent sulfur. In experiment 21, in which poisoning was en¬ 

countered as described above, the sulfur content was about 0.2 per cent. 

Apparently the sulfur compounds were produced by bacterial reduction of 

sulfates in the gasholder water. Following this experience, all of the syn¬ 

thesis gas was passed through charcoal at synthesis pressure and the sulfur 

content was determined continuously with a Rubicon automatic sulfur 

analyzer. This information appears to be about all that is available on 

sulfur-poisoning of iron catalysts in the Fischer-Tropsch synthesis. An 

upper limit of sulfur content of 0.5 grains per 1,000 cu ft seems to be ade¬ 

quate. 
In lieu of experimental data on the Fischer-Tropsch synthesis, the studies 

of Frear, Shultz, and Elmore63 on poisoning of iron catalysts in the am- 
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monia synthesis at 100 atmospheres are given. Hydrogen sulfide was a 

permanent poison. With a gas containing 0.1 per cent hydrogen sulfide, 

the conversion initially decreased only slowly as the sulfur content of the 

catalyst increased. At about 20 mg S per gram of catalyst, the conversion 

was 80 per cent of that of the fresh catalyst, but above this sulfur concen¬ 

tration the conversion decreased rapidly to a very low value. The sulfur 

content of the inlet portion of the bed was greatest, and similarly the outer 

layers of individual particles contained more sulfur than the interior. Water, 

oxygen, carbon monoxide, carbon dioxide, and sulfur dioxide were effective 

temporary poisons. It is remarkable that in poisoning action sulfur dioxide 

was similar to oxides of carbon and water rather than hydrogen sulfide. 

Similar results for poisoning of iron catalysts in the ammonia synthesis 

Table 108. Sulfur Content of Used Iron Catalysts in 

Oil-Circulation Process'1 

(Reduced fused Fe304-Mg0-K20 catalysts) 

Experiment Hours of 
Synthesis Sulfur (wt.-%) Synthesis Gas Activity 

21b 750 Nil Raw Moderate to high 
21c 800 0.2 Raw6 Low6 
21c 900 0.16-0.27 Raw6 Low6 
22c 2200 0.00-0.03 Charcoal scrubbed Moderate to high 
24 500 0.03 Charcoal scrubbed Moderate to high 

°- From Ref. 20. 
6 High concentrations of sulfur found in synthesis gas in these periods. 

were obtained by Brill24. Catalysts promoted with calcium oxide, alumina, 

and potassium oxide were more resistant to sulfur poisoning than similar 

preparations without calcium oxide. 
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CHAPTER 3 

KINETICS AND REACTION MECHANISM OF 
THE FISCHER-TROPSCH SYNTHESIS 

Robert B. Anderson 

Chief, Branch of Coal-to-Oil Research, Division of Solid Fuels Technology, 

Bureau of Mines, Pittsburgh, Pa. 

This chapter assembles data pertinent to the kinetics and reaction mech¬ 

anism of the Fischer-Tropsch synthesis. First, the kinetics on cobalt, nickel, 

iron, and ruthenium catalysts are considered, followed by a discussion of 

two similar reactions: the hydrogenation of carbon dioxide and the reac¬ 

tion of water plus carbon monoxide. Then a number of catalytic reactions 

that may possibly occur in some of the synthesis steps are described. The 

chemical and physical nature of the catalyst are discussed next and finally 

many of the hypotheses on reaction mechanism are assembled and evalu¬ 

ated. Although a few aspects of the reaction mechanism, such as chain 

growth, appear to be adequately interpreted, the present theories fall far 

short of providing a unified picture capable of explaining or predicting 

kinetics, promoter effects, selectivity, etc. 

Kinetics of the Fischer-Tropsch Synthesis 

Few satisfactory, unambiguous data on the kinetics of the Fischer- 

Tropsch synthesis are available. The principal reason for the paucity of 

adequate kinetic results is the difficulty of arranging experiments amenable 

to simple analysis on a group of reactions of the relatively high degree of 

complexity of the Fischer-Tropsch synthesis. Analytical methods are usually 

not of sufficient accuracy to permit the use of the “differential reactor” in 

which the conversion in the catalyst bed is maintained sufficiently low so 

that the composition of the feed gas remains essentially unchanged; and 

the difficulties in interpreting data from so-called “integral reactors” in¬ 

volving sizable changes in conversion and gas composition are great. In 

the following paragraphs, the general methods of analyzing kinetic data 

and definitions regarding conversion, rate, etc., are described. For a process 

as complex as the Fischer-Tropsch synthesis, some of the definitions may 

appear arbitrary. 
It is usually desirable to express conversion in terms of the fraction of 
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Ho + CO consumed, x, and to express the distribution of products as 

moles produced per moles ol Ho -|- CO consumed. However, such data ai< 

frequently not available, and the apparent contraction or yields of liquid 

plus solid hydrocarbons in s/m3 of gas passed must be used as a measure 

of conversion. Relative usage of hydrogen and carbon monoxide is usually 

expressed as the molar .usage ratio, H,:C(); however, the ratio of moles 

H2 to moles H> + CO consumed has better properties than the simple ratio. 

The differential reaction rate per unit volume of catalyst, r, is given by 

r = dx/d(l/S) (1) 

where S is the space velocity. Frequently rate data at constant temperature 

Figure 1. Kinetic plot illustrating the determination of differential reaction rate, r. 

are presented graphically, as shown in Figure 1, where the slope of the 

curve is the differential reaction rate, r. Identical curves may usually be 

obtained by varying either the flow of gas over a constant volume of cat¬ 

alyst or varying the amount of catalyst with the flow maintained constant. 

A goal of kinetics is to find a fundamental rate equation relating the 

differential rate to the partial pressures (or concentrations) of reactants, 

pA , Pb , ■ • ■ , and of products pR , ps ■ • • , 

r = dx/d( 1/S) = F(pA , Pr , • • • pR , Ps)- (2) 

The equation may be tested by (a) differentiating the rate data, or (b) 

expressing the partial pressures in terms of conversion based on the stoi¬ 

chiometry of the reaction and integrating in the following way 

f1_dx_ 

o F(pA,pB, • • • Pr, Ps, ■ ■ •) 

1 

S 
= G(x). (3) 
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Method (b) is particularly difficult for the Fischer-Tropsch synthesis with 

iron catalysts, because the stoichiometry (especially the usage ratio) 

changes with conversion and feed gas composition. The validity of a given 

rate equation can be judged by its ability to describe rate data for widely 

varying reaction conditions, the reasonableness of values of the constants 

and their temperature dependence, and consistency of postulates of the 

rate equation with available information on reaction mechanism. The task 

of formulating and proving a fundamental rate equation that can be related 

to reaction mechanism is difficult, especially since the effects of diffusion in 

catalyst pores can produce changes in the dependency of observed rate 

upon concentrations of reactions and products. For the Fischer-Tropsch 

synthesis, only a few experiments have been arranged to afford simple, 

unambiguous interpretation; difficulties in obtaining sufficiently accurate, 

detailed analytical data and constant, reproducible catalyst behavior cause 

uncertainties in even the best experiments. From available data, useful 

empirical equations relating rate to either partial pressures of components 

or conversion have been obtained, together with information on pressure 

and temperature dependencies, selectivity, and the general course of the 

synthesis. The usual analysis of rate data assumes an isothermal bed of 

catalyst, and with the high exothermic synthesis reactions, sizable tem¬ 

perature differences may occur, although in liquid-jacketed reactors these 

differences are usually small if the conversion is limited to the order of 300 

to 400 volumes of H2 + CO converted per volume of catalyst per hour, 

unless the reaction takes place in a very limited portion of the bed. 

Useful data on the over-all dependence of rate on temperature and pres¬ 

sure may be obtained by comparing the space-time-yield (xS) either at 

constant conversions obtained by adjusting flow or at low conversions with 

the flow maintained constant. 
The kinetics of synthesis on cobalt and nickel catalysts are similar and 

will be discussed first, followed by a discussion of iron and ruthenium 

catalysts, respectively. The kinetics of the Fischer-Tropsch synthesis as 

summarized by Storch, Golumbic, and Anderson123, will be reviewed briefly, 

and the few pertinent data that have subsequently become available will 

be described in more detail. 

Kinetics of the Fischer-Tropsch Synthesis on Cobalt and Nickel 

Catalysts 

All published experiments with nickel catalysts were made at atmos¬ 

pheric pressure. Plots of conversion against reciprocal space velocity are 

approximately linear until moderately high conversions are attained. 

Tsuneoka and Fujimura128 maintained a constant flow of synthesis gas at 

200°C and varied the volume of Ni-Mn-Th02-kieselguhr catalyst. With 

both 2H2 + ICO and 1H2 + ICO, the yield of “benzine” increased ap- 
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proximately linearly until about 80 per cent of either hydrogen or carbon 

monoxide were consumed, as shown in Figure 2. Similar results were ob¬ 

tained by Aicher, Myddleton, and Walker2 with Ni-Mn-AhCVSiCh-kiesel- 

guhr and 2H2 + ICO or water gas (approximately 1H2 + ICO), as 

illustrated in Figure 3. Comparison of space-time-yield for a constant con¬ 

version at different temperatures permits an estimate of the over-all ac¬ 

tivation energies, 26 to 29 kcal/mole for 2H2 + ICO and about 23 keal/mole 

for water gas. The approximately linear plots indicate that the reaction rate 

WEIGHT OF CATALYST, GRAMS OF NICKEL 

Figure 2. Variation of gas composition and yield of “benzine” with weight of 

catalyst charge at constant flow of synthesis gas. (Reproduced from Ref. 128) 

is relatively independent of partial pressures of products and reactants, 

and hence the rate may be similarly independent of total operating pres¬ 

sure. Data are not available to show the effect of total pressure; however, 

at relatively low pressures the catalyst behavior is impaired by carbonyl 
corrosion. 

In contrast to this interpretation, Aicher, Myddleton, and Walker2 con¬ 

cluded that rate, in terms of space-time-yield of oil, increased with partial 

pressure of reactants and decreased with partial pressure of products. 

Apparently this relationship is valid only for relatively high conversion, 

where hydrocracking proceeds to a sufficient extent to decrease the over-all 

yield, finder these conditions, synthesis in stages with removal of liquid 
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hydrocarbons between stages should result in larger yields of liquids, and 

this postulate was demonstrated experimentally. Murata96 studied the 

synthesis with 2H-. + ICO gas on Ni:Co:Si = 50:50:100 skeletal catalysts 

as a function of space velocity. The data in Figure 4 indicate that the yields 

of both water and “benzine” increased to a maximum and then decreased' 

as the space velocity was decreased. Apparently hydrocracking and water- 

gas shift become important at low flow-high conversion conditions. The 

unsaturation of the “benzine,” indicated by iodine numbers, decreased 

rapidly to very low values in the range of hydrocracking. 

Figure 3. Yield of liquid hydrocarbons from a nickel catalyst as a function of the 

reciprocal of space velocity. (Reproduced with permission from Ref. 2) 

The usage ratio, H2:CO, usually varied from 2.1 to 2.3 for feed gas of 

rather widely varying H2:CO ratios. Fujimura and Tsuneoka51 investigated 

the influence of H2:CO feed ratio on the synthesis with a precipitated 

Ni-Mn-Al203-kieselguhr catalyst at 190 to 200°C. Although the conversion 

was maintained so high that either the hydrogen or carbon monoxide was 

almost completely consumed, the usage ratios varied only from 1.73 to 

2.38, when the feed ratio was increased from 0.932 to 4.47. Similar results 

were obtained by Myddleton and Walker97 for feed ratios from 0.67 to 

2.5. Water was the principal oxygenated product, and the water-gas shift 

does not proceed to a great extent. 
With cobalt supported on kieselguhr, the rate is approximately inde¬ 

pendent of operating pressure, as shown by data of Ruhrchemie111 (C hapter 

2, Table 41, p. 103) for Co-Th02-MgO-kieselguhr catalysts in the range of 
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0.2 to 1 atm. absolute. The principal change in selectivity was a slight de¬ 

crease in gaseous hydrocarbons and a small increase in wax as the pressure 

was increased. U. S. Bureau of Mines experiments6 at 1 and 7.8 atm. ab¬ 

solute (Table 1) confirmed these trends. For granular catalysts, the yield 

of gaseous hydrocarbons decreased slightly with pressure, but increased 

for pelleted catalysts. These results are obtained in separate tests of a given 

150 6 

100 

5 10 15 20 

Reciprocal of space velocity, iooo/s 

Figure 4. Variation of selectivity with reciprocal of space velocity on Ni-Co-Si 

catalyst with 2H2 + ICO gas at 185°C and atmospheric pressure. From data of Ref. 
96) 

catalyst or single tests in which the pressure was increased. If the operating 

pressure was decreased during the test, the activity was strongly dimin¬ 

ished, and successive cycles of medium and atmospheric pressure synthesis, 

progresively decreased the activity at both pressures as shown in Table 44 

Chapter 2, p. 107. These phenomena and the difficulty of reactivating 

catalysts used at medium-pressures are probably related to differences in 

the amount and chemical nature of the adsorbed material. In atmospheric 

synthesis, the catalyst pores are partly filled with wax, whereas at me¬ 

dium-pressure pores are probably entirely filled. Although the products 

from the medium-pressure synthesis have a greater molecular weight than 
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1.6 1.8 2.0 2.2 2,4 

FEED GAS RATIO, H2 /CO 

Figure 5. Variation of consumption of carbon monoxide on cobalt catalysts at 

atmospheric pressure as a function of feed gas ratio. (Reproduced with permission 

from Ref. 16) 

Table 1. Effect of Operating Pressure on Cobalt Catalysts" 

(Tests at space velocity per hour of 100) 

Operating Pressure 
(atm.) 

Average Apparent 
Products (%) 

Test Period 
(wks) 

Temperature 
(°C)b 

Contrac- 
tion (%) 

ch4 C3 -T C4 Cl - C4 Liquids 
and Solids 

Pelleted Co-ThO2-kieselguhr catalyst 108B 

X-29 b-g 1 185 (186) 70.9 12.1 10.0 24.5 75.5 

X-29 i-p 7.8 189 (186) 71.3 19.0 10.9 33.5 66.5 

X-31 b-j 7.8 187 71.8 18.6 10.5 32.0 68.0 

Granularc Co-Th02-MgO-kieselguhr catalyst 89K 

X-17 

X-17 

b-k 

v-z 

1 

7.8 

186 (187) 

188 (188) 

74.4 

72.0 

13.1 

14.0 

10.2 

8.6 

25.6 

23.2 

74.4 

76.8 

Pelleted Co-Th02-MgO-kieselguhr catalyst 89J 

X-21 c-l 1 186 (186) 72.0 15.6 8.1 24.9 76.1 

X-21 o-u 7.8 191 (188) 69.5 18.2 10.4 28.3 71.7 

a From Ref. 6. 
h The temperatures in parentheses are for the last 2 weeks of operation at 1 atm. 

and the first 2 weeks of operation at 7.8 atm. 

c Broken filter cake. 
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those from atmospheric-pressure synthesis, the average molecular weights 

of products adsorbed on the catalyst are in reverse order. This anomaly 

apparently arises from adsorption of products on catalyst from the vapor 

phase in atmospheric synthesis, resulting in segregation of fractions of high 

molecular weight, whereas at medium pressures adsorption occurs from the 

liquid phase (see p. 106). Thus, the apparent zero-order dependence may 

result from a fortuitous combination of kinetic effects and a semi-permanent 

poisoning or pore-blocking, as suggested by the irreversibility of activity 

changes upon increasing and decreasing pressure. For these reasons prob¬ 

ably no simple rate equation involving reversible inhibition will properly 

express the kinetic data. Above pressures of about 30 atm., catalyst activity 

and life decreases. In this range, cobalt carbonyl is produced in appreciable 

amounts, and the deleterious effects have been attributed to carbonyl 

corrosion. These pressure dependencies are apparently characteristic only 

of synthesis on catalysts supported on kieselguhr. In early studies45 with 

a precipitated catalyst supported on “Stuttgart Masse,” the rate decreased 

with an increase in pressure above atmospheric, whereas from 0.3 to 1.0 

atm. the rate was proportional to pressure. 

Although some studies have been made upon the influence of gas com¬ 

position, most of these data have little value for kinetics, since conversions 

were usually maintained as high as possible to determine maximum produc¬ 

tivity. As the usage ratio usually did not deviate greatly from 2, maximum 

yields were obtained with 2H2 + ICO gas. Seligman117 studied the influence 

of H2:CO ratio on rate with Co-Th02-kieselguhr at atmospheric pressure 

and 170° with constant flow of gas and conversions of 10 to 20 per cent. 

The volumes of H2 + CO consumed per hour were 23.6, 24.6, and 17.7 

cc (STP) per gram of catalyst for 3H2 + ICO, 2H2 + ICO, and 1H2 + 

ICO, respectively. Data of Brotz16 (Figure 5) for two experiments, one at 

high and another at low conversions, show that the fractional conversion 

of carbon monoxide increased with hydrogen content in the range 1.8H2: 

ICO to 2.2H2:1C0. These curves are, however, misleading, because the 

concentration- of carbon monoxide in the feed gas varied inversely with the 

fractional conversion. The fraction of H2 + CO in each of these series ap¬ 

pears to be constant within experimental error. 

In the atmospheric-pressure synthesis with gas containing 2H> + ICO 

or greater concentrations of hydrogen, the activity remained relatively 

constant for periods of 10 to 20 days before activation was required, but 

the activity decreased more rapidly with gases containing less hydrogen 

than 2H2 + ICO. In medium-pressure synthesis (10 atm.), long life and 

constant activity could be attained with 1,5H2 + ICO as well as 2H2 + ICO 

gas, and as smaller yields of gaseous hydrocarbons were produced with 

1.5H2 + ICO, this gas was used in the commercial synthesis in Germany. 
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The synthesis with cobalt catalysts has approximately the same over-all 
apparent activation energy as with nickel catalysts. At atmospheric pres¬ 
sure, Anderson, Krieg, Seligman, and O’Neill8 varied the space velocity of 
2H2 + ICO gas and temperature to maintain constant conversion with 
Co-ThOo-MgO-kieselguhr. Data lor experiments in which the contraction 
was held at 70 per cent are shown in Figure 6. The spacc-time-yield, a 

Figure 6. Conversion of synthesis gas as a function of temperature. Contractions 

maintained at about 70 per cent, 6 represents pelleted catalyst 89K, □ granular 

catalyst 89K, and O pelleted catalyst 89-0. (Reproduced with permission from 

Ref. 8) 

measure of reaction rate, increased exponentially with temperature up to 
200-210°C but above this temperature the rate increased less rapidly. 
Larger yields of gaseous hydrocarbons were produced above 205°C and 
extended periods of synthesis at these temperatures deactivated the cat¬ 
alyst. Arrhenius plots of data obtained below 205°C were straight lines 
with slopes corresponding to activation energies of 23.8 and 26.4 kcal/mole. 
Similar experiments at contractions of 15, 35, 55, and 75 per cent gave 
activation energies varying from 24.4 to 26.6 kcal/mole. These activation 
energies agree well with the value of 26.5 kcal/mole obtained by Weller135 
with Co-ThCb-kieselguhr in a glass gas-circulation system in which the 
conversion per pass was maintained at 1 to 2 per cent. At 7.8 atm. of 
2H2 + ICO on Co-Th02-MgO-kieselguhr, Seligman117 determined an acti- 
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ration energy of 20.0 kcal/mole. Anderson123 obtained satisfactory Arrhe¬ 

nius plot from data of Fischer and Piehler47 for the first stage of a two-stage 

operation with Co-ThCb-kieselguhr catalyst at 10 atm. of 2H2 + ICO gas; 

the over-all activation energy was 24.3 kcal/mole. From data of Gibson 

and Hall55 with Co-Th02-MgO-kieselguhr at 11 atm. of 2H2 + ICO gas, 

in which flow and temperature were varied to maintain conversion at about 

80 per cent, a satisfactory Arrhenius plot (Figure 7) was obtained with a 

slope corresponding to an over-all activation energy of 22.9 kcal/mole. 

The rate for the highest temperature, 219°C, lies somewhat below the value 

predicted by the straight line. 

Figure 7. Arrhenius plot of kinetic data from cobalt catalysts. (From data of 

Ref. 55) 

Russian workers39 studied variation of conversion with flow of 2H2 + ICO 

on Co-Th02-silica gel at atmospheric pressure. For the range of conversion 

reported, 25 to 45 per cent, the data could be expressed by the linear equa¬ 
tion 

x = a + b/ S (4) 

where x and S are the conversion of H2 + CO and space velocity, respec¬ 

tively, and a and b are constants. A kinetic experiment at FG. Farbenindus- 

trie, Leuna66, gave similar results. A plot of yield of total hydrocarbons in 

g/m3, against the reciprocal of space velocity had a long linear portion that 
could be described by Eq. (4). 

U. S. Bureau of Mines workers7 studied the kinetics on a Co-Th02- 
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Figure 8. Variation of the extent of conversion of hydrogen plus carbon monoxide 

with the reciprocal of the space velocity for Co-ThCb-kieselguhr catalyst at at¬ 

mospheric pressure with synthesis gas having ratios of H2:CO of 3.5, 2 and 0.9. 

(Reproduced with permission from Ref. 7) 

kieselguhr at atmospheric pressure by a special technique involving analysis 

of reaction products at various intervals in a catalyst bed and changin 

space velocity. The rate data for 2H2 + ICO and 0.9H2 + ICO in Figure 

show a rapid initial increase in conversion followed by a linear portion with 

a smaller slope and finally no further increase at high conversions. With 

bJO
 
0

0
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3.5H> + ICO the abrupt initial increase was not found and the initial parts 

of the curves were nearly linear. In most of the curves sizable linear por¬ 

tions can be selected in the same conversion range as described in the 

Russian experiments39. Although catalytic activity remained constant dur¬ 

ing individual experiments, the activity appears to have been affected more 

strongly by feed gas composition and temperature than expected; these 

Figure 9. Test 5. A plot of partial pressures of reactants and products, apparent 

contractions and integral reaction rate as a function of bed length for CorThCb: 

kieselguhr catalyst 108B with 3.5 II > to ICO gas at 187°C and space velocity of 49.3 

per hours. (Reproduced with permission from Ref. 7) 

differences may have resulted from progressive changes in catalytic activity. 

For this reason the data were not analyzed in detail for the effect of feed 

gas composition and temperature. From mass spectrometric analysis of gas 

samples taken at intervals in the catalyst bed, plots of partial pressure and 

conversion were made as shown in Figures 9 to 11. From Figure 8 the 

differential rate, r, was determined by graphical differentiation; partial 

pressures were read from Figures 9 to 11 at corresponding positions in the 

bed; and a table was constructed giving r and corresponding partial pres¬ 

sures at various points in the bed. 



Figure 10. Test 11. A plot of partial pressures of reactants and products, apparent 

contractions and integral reaction rate as a function of bed length for Co:Th02:kie- 

selguhr catalyst 108B with 1.96H2 to ICO gas at 2C6°C and space velocity of 102 per 

hour. (Reproduced with permission from Ref. 7) 

Figure 11. Test 16. A plot of partial pressures of reactants and products, apparent 

contractions and integral reaction rate as a function of bed length for Co:Th02:kie- 

selguhr catalyst 108 B with 0.95H2 95.5 per hour. (Reproduced with permission from 

Ref. 7) 

269 
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These data9' 123 were used to test a number of rate equations; only one 

was found that even approximated the rate data. This equation64 postu¬ 

lates that the rate is proportional to the desorption of growing chains from 

catalyst surface and that the concentration of these chains is proportional 

to Ph22Pco ; 

ab(3 

r+w (5) 

where /3 = pHi~Pco , a is the product of effective surface area times the rate 
of desorption, and b is the equilibrium constant for the formation of chains. 

Plots of the rate data were moderately satisfactory, except that the ob¬ 

served rate at low conversions was at least twice as high as predicted by 

the equations that expressed the remainder of the data. The values of b 

were large, varying from 134 to 245 atm.-3. Thus, the equation predicts 

that the synthesis should have only a slight pressure dependence above 

atmospheric pressure, but a moderately large dependence at subat- 

mospheric pressure. Further, according to the equation, a maximum rate 

should be expected for 2H2 + ICO gas. Although Eq. (5) properly expresses 

some of the kinetic phenomena, it cannot be considered a particularly suc¬ 

cessful relationship, and at best is first approximation. 

Brotz16 described kinetic experiments on Co-Th02-MgO-kieselguhr, pre¬ 

sumably with 2Ho -f- ICO at atmospheric pressure. The space-time-yield 

increased linearly with space velocity according to 

xS = b + aS (6) 

when the space velocity was varied from 100 to 200 hr.-1 Equation (6) re¬ 

duced to Eq. (4) when divided by S, and in the range of applicability of the 

equation the differential reaction rate, dx/d(l/S), is constant. The kinetic 

analysis of Brotz, however, led to the conclusion that the rate could be 

expressed by 

r — kpH22/pco (7) 

Data of Brotz for the conversion of carbon monoxide as a function, of 

II2:CO ratio in Figure 5 do not show the strong dependence of rate on 

H2:CO ratio required by Eq. (7). Equation (7) apparently does not de¬ 

scribe properly most of the kinetic data. 

The activity of a series of Co-Th02-MgO-kieselguhr catalysts varied 

linearly with surface areas and volumes of carbon monoxide chemisorbed 

at — 195°C (a measure of cobalt metal on the catalyst surface)123. In addi¬ 

tion, the data demonstrate that the synthesis is a very slow catalytic 

process. At 185°C only 1.9 cc (STP) of synthesis gas were converted per 

hour per square meter of catalyst surface, and 35.6 cc (STP) of H2 + CO 
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or 11.9 cc of carbon monoxide reacted per cc of chemisorbed carbon mon¬ 

oxide per hour. On this basis, if chemisorption of carbon monoxide at 

— 195°C is an effective measure of possible reaction sites, the average 

carbon monoxide molecule remains on the surface for about 5 minutes 

before reacting. The calculations indicate that, due to pore blocking by 

adsorbed hydrocarbons and/or poisoning by carbon monoxide, only a small 
fraction of the total surface is effective in the synthesis. 

Apparently no data are available to demonstrate the influence of size of 

catalyst particles upon activity and selectivity; however, some fragmentary 

results have been obtained on the effect of catalyst density. Figure 6 

demonstrates that Co-Th02-MgO-kieselguhr catalyst 89K as broken filter 

cake and pellets had the same activity. The surface area and volume of 

Table 2. Influence of Pellet Size and Density on Activity and Selectivity0 

(Co-Th02-kieselguhr, space velocity of 2H2 + ICO gas = 100 hr.-1, 7.8 atm.) 

Catalyst pellets 

Length, mm 3.17 6.35 
Diameter, mm 3.2 3.2 

Mercury density, g/cc 1.13 1.51 

Synthesis gas flow, liters/hr/g catalyst 0.14 0.11 

Average temperature, °C 187 191 

Apparent contraction, % 71.6 71.4 

Hydrocarbon distribution, wt-% 

ch4 19.9 25.8 

C2 3.4 4.2 

c3 + c4 11.6 13.4 

Liquids + solids 65.1 56.6 

° From Ref. 6. 

chemisorbed carbon monoxide6 were only slightly changed by pelleting 

(Table 21, Chapter 2, p. 75), but the external volume of the par¬ 

ticles as measured by mercury displacement was decreased from 1.900 

to 0.934 cc/g of reduced catalyst, the pore volume from 1.54 to 0.63 cc/g, 
o 

and the average pore diameter from 804 to 327A. With very large, dense 

pellets, however, activity and selectivity were adversely affected. A sample 

of standard pelleted Co-Th02-kieselguhr was crushed and pressed into very 

dense, long pellets6. The data in Table 2 indicate that the activity of the 

large pellets was lower and the production of gaseous hydrocarbon larger. 

Brotz and Spengler17 examined the pore structure of a standard granular 

Co-Th02-MgO-kieselguhr by adsorption and gas flow methods. They con¬ 

cluded that the catalyst contained systems of micro and macro pores. The 

entire granule was believed to be effective in the synthesis, and a process 

of surface diffusion was postulated to account for this assumption in pores 

filled with liquid hydrocarbons. 
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Available data from measurements of pore volumes and surface areas 

(p. 70) and extraction studies (p. 94) indicate that the catalyst surface 

is heavily covered with adsorbed wax, so that the mechanism must involve 

diffusion through adsorbed films. This postulate is consistent with the slow 

rate of the synthesis. Furthermore, studies in reactors in which the catalyst 

is submerged in cooling oil, such as the internally-cooled converter, have 

shown that the activity of a submerged catalyst is not significantly lower 

than that of a dry-bed catalyst. Therefore, diffusion in pores may be an 

important step in the synthesis. Analysis of simple reactions by Wheeler137 

O 2 4 6 8 10 
1000 / SPACE VELOCITY 

Figure 12. Kinetic experiment with cobalt catalyst 2F0 + ICO gas at atmospheric 

pressure and 197°C. (From data of Ref. 132) 

and others indicates that, under these conditions, the observed dependence 

upon partial pressures may be different from that of the surface process 

and that the observed activation energy is only half of the activation energy 

that would exist on a nonporous surface. 

A few studies of the influence of diluents have been reported, and these 

results have been summarized in a previous publication123. These results are 

difficult to interpret and in part contradictory. The productivity does not 

decrease sharply with increasing concentration of diluent, a behavior which 

is consistent with the relative independence of rate upon partial pressures. 

For 2H2 + ICO the selectivity is moderately independent of conversion 

until high values are reached, where the yields of gaseous hydrocarbons 

and carbon dioxide increase rapidly. Japanese workers132 found that the 

yield of liquid hydrocarbon from Co-Cu-Th02 at 197°C passed through a 

maximum as the flow was decreased (Figure 12). The water yield, however, 
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did not decrease in the range of lower flow and followed the same pattern 

as the contraction; hence, it may be inferred that the production of carbon 

dioxide did not increase sizably. Craxford23, observed a similar maximum 

Gas Rate, l./g. Co X hr. 

Figure 13. Formation of liquid hydrocarbon and carbon dioxide with a Co-Th02- 

MgO-kieselguhr catalyst with 2H2 to ICO gas at 185°C as a function of flow rate. 

(Reproduced with permission from Ref. 23) 

Table 3. Selectivity of Cobalt Catalyst as Function of Conversion and 

Feed Gas Composition" 

(180°C and atmospheric pressure) 

Test 
No. 

Feed Gas 
Ratio 

Hj/CO 

Space 
Velocity 

(hr-1) 

Contrac- 
tion (%) 

Yield 

CO 
Conversion 

(%) 

Usage 
Ratio 

H2/CO 

Per cent Reac¬ 
tion Forming 

Total Hy¬ 
drocarbons 

(g/m3) 

Per cent 
as CH4 

CO2 h20 

i 2 100 70 170 12 85 2.1 1 99 

2 2 10 65 170 14 100 1.8 19 81 

3 1 10 74 185 13.8 100 1.1 51 49 

4 0.70 10 65 185 15 89 0.8 77 23 

5 0.56 10 63 187 15 100 0.6 99 1 

n From Ref. 77. 

in oil yield with Co-ThCVMgO-kieselguhr at atmospheric pressure of 

2H2 + ICO and 185°C, (Figure 13), and the yield of carbon dioxide in¬ 

creased rapidly at a somewhat lower flow than that corresponding to this 

maximum. 
Koelbel and Engelhardt77 studied the production of water and carbon 

dioxide as a function of conversion and gas composition (Table 3). Test 1 
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represents normal synthesis conditions for which the production of carbon 

dioxide was very low. In test 2, at a space velocity of 10 hr-1, 19 per cent 

of the synthesis proceeded by reactions forming carbon dioxide, and carbon 

monoxide was completely consumed. In contrast to the work of Watanabe 

and Craxford, just described, the distribution of hydrocarbons remained 

about the same under all conditions. At lower space velocities or higher 

temperatures, the yield of gaseous hydrocarbons might have increased. At 

a space velocity of 10 hr-1, the relative production of carbon dioxide in¬ 

creased as the ratio H2:CO of the feed gas decreased until reactions produc¬ 

ing carbon dioxide accounted for 99 per cent of the synthesis with 0.56 

h2 + ICO. 
U. S. Bureau of Mines kinetic data, such as presented in Figures 8 to 11, 

provide information on the relative consumption of hydrogen and carbon 

monoxide and the formation of C02 and CH4 . In the original paper7 the 

relative usage of hydrogen and the production of methane and carbon 

dioxide were reported as functions of bed length, and the plots showed the 

influence of gas composition and temperature on selectivity. The data indi¬ 

cated the occurrence of hydrocracking and the water-gas-shift reaction 

under certain synthesis conditions. The original data were recalculated by 

Kelly69, and new selectivity curves are presented in Figures 14 to 18. In 

these curves the volumes of hydrogen consumed and the volumes of meth¬ 

ane formed per volume of H2 + CO consumed are plotted against the frac¬ 

tion of H2 + CO consumed. For carbon dioxide the volume of this product 

per volume of CO consumed is plotted against the fraction of CO consumed. 

The relative usage of hydrogen, H2/(H2 + CO), was nearly independent 

of feed-gas composition, conversion, and temperature, as shown in Figure 

14. With 0.9H2 + ICO gas the relative usage of hydrogen was about 0.67 

(corresponding to a usage ratio, H2:CO, of 2) and decreased si ghtly with 

conversion. For 2H2 + ICO gas the relative usage was about 0.69 and 

decreased slightly with conversion, whereas with 3.5H2 + ICO gas the 

relative usage was 0.70 and increased slightly at high conversions. 

Methane production, Figures 15 to 18, increased with temperature for 

all feed gases. With 2H2 + ICO gas, Figure 15, the formation of methane 

at the lower temperature decreased with conversion, apparently passed 

through a minimum at about 45 per cent conversion, and then increased. 

At the higher temperature methane production increased slightly in the 

range for which data are available. For 3.5H2 + ICO (Figure 16) methane 

production increased with conversion, the curve rising steeply above x = 

0.65. For 0.9H2 + ICO (Figure 17) formation of methane decreased with 

increase in conversion at the lower temperature and increased slightly at 

the higher temperature. In tests with 0.9H2 + ICO and 3.5H2 + ICO the 

ratio of H2:CO in the catalyst bed decreased and increased, respectively, 
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Figure 14. Relative usage of hydrogen as a function of conversion for Co-Th02- 

kieselguhr catalyst at atmospheric pressure. (From data of Ref. 7) 

Figure 15. Production of methane on Co-ThCh-kieselguhr catalyst at atmospheric 

pressure. (From data of Ref. 7) 
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with increase in conversion, whereas the ratio remained about constant for 

2H2 + ICO. The changes of methane formation with conversion (Figures 

0 0.20 0.40 0.60 0.80 

CONVERSION OF H2 +C0 = X 

Figure 16. Production of methane on Co-Th02-kieselguhr catalyst at atmospheric 

pressure. (From data of Ref. 7) 
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Figure 17. Production of methane on Co-Th02-kieselguhr catalyst at atmospheric 
pressure. (From data of Ref. 7) 

16 and 17) as well as variations of relative usage of hydrogen (Figure 14) 

probably reflect the changing H2:CO ratios; however, this effect can hardly 

explain the decrease in methane formation with conversion at 192°C. 

(Figure 15), although the H2:C0 ratio did decrease slightly in this test. 

Figure 18 illustrates the increase in methane production with increasing 
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H2:CO ratio in the feed gas. Although the temperatures are not the same 

in these tests, the curves were chosen so that a comparison at constant 

temperatures would show even greater differences. 

Figures 19 to 22 show the production of carbon dioxide. Since the number 

of moles of H2 + CO is not affected by the water-gas-shift reaction, these 

data are presented as moles C02 produced per mole CO consumed. With 

2H2 + ICO at 192°C (Figure 19) the curve was S-shaped and possibly 

passed through the origin. The ratio C02: CO was virtually constant from 

30 to 80 per cent conversion. At 207°C the C02 formation was about double 

that at the lower temperature; the data, however, do not cover a sufficient 

0 .20 .40 .60 .80 1,00 
CONVERSION OF H2 + CO » X 

Figure 18. Production of methane on Co-ThCh-kieselguhr catalyst at atmospheric 

pressure. (From data of Ref. 7) 

range of conversion to ascertain whether this curve passes through the 

origin. With hydrogen-rich synthesis gas (Figure 20), formation of carbon 

dioxide increased from zero at zero conversion until about 98 per cent of 

the carbon monoxide was consumed. At greater conversions of carbon 

monoxide, the ratio C02:C0 decreased abruptly and was zero at complete 

conversion of carbon monoxide. Increasing the temperature from 186 to 

200°C doubled the production of carbon dioxide. With carbon monoxide-rich 

gas (Figure 21) the plots approximated an S-shaped curve possibly passing 

through the origin; however, the data were quite scattered. Figure 22 

demonstrates that the formation of CO> varies considerably with H2:CO 

ratio of the feed gas. 
The analyses of gas samples were not sufficiently accurate for a detailed 

consideration of gaseous hydrocarbons other than methane; however, it 
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was possible to demonstrate the production of olefins and paraffins in the 

C4 fraction as a function of bed length, as shown in Figure 23. The wide 

variation of olefin content with bed length for 0.9H2 + ICO and 3.5H2 + 

ICO gases probably is influenced by the large changes in H»:CO ratio 

O 20 40 60 80 
CARBON MONOXIDE CONSUMED, PERCENT 

Figure 19. Production of carbon dioxide on Co-ThCF-kieselguhr catalyst at at¬ 

mospheric pressure. (From data of Ref. 7) 

Figure 20. Production of carbon dioxide Co-ThO,-kieselguhr catalyst at atmos¬ 
pheric pressure. (From data of Ref. 7) 

with conversion; however, with 2H2 -f 100 the fraction of olefins decreased 
with bed length or conversion. 

h rom the data in Figures 14 to 23 and those in the original paper, certain 

tentative conclusions may be drawn regarding the primary synthesis prod¬ 

ucts by extrapolating the selectivity curves to zero conversion or bed 

length. Obviously the extrapolations are moderately large and the conclu¬ 

sions should be accepted with the reservation that pronounced changes in 

the selectivity may occur at very low conversions. 
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1. The usage ratio, H2/CO, of the primary reaction is slightly higher than 

2. Methane, higher paraffins, and olefins are primary products. 

Figure 21. Production of carbon dioxide as a function of carbon monoxide con¬ 

sumed. (From data of Ref. 7) 

0 20 40 60 80 100 
CARBON M0N0XI0E CONSUMED, PERCENT 

Figure 22. Production of carbon dioxide as a function of conversion and gas com¬ 

position. (From data of Ref. 7) 
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3. Carbon dioxide is produced in only small quantities, if at all, in the 

primary step. 

Further conclusions regarding selectivity are: 

4. Methane and carbon dioxide formation increase with operating tem¬ 

perature. 

5. Methane formation increases with increasing H2/CO ratio. Hydro¬ 

cracking of hydrocarbons probably occurs at high H2/CO ratios. 

BED LENGTH. CENTIMETERS 

Figure 23. Change of saturation of C4 hydrocarbons with bed length on cobalt 

catalyst at atmospheric pressure. (From data of Ref. 7) 

G. The olefin content in the C4 fraction decreases with increasing H2/CO 

ratio; however, for constant H>/CO ratio the olefin content decreased with 
conversion. 

7. Carbon dioxide content increased with increasing concentrations of 

carbon monoxide and water vapor, suggesting that the water-gas shift 
reaction produces most of the carbon dioxide. 

8. Carbon dioxide production increases with conversion until virtually 

all of the carbon monoxide was consumed. Under these circumstances car¬ 

bon dioxide was consumed presumably by hydrogenation to gaseous hydro¬ 

carbons. This result is consistent with the observations of Fischer and 

Pichler46' 100 that carbon dioxide was not hydrogenated in the presence of 
carbon monoxide (see p. 300). 

Gibson and Hall65 studied the synthesis on Co-Th02-MgO-kieselguhr 
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catalysts under a variety of operating conditions. Products were separated 

into five fractions and the alcohols and olefins in the distillation fractions 

were determined. In addition, the average molecular weight of the product, 

exclusive of carbon dioxide and the aqueous phase, was reported. The influ¬ 

ence of temperature on selectivity is given by tests of catalyst 118 at 11 

atm. of 2H2 + ICO in which the temperature and flow was varied to give 

about 80 per cent conversion, as shown in Figure 24. (For an Arrhenius 

Figure 24. Selectivity of Co-ThCF-MgO-kieselguhr catalyst as a function tem¬ 

perature. (From data of Ref. 55) 

plot of total conversion data, see Figure 7.) Alcohol yields under these 

conditions were low and hence were not reported. The data are plotted as 

weight per cent of total hydrocarbons and not on a cumulative basis. In 

the range studied, 183 to 219°C, methane increased linearly, C2-C'4 hydro¬ 

carbons up to about 203°C, and the liquid fraction, <200 C, increased to a 

maximum at about 211°C and then decreased. The 200 to 300°C fraction 

decreased slowly with an increase in temperature, and the >300 C cut 

decreased rapidly. The average molecular weight decreased monatonically 

from 214 at 183°C to 95 at 219°C. These data suggest a gradual shift in the 

entire product distribution with temperature. Data for temperature below 
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183°C (Table 4) are difficult to interpret, because the flow was usually 

maintained constant and the conversion, which varied widely as the tem¬ 

perature was changed, had nearly as large an effect on selectivity as tem- 

Table 4. Selectivity of Cobalt Catalysts" 

(Co-Th02-MgO kieselguhr catalyst with 2H2 + ICO gas at 11 atm.) 

Temp. 
(°C) 

Flow, 
(l./g. Co/hr) 

Conversion 
h2 + CO (%) 

Product Distribution, Weight-Per 
Total 

cent of 
Average 
Molec¬ 

ular 
Weight 

Weight-Per cent 
of Liquid + 
Solid Hydro¬ 

carbons as 

Cl Cj-C4 <200°C 
200- 

300°C 
>300°C Olefins 

Alco¬ 
hols 

160 1.03 26 21.9 18.1 36.3 17.1 6.6 104 29.3 20.2 

167 1.00 50 9.3 14.0 30.9 18.1 27.7 178 11.4 13.4 
173 0.97 80 8.8 9.5 25.8 18.6 37.3 208 7.1 8.3 
176 0.97 91 12.5 8.3 24.0 18.7 36.5 205 6.9 6.0 
182 0.93 88 14.2 5.3 21.2 21.7 37.6 211 8.2 2.1 
182 6.25 28 35.8 6.4 25.3 16.4 16.1 126 14.9 4.8 

“ From Ref. 55. 

l'iguie 25. Selectivity of cobalt catalyst as a function of operating pressure 
2H-> + ICO gas at 185°C. (From data of Ref. 55) 
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perature. However, for tests at 1G0 and 182°C, in which the conversion was 

maintained at 26 to 28 per cent, the yields of both alcohols and olefins were 

greater at the lower temperature, although the average molecular weight 

Avas someAvhat higher at the higher temperature. At 182°C the average 

molecular Aveight of the product decreased from 211 to 126 as the conver¬ 

sion Avas decreased from 88 to 28 per cent by increasing the Aoav, Avhile the 

percentage of olefins and alcohols, respectively, increased from 8.2 to 14.9 

and 2.1 to 4.8. These and other data indicate that the percentages of both 

alcohols and olefins increase as conversion is decreased, and both of these 

molecules must be regarded as primary products; hoAvever, paraffins are 

not excluded. 

Data in Figure 25 for experiments at 185°C with a constant Aoav (STP) 

of 2H2 + ICO gas demonstrate the influence of pressure on selectivity. In 

these tests the conversion Avas maintained at approximately 90 per cent, 

except at the highest pressure, Avhere the conversion Avas 70 per cent. The 

average molecular weight increased Avith pressure to a maximum at about 11 

atm. The largest changes in selectivity were observed betAveen 1 and 6 atm. 

In this range the olefin content of the oil phase decreased sharply and then 

increased about linearly AA7ith pressure from 6 to 21 atm. The alcohol yields 

increased continuously Avith pressure, the yield rising sharply betAveen 11 

and 21 atm. 

Kinetics of the Fischer-Tropsch Synthesis on Iron Catalysts 

The kinetics of the synthesis on iron catalysts are different than on co¬ 

balt and nickel in the folloAving Avays: On iron catalysts (a) the usage ratio 

H2/CO is loAver and usually varies widely Avith conversion and gas compo¬ 

sition, (b) the rate increases approximately linearly with operating pres¬ 

sure, and (c) the rate is roughly proportional to the partial pressures of 

reactants. 
Most experimental studies of cobalt and nickel catalysts Avere made 

with precipitated preparations supported on kieselguhr after reduction in 

hydrogen. The diversity of types and pretreatments of iron catalysts could 

possibly produce major differences in kinetic behavior; hoAArever, available 

data indicate that these factors usually do not cause large variations. 

Conversion-reciprocal space velocity plots for iron catalysts shoAV more 

curvature than corresponding curves for cobalt and nickel catalysts. For 

German data of the medium-pressure synthesis Avith a fused iron catalyst116 

(Figure 26) and of the atmospheric synthesis with a precipitated iron-cop- 

per-kieselguhr catalyst79 (Figure 27), the conversion is expressed as per cent 

carbon monoxide consumed, Avhereas in the Bureau of Mines data10 for 

fused iron catalysts at 7.8 atm. (Figure 28), conversion is expressed as per 

cent Ho + CO consumed. All of the curves have the same general shape 

and can be expressed satisfactorily up to conversions of 60 to 80 per cent 
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by the empirical equation 

— log (1 — x) = k/S (8) 

despite the fact that the conversion, x, was expressed in two different ways. 

Similar curves were obtained for nitrided fused iron catalysts at 7.8 and 

Figure 26. Variation of the conversion of carbon monoxide with the reciprocal of 

space velocity with a fused iron catalyst. (From data of Ref. 116) 

Figure 27. Variation of conversion and usage ratio with bed length on iron catalyst 

at 230°C and constant flow of 2H? + ICO at atmospheric pressure. (Reproduced with 
permission from Ref. 79) 

21.4 atm. In Figure 27 the abscissa are reported as bed length at constant 

synthesis gas flow, and under these conditions bed length is proportional 
to the reciprocal of space velocity. 

The increase of rate with temperature is usually somewhat smaller than 

that found for cobalt and nickel catalysts. With two precipitated iron 

catalysts in the medium-pressure synthesis, Pichler102 varied gas flow and 

temperature, maintaining the contraction (not C02-free) at 50 per cent in 

one experiment and 15 per cent in another. Arrhenius plots (Figure 29) 
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are approximately linear with slopes corresponding to an over-all apparent 

activation energy of 20.9 kcal/mole. Similar experiments of the Bureau of 

Mines10 with fused and precipitated iron catalysts and 1H2 + ICO gas at 

Figure 28. Variation of conversion with the reciprocal of space velocity. (Repro¬ 

duced with permission from Ref. 10) 

1.80 1.88 1.96 2.04 
1000 /T.’K 

Figure 29. Arrhenius plots for medium-pressure synthesis with two precipitated 

iron catalysts. (From data of Ref. 102) 
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7.8 atm. (Figure 30) gave activation energies of 20.0 and 20.9 kcal/mole. 

The apparent activation energy computed from the temperature depend¬ 

ence of constant k of empirical Eq. (8) for data of Figure 28 was also 20 

kcal/mole. At 21.4 atm. the activation energy for nitrided fused catalysts 
was between 19 and 21 kcal/mole. 

The data of tests of iron catalysts with 1H2 + ICO gas can usually be 
expressed satisfactorily by the equation 

- log (1 - x) = ^ e~E,RT (9) 

where A and E are, respectively, a temperature-independent rate constant 

Figure 30. Arrhenius plots of space-time yield (in terms of volume of synthesis 

gas converted) against reciprocal of absolute temperature. Flow was varied to main¬ 

tain apparent contractions of 65 per cent. (Reproduced from Ref. 10) 

and the over-all activation energy. Equation (9) is useful in correlating 

data at different flows, temperatures, and pressures. The constant A can 

be used as an index of catalyst activity. Equation (9) can be modified to 

give the activity, Av, expressed as cc synthesis gas converted per cc of 

catalyst per hour at 240° when the flow is adjusted to give a conversion of 

65 per cent. The resulting equation with the activation energy taken as 
19 kcal/mole is 

Av = 1.241 X 10“8 X £ X 104130/T X log10 —. (10) 
1 — x 

In practice the apparent contraction (C02-free) is used since it differs 

from the real contraction by only about 2 per cent for most experiments. 

For some purposes activity is better expressed per gram of iron, the value, 

AFe, being obtained by dividing Av by the weight of iron per cc. Figure 
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31 demonstrates the use of activities (computed from average values of 

temperature, flow, and contraction for weekly synthesis periods) for com¬ 

paring the reproducibility of catalyst tests at 7.8 atm. This graph also 

shows the relative activity per gram of iron for different types of catalysts. 

Empirical rate Eq. (9) has been thoroughly tested only for 1H2 + ICO 

gas. It also holds moderately well for other feed-gas compositions; how¬ 

ever, the upper limit of conversion to which the equation applies is lower 

Figure 31. Reproducibility of catalysts tests at 100 psig with ltR to ICO gas. 

(Reproduced with permission from Ref. 10) 

for gases having compositions widely different from 1H2 + ICO. The rate 

constant k is the maximum space-time-yield obtained as the flow is in¬ 

creased, as shown by rewriting Eq. (8) as 

k=-S log(l-x). (11) 

For small values of x, - log (1 - x) ^ x and Sx = r. This procedure 

may be used for extrapolating to the limiting space-time-yield (zero con¬ 

version) and should be especially useful for comparing data obtained with 

different feed-gas compositions at a constant temperature, since the rates 

at zero conversion can be related directly to the feed composition. 

Most iron catalysts are not effective in the synthesis at atmospheric 
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pressure unless given special treatment, such as solvent extraction at in¬ 

tervals of 1 or 2 days. Pichler101 found that both activity and life of pre¬ 

cipitated catalysts operated with carbon monoxide-rich gas at 235°C 

increased to a maximum at about 15 atm. and then decreased, the highest 

pressure in this study being 00 atm. Data of Scheuermann116 showed that 

the activity was greater at 12 atm. than at 50 or 200 atm. Similarly, the 

activities of fused iron catalysts in synthesis experiments of Linekh and 

Klemm89 at 100 atm. were relatively low. Data of Pichler102 for precipitated 

SYNTHESIS PRESSURE, ATMOSPHERES (ABSOLUTE) 

figure 32. Variation of space-time yield with pressure and temperature (From 
Ref. 102) 

catalysts at constant temperatures and approximately constant conversion 

in Figure 32 indicate that the rate increased linearly with pressure; how¬ 

ever, the lines do not pass through the origin. With reduced fused iron 

(Fe304-Mg0-K20) Bureau of Mines workers10 found that activity computed 

by Ecp (10) was proportional to pressure, and for two temperatures the 

data tell on the same line as shown in Figure 33. Similar experiments with 

nitrided fused catalysts68 also indicated that the rate was proportional to 

operating pressure. Hall, Gall, and Smith58 studied the pressure dependence 

of the synthesis in the range 300 to 0/5 psig with mill scale and fused iron 

catalysts in fixed-bed, slurry, and fluid-bed reactors with 2H2 + ICO gas 

at relatively constant conversions and recycle ratios. The data in Figure 

34 indicate that the rate (expressed as space-time yield) increased linearly 

up to the highest pressure, G75 psig. With catalysts containing relatively 
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inert forms of iron oxide that require reduction in hydrogen before syn¬ 

thesis, the rate increases directly with pressure up to at least 45 atm. With 

precipitated catalysts the optimum rate is obtained at 15 to 20 atm. In 

the linear rate-pressure region, the constant A of Eq. (9) can be replaced 

by A'P, where P is the operating pressure. 

With iron catalysts the relative usage of hydrogen and carbon monoxide 

varies from nearly 2H> + ICO to 0.5H2 + ICO, and is principally a func¬ 

tion of feed composition, the fraction of gas converted and recycle ratio. 

The dependence of usage ratio on temperature and pressure is usually small. 

Figure 33. Variation of activity with operating pressure on fused catalyst D3001 

with 1H, + ICO gas. (Reproduced with permission from Ref. 10) 

Data of Pichler101 for tests with precipitated catalysts, presumably at high 

conversions, indicate that production of water decreased with increasing 

carbon monoxide content, and was greater at 15 atm. (gage) than at at¬ 

mospheric pressure. Similar trends have been found with other types of 

catalysts. 
The influence of conversion and recycle on usage ratio can be explained 

by assuming that: (a) water is the principal primary product, and (b) 

carbon dioxide is produced by the water-gas-shift reaction with the rate 

of this reaction being proportional to the concentrations of water and 

carbon monoxide. 
Koelbel79 •75 observed that usage ratios in tests at atmospheric pressure 

with 2H2 + ICO gas decreased with increasing conversion from 1.75 at 
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25 per cent conversion of CO to 0.78 at 97 per cent, as shown in Figure 27 
and Table 5. At 180°C the usage ratio was 1.45, possibly somewhat larger 
than would be expected for the same conversion at 230°C. From these and 

O 200 400 600 800 
OPERATING PRESSURE (PS.I. ABSOLUTE) 

Figure 34. Variation of rate with operating pressure on iron catalysts for three 

types of reactors. (Reproduced with permission from Ref. 58) 

Table 5. Variation of Usage Ratio with Conversion and Temperature” 

(2H2 -f ICO gas at atmospheric pressure) 

Space Velocity (hr-1) Temp. (°C) Usage Ratio, H2/CO Conversion of CO (%) 

100 230 0.78 97.0 
200 230 1.43 70.0 
500 230 1.75 25.0 

30 180 1.45 48.0 

° From Ref. 75. 

data for the reaction ot H2O T CO on iron catalysts79 (see p. 305) at various 
temperatures, it may be concluded that the water-gas-shift reaction has a 
moderately large temperature coefficient, Koelbel inferred that as the 
temperature was decreased, the rate of the water-gas-shift reaction de¬ 
creased more rapidly than the rate of the primary synthesis reaction. 
However, his own data in Table 5 apparently contradict this generaliza- 
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tion. Work of the Bureau of Mines in Table 6 indicates that the usage 

ratio at 65 per cent contraction with 1H2 + ICO at 7.8 to 21.4 atm. is 

relatively constant over a wide range of temperature, 222 to 271°C, for 

catalysts pretreated in a variety of ways. At least in this range of tempera- 

Table 6. Usage Ratios in Bureau of Mines Tests 

(1H2 + ICO gas, conversion about 65 per cent) 

Pretreatmenta Initial Phases0 
Operating Conditions 

Usage Ratio, H2/CO 

Pressure (atm.) Temp. (°C) 

A. Fused FezOi-MgO-K-iO 

R a 7.8 226 0.78 

238 .71 

253 .79 

260 .72 

R a 21.4 258 .72 

RN e 7.8 225 .75 

€ 21.4 238 .79 
/ 

e, y 21.4 242 .77 

RC xa 7.8 229 .75 

X 11.1 239 .83 

X 14.5 235 .84 

X 21.4 250 .83 

B. Fused Fe^Oi-AliOi- K20 

R a 7.8 271 .69 

21.4 250 .67 

RN e 7.8 230 .69 

21.4 243 .73 

RC Xa 21.4 233 .80 

C. Precipitated Fe-iOz-CuO-KiCOz 

I M ? 7.8 221 .57 

R a 7.8 229 .66 

RN € 7.8 229 .69 

o R = reduced in H2 , N = nitrided in NH3 , C = carburized in CO, I = pretreated 

with 1H2 + ICO. All pretreatments at atmospheric pressure. 

h Phases from x-ray diffraction: a = a-iron, e = e-nitride, y' = v'-nitride, x = 

Hagg carbide, M = magnetite. 
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tures the water-gas-shift reaction must increase with temperature at about 

the same rate as the primary synthesis step. 

The usage ratio, II2/CO, increases with recycle ratio. For processes 

other than hot-gas-recycle, the exit gas is cooled to room temperature or 

lower before recirculation. In the medium pressure range this cooling con¬ 

denses most of the water vapor; however, the water is not completely re¬ 

moved at atmospheric pressure. Thus, the average concentration of water 

vapor decreases as the recycle ratio increases, and the observed increase 

in usage ratio apparently results from the lower concentration of w^ater 

vapor. U. S. Bureau of Mines data26 (p. 236, Chapter 2) for the oil circula¬ 

tion process with fused iron catalysts demonstrate the increase in usage 

Figure 35. Variation of usage ratio with recycle ratio with iron catalysts at 10 

atm. The lowest flow points represent fresh feed, and increased flow values result 

from recycle. (Reproduced with permission from Ref. 76) 

ratio with gas recycle, and with 1H2 + ICO gas the usage ratio eventually 

exceeded the feed-gas ratio. Koelbel76 observed that the usage ratio with 

2H2 + ICO gas at atmospheric pressure and 222°C increased from 0.84 to 

1.8 as the recycle ratio (with special drying of recycle gas) increased from 

0 to 9. Lower usage ratios at the same recycle ratios were observed when 

the gas was not dried. In these experiments the conversion of carbon monox¬ 

ide was about 85 per cent. With 2H2 + ICO gas at 10 atm., 220°C, $nd 

carbon monoxide conversions of about 93 per cent, the usage ratio increased 

from 1.2 to 1.95 as the recycle ratio was increased from 0 to 14. Data for 

1.28H2 + ICO at 10 atm. and several temperatures in Figure 35 show the 

effect of average conversion of carbon monoxide produced by varying the 

temperature. In this figure the usage ratio is plotted against the total gas 

flow, fresh plus recycle, and the points for the lowest flow (at about 100 

hr-1) represent the fresh feed only (no recycle). At all temperatures the 

usage ratio increased with recycle ratio. For an average conversion of car- 
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bon monoxide of 64 per cent, the usage ratio was greater than the feed-gas 
ratio for recycle ratios greater than about 2. 

As a conclusion of this discussion, the variation of relative usage of hy¬ 

drogen and carbon monoxide with conversion will be examined with re¬ 

spect to the results described previously. The data in Figure 36 for a test 

of a fused iron catalyst with 1H2 + ICO at 7.8 atm. and 249°C are plotted 

as volumes H2 consumed per volume of H2 + CO consumed against frac- 

CONVERSION OF Hj+CO 

Figure 36. The integral and differential usage of hydrogen on fused iron catalyst 

with lHs + ICO gas at 7.8 atm. and 249°C. 

tion of H2 + CO consumed. This plot has the advantages that the ordinates 

vary only from 0 to 1.0 and that the differential usage of hydrogen, dH2/d- 

(Ha + CO), may be obtained by a simple graphical method. On the in¬ 

tegral (solid) curve, experimental points cover conversions from 0.21 to 

0.87. The triangle at a conversion of 1.0 results from the requirement that 

usage and feed ratios must be equal when all of the gas is consumed. Al¬ 

though this point may not be attainable experimentally, it appears to be a 

logical extrapolation of the available data. As the conversion approaches 

zero, the integral curve rises steeply, and its extrapolation to a utilization 

of 0.67 (corresponding to a usage ratio, H2:CO, of 2.0) at zero conversion 
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seems reasonable. The differential curve falls steeply with increasing con¬ 

version to a minimum at a conversion of 0.3 and then increases continu¬ 

ously. The initial decrease is probably caused by the water-gas-shift reac¬ 

tion favored by the water vapor produced in the synthesis. As conversion is 

increased, the ratio of H2:CO in the exit gas increased, having the values 

of 1.13, 1.50, and 2.49 at conversions of 0.3, 0.5, and 0.7, respectively. The 

increase in dH2/d(H2 + CO) at conversions above 0.3 is probably related 

to the increasing H2:CO ratio of the gas in contact with the catalyst. This 

effect apparently outweighs the influence of the water-gas-shift reaction. 

Thus, the curves in Figure 36 result from two processes: (a) the water-gas- 

shift reaction decreasing the utilization ratio, and (b) the increasing H2:CO 

ratio of the reacting gas tending to increase the usage of hydrogen. 

Table 7. Variation of Rate with Particle Size“ 

(Fused iron catalyst with 2H2 + ICO gas in fixed-bed reactor) 

Catalyst size 

Pressure 
(psig) 

Temp. 
(°C) 

Flow per 
Gram 

Catalyst 
(l./hr) 

Recycle 
Ratio 

Con¬ 
version 

ofH2 + CO 

(%) 

Space-time- 
yield 

Conversion 
X Flow 

Mesh 
B S S 

Range 
(mm) 

Average 
(mm) 

7-14 2.41-1.20 1.80 300 265 0.21 2.0 89.2 0.187 
25-36 0.60-0.44 0.52 300 265 .60 2.8 88.0 .528 
7-14 2.41-1.20 1.80 600 305 1.02 2.3 88.0 .898 

25-36 0.60-0.44 0.52 600 305 3.42 2.0 90.1 3.08 

Ratio of space-time-yields at 300 psig = 2.82. Ratio of space-time-yields at 600 

psig = 3.43. Ratio of average particle diameters = 1/3.46. 

“ From Ref. 58. 

With fused or sintered iron catalysts, the activity increases as the par¬ 

ticle size decreases. Thus, Reisinger108 observed that, at the same medium- 

pressure synthesis conditions, catalyst particles (presumably of fused WK 

17) from 0.3-0.5 mm operated at 188°C compared with 198° for 1 to 2 mm 

particles. These workers concluded that the activity increased with de¬ 

creasing particle size until the wax him caused the particles to adhere 

together to an extent that caused fluctuations of gas flow and poor gas 

distribution within the bed. In this range of particle size a 3- to 4-fold 

decrease in particle size produced approximately a 1.6-fold increase in ac¬ 

tivity (based on an activation energy of 20.0 kcal/mole). Data of Hall, 

Gall, and Smith58 at 300 and 600 psig of 2H2 -f- ICO with mill scale and 

fused iron catalysts indicate that the rate, under similar synthesis con¬ 

ditions, varied approximately inversely with particle size, as shown in 

Table 7. Over the range of particle sizes studied, the rates increased by 

2.8 and 3.4 when the particle size decreased by a factor of 3.5. Thus the 

rate increased slightly less than linearly with the external surface area per 
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unit weight ot catalysts, the external area being inversely proportional to 
the particle diameter. 

In the U.S. Bureau of Mines tests10 at 7.8 atm. of 2H2 + ICO with 

fused Fe304-Mg0-K20 catalyst of sizes varying from 4-6 to 40-60 mesh, 

the activity increased with decreasing particle size. For the larger particles 

the rate increased approximately linearly with external area, but the curve 

flattened at high areas (small particles). The data of Figure 37 may be 

approximated by assuming that the active portion of the catalyst is con¬ 

fined to an outer shell of constant depth on spherical particles and that 

Figure 37. Variation of activity with external area. (Reproduced with permission 

from Ref. 10) 

the rate is proportional to the volume of catalyst (per gram of catalyst) 

in this shell. Based on these assumptions, the depth of the active layer was 

about 0.1 mm. Although these postulates constitute a great oversimplifica¬ 

tion, the calculation demonstrates that only a small fraction of the total 

surface area is accessible and effective in the Fischer-Tropsch synthesis. 

These results are very different from the data on the decomposition of 

ammonia on similar fused iron catalysts where the rate was found to be 

independent of particle size'’5. The observation of the low accessibility of 

the internal surface of fused catalysts in the Fischer-Tropsch synthesis is 

not expected, since the pores of used catalysts aie neaily completely filled 

with wax. Furthermore, the oxidation that occurs during synthesis destroys 

an appreciable fraction of the pores59, 12°. 
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In synthesis studies at temperatures greater than 300°C, such as em¬ 

ployed in the fluidized process, the deposition of carbon with subsequent 

catalyst deterioration is a major problem. Arnold and Keith11 and Hall, 

Gall, and Smith58 observed that the rate of carbon deposition decreased 

sharply as the partial pressure of hydrogen was increased to values above 

100 to 135 psig. High partial pressures of hydrogen are obtained by using 

hydrogen-rich synthesis gas, about 2H2 + ICO, at high conversions and 

high recycle ratios. 
The empirical treatment of available kinetic data on the Fischer-Tropsch 

synthesis on iron catalysts lead to the following conclusions: 

1. The over-all activation energy for the process is about 20 kcal/mole. 

This high value excludes diffusion to or from the catalyst particles as a 

rate-determining step. 

2. The rate is strongly dependent upon particle size, suggesting that 

diffusion in the catalyst pores is slow compared with the reaction rate. 

Apparently only the outer portion of the catalyst is effective. The slow 

diffusion in pores probably results from a decrease in the pore volume by 

oxidation during synthesis and blocking of pores by wax. Under these 

conditions the observed activation energy may be only one-half of the value 

that would be obtained on a planar surface137. 

3. At constant temperature and conversion, the rate is proportional to 

the operating pressure. 

4. At constant pressure and temperature, the synthesis rate appears to 

increase with partial pressure of hydrogen up to at least 2H2 + ICO123. 

5. The principal primary reaction appears to be 

2Ho + ICO —> - (CH2)„ + H20 (12) 
n 

with carbon dioxide produced by a subsequent water-gas-shift reaction. 

At temperatures above 200°C the rate of this secondary process seems to 

vary with temperature in about the same way as the primary reaction 

6. The occurrence of the water-gas-shift reaction is primarily a function 

of the ratio H2:CO of the feed gas and of the conversion. The rate of this 

reaction increases with increasing concentrations of water vapor and car¬ 
bon monoxide. 

The simple empirical first-order-type rate equation (Eq. 9, p. 286) fits 

experimental data remarkably well over a variety of operating conditions; 

however, this equation has no fundamental basis. For conversions up to 
60 per cent the equation 

r = k pH2 (13) 

holds fairly well. This equation appears similar to the differential form 
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of Eq. (9) 

r = k (1 — x). (14) 

However, the function (1 — .r) decreases more rapidly than pHi as the 

conversion, x, increases. 

A second equation, in which rate is assumed to be proportional to the 

partial pressure of hydrogen and to the fraction of reduced iron, (including 

iron as carbide or nitride) in the active zone near the external surface, 

6m , has been shown to fit experimental data over a very wide range of 

operating variables. The fraction of iron in the surface layers is postulated 

to be determined by competitive first-order reactions involving oxidation 

of iron with steam and reduction of oxide by carbon monoxide. Thus 

(15) 

Pco 

In unpublished work of the U. S. Bureau of Mines68, this equation has been 

tested for data from experiments of nitrided as well as reduced-fused iron 

catalysts with different feed-gas compositions at several temperatures and 

pressures. The equation usually fits the data of individual experiments 

within the limits of accuracy. Although the values were reasonable, the 

constants from experiments at the same temperature showed definite 

trends as the feed-gas composition was changed. Thus, further studies will 

be required to establish the validity of Eq. 15. A number of equations of 

the type proposed by Hougen and Watson64 were examined, but none of 

these expressed the data properly. Tramm127 proposed rate equations for 

the synthesis on iron catalysts. The most important term in these expres¬ 

sions relates rate to PnTPco or Ph22Pco ■ These equations suggest a greater 

dependence of rate on total pressure than is observed. 

Kinetics of the Fischer-Tropsch Synthesis on Ruthenium Catalysts 

Pichler and Buffleb103’ 104 reported a detailed study of the activity and 

selectivity of ruthenium catalysts. The usage ratio H2:CO was about two 

for most synthesis conditions (pp. 240-241). The average molecular weight 

of the product increased with operating pressure from almost entirely 

methane at atmospheric pressure to virtually all wax at 1,000 atm. Frac¬ 

tions of the waxes from the 1,000 atm. synthesis melted as high as 134°C 

and had molecular weights as high as 23,000. 
The conversion increased with operating pressure to the highest pressure 

studied, and the rate also increased with an increase in temperature, as 

shown in Figure 38. These experiments were not, however, designed to 

give the pressure or temperature coefficients. A plot of contraction against 
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reciprocal of flow in Figure 39 shows that the rate is also strongly depend¬ 

ent upon partial pressures. 

Figure 38. Variation of the extent of conversion with pressure on ruthenium cat¬ 

alysts. Flow of 2H2 + ICO of % 1/g Ru X hr. (From Ref. 104) 

Variations of the Fischer-Tropsch Synthesis 

The following series of equations may be obtained by the addition of 
the water-gas-shift reaction to the equation above it: 

Fischer-Tropsch synthesis 

3H2 + 1C02 - (CH2)„ + 2H20 
n 

r 

2H2 -f- ICO —» - (CH2)„ + H20 
n 

J 

1H2 + 2CO —> - (CH2)„ + C02 
n 

H20 + 3CO —> - (CH2)n + 2C02 
n 

(16) 

(17) 

(18) 

(19) 

Each equation consumes three moles of H2 + CO per mole of CH2 pro¬ 

duced. In the temperature range normally considered for Fischer-Tropsch 

synthesis, the standard state free energy per CH2 group becomes more 

negative in proceeding from Eq. (16) to (19). However, under most con¬ 

ditions of the Fischer-Tropsch synthesis, all of the reactions are thermo¬ 

dynamically possible. The following observations can be made regarding 
Eqs. (16) and (19): 

(a) Ihe reactants in Eqs. (16) and (19) are, respectively, the products 
and reactants of the water-gas-shift reaction. 
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(b) Formic acid under suitable experimental conditions can be produced 

from the reactants of Eqs. (16) and (19), and formic acid has been postu¬ 

lated as an intermediate in the water-gas-shift. 

(c) 'W ith iron catalysts H2 and C02 have, respectively, a lower tendency 

to reduce magnetite and to oxidize iron than CO and H20. Iron oxide may 

also be an intermediate in the water-gas-shift. 

(d) In both laboratory experiments and commercial practice, it has been 

shown that methanol can be produced from H2 + C02 gas on typical 

methanol catalysts under conditions of the synthesis of methanol from 
H2 -J- CO gas. 

RECIPROCAL FLOW, 10 * 2 Ru. x hr. / I. 

Figure 39. Conversion-reciprocal space velocity curves for synthesis on ruthenium 

catalysts. (From Ref. 104) 

Papers of Pichler99, 100■ 106 describe reactions of H2 + C02, H20 + CO, 

formic acid, and formates. 

Hydrogenation of Carbon Dioxide 

Studies of the catalytic hydrogenation of carbon dioxide date back to 

Sabatier and Senderens114. Koch and Kuster72 reviewed the literature of 

this reaction up to 1933. These authors studied the hydrogenation of car¬ 

bon dioxide at atmospheric pressure on cobalt and nickel catalysts. With 

4H2 + 1C02 gas, cobalt and nickel catalysts had appreciable activity at 

150°C, and sizable conversions were attained at 200°C. The conversion 

increased to a maximum at 300°C and then decreased. Methane was the 

only hydrocarbon found. With 1H2 + 4C02 gas on a nickel catalyst, the 
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hydrogen was virtually completely consumed at 175 to 300°C, and the 

exit gas contained about 92 per cent CO2,0.1 CO, 0.0 to 0.2 H2, and 5.5 

CH4 . In one experiment, tests for traces of methanol and formaldehyde 

were obtained; however, hydrocarbons higher than methane were not 

found. In tests at 300 and 350°C with high flows of 1H2 + 4C02 on cobalt 

and nickel catalysts, small quantities of carbon monoxide, 0.2 to 2.6 per 

cent, were found in the exit gas. Other experiments showed that hydrogen 

sulfide severely poisoned cobalt and nickel catalysts for the hydrogenation 

of carbon dioxide. The reaction was also strongly inhibited by added water 

vapor. 
Fischer and Pichler46 investigated the hydrogenation of carbon dioxide 

and mixtures of C02 and CO at atmospheric pressure on cobalt, nickel, 

and iron catalysts. With cobalt and nickel catalysts at temperatures from 

150 to 200°C: (a) carbon dioxide was not hydrogenated in the presence of 

carbon monoxide, (b) the hydrogenation of carbon monoxide was not in¬ 

hibited by the presence of carbon dioxide and the selectivity was not 

changed, (c) the hydrogenation of carbon monoxide yielded typical Fischer- 

Tropsch products, but methane was the only hydrocarbon from the hydro¬ 

genation of carbon dioxide, and (d) for gases containing H2 , CO, and C02 

the hydrogenation of carbon dioxide occurred only after essentially all of 

the carbon monoxide was consumed. These results are demonstrated by the 

analyses of exit gases, as shown in Figure 40. In these tests the feed gas 

rate was presumably held constant and the temperature was increased 

from 150 to 200°C. With a nickel catalyst at 215 to 275°C the same results 

were obtained with the exception that methane was the only hydrocarbon 

produced. 

With an iron catalyst the same feed gases were used as shown for cobalt 

catalysts in Figure 40. At 250°C and atmospheric pressure, contractions 

of about 15 per cent were observed. From gases containing carbon monox¬ 

ide, about 20 g of liquid hydrocarbons per cubic meter of feed were pro¬ 

duced, but no liquid hydrocarbons were obtained from II2 + C02 . At 

300°C small amounts of carbon monoxide were produced from H2 + C02 . 

Kinetic experiments of the U. S. Bureau of Mines7, (p. 21) also showed 

that carbon dioxide produced in the synthesis with a cobalt catalyst was 

hydrogenated only after the carbon monoxide had been completely con¬ 
sumed. 

Kuster87 showed that most iron catalysts were ineffective in the hydro¬ 

genation of carbon dioxide to hydrocarbons at atmospheric pressure; how¬ 

ever, the water-gas-shift reaction occurred. Iron catalysts containing small 

amounts of cobalt and copper produced small yields of liquid hydrocarbons, 

and the addition of one per cent of potassium carbonate to these prepara¬ 

tions increased the yields of gasoline. The aqueous phase was acidic. With 
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Fe-Co and Co catalysts impregnated with copper and alkali, the yields of 

liquid and solid hydrocarbons varied from 56 to 164 g/m3 of carbon dioxide. 

Kuster87 postulated that the hydrogenation of carbon dioxide to higher 
hydrocarbons followed the path: 

C02 —> CO —> CH2 —> ^ (CH2)„ . (20) 
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Figure 40. The influence of carbon monoxide on the hydrogenation of carbon 

dioxide at atmospheric pressure (From data of Ref. 46) 

Russell and Miller113 studied the hydrogenation of carbon dioxide on 

unsupported precipitated 100Co:5Cu catalysts with or without added 

alkali and/or cerium oxide at atmospheric pressure. Catalysts without 

alkali produced no liquid hydrocarbons, although the catalysts were active 

at 200 and 225°C. In most cases the hydrocarbon product was entirely 

methane. When 2 per cent K2C03 was added to the same batches of cata¬ 

lyst, liquid hydrocarbons and wax were produced in moderate amounts 

at 200 to 225°C, the highest yields being 116 g/m3 of carbon dioxide con¬ 

verted. Although the gas contraction decreased steadily with time, the 
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yields of liquid and solid hydrocarbons increased. This behavior was in¬ 

terpreted as a process of preferential poisoning that improved the selectiv¬ 

ity. The activity and selectivity of catalysts containing Ce02 and K2C03 

changed much less with time than catalysts promoted with I\2C03 , and 

moderately long periods of operation with relatively constant catalytic be¬ 

havior were possible. The temperature dependence was determined on a 

Co-Cu-Ce02-K2C03 catalyst by varying space velocity and temperature to 

maintain constant conversion. Activation energies of 20.3 to 25.3 kcal/mole, 

averaging 23.1 kcal/mole, were found; these values are essentially the 

same as those found in the hydrogenation of carbon monoxide (p. 265). The 

largest yields of liquid and solid hydrocarbons were obtained from 2H2 + 

1C02 gas, although the gases were not consumed in this ratio. 
Catalysts supported on a natural kieselguhr and impregnated with 

alkali and cerium oxide produced only methane, but a similar preparation 

containing a flux-calcined kieselguhr produced moderate yields of oil. 

These experiments confirm previous observations that the presence of 

natural kieselguhr renders alkali ineffective, presumably by adsorption or 

reaction (p. 133). 
With similar catalysts, Mulford and Russell95 studied the effect of a 

water-gas-shift catalyst before the synthesis catalyst. The H2 + C02 gas 

was passed over an iron water-gas catalyst at 450 to 750°C, and the gases 

were dried before entering the synthesis reactor. Depending on the tem¬ 

perature and activity of the water-gas catalyst, from 25 to 40 per cent of 

the carbon dioxide was converted to carbon monoxide. When the water- 

gas catalyst was used, the yields of liquid and solid hydrocarbons increased 

5- to 35-fold, the production of methane decreased to less than half of the 

yields obtained when the shift catalyst was by-passed. 

The authors95 concluded that carbon monoxide is a critical intermediate 

in the synthesis of higher hydrocarbons and that alkali is a necessary pro¬ 

moter to accelerate the water-gas-shift and polymerization reactions and 

to poison sites responsible for methane formation. 

Fischer, Bahr, and Meusel42 investigated the hydrogenation of carbon 

dioxide on a ruthenium catalyst at atmospheric pressure. On alkali-free 

catalysts, the hydrogenation rate was appreciable at 100°C and rapid at 

150°C. The hydrocarbon product was entirely methane. Ruthenium cata¬ 

lysts alkalized with potassium or rubidium carbonates (2 per cent by 

weight) produced small yields of higher hydrocarbons in addition to 

methane. The reaction proceeded at a moderate rate at 170°C, and tem¬ 

peratures of about 200°C were required for large conversions. Preparations 

promoted with sodium and lithium carbonates produced only methane. 

Apparently carbon monoxide effectively poisons Fiseher-Tropsch cata¬ 

lysts for the hydrogenation of carbon dioxide, and this result seems con¬ 

sistent with the poisoning action of carbon monoxide on other catalytic 
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reactions. An explanation of the exclusive production of methane from 

H2 + CO2 on many typical Fischer-Tropsch catalysts is more difficult. 

Pichler100 postulated that the hydrogenation of carbon monoxide involved 

molecular hydrogen and carbide, as suggested by Craxford25, and that the 

hydrogenation of carbon dioxide involved atomic hydrogen and bare metal 

sites. This mechanism involves hydrogenation of carbon dioxide by suc¬ 

cessive steps to dioxymethylene, formaldehyde, methanol, and finally 

methane. This mechanism, however, can be subjected to many of the 

criticisms of Craxford’s carbide hypothesis and others. 

A more plausible explanation for the exclusive formation of methane 

from the hydrogenation of carbon dioxide on many catalysts may be based 

on the postulate that carbon dioxide is reduced to carbon monoxide and 

then to methane. The concentration of carbon monoxide in exit gas from 

the reaction of -4H2 + 1C02 gas was always considerably smaller than the 

equilibrium amounts for the water-gas-shift reactions, about 1 and 7 per 

cent at 227 and 327°C, respectively. Low concentrations would be expected 

even if the hydrogenation is stepwise, as suggested above, since carbon 

monoxide is preferentially hydrogenated in the presence of carbon dioxide. 

On this basis the ratio H2‘.CO of the reacting gas in the hydrogenation of 

carbon dioxide would be very large, perhaps about 400. This high H2:CO 

ratio would favor the production of methane. 

Reactions of Carbon Monoxide and Water 

Pages 289-290 consider the reaction of water and carbon monoxide 

proceeding principally according to the equation of the water-gas-shift 

reaction. The formation of products typical of the Fischer-Tropsch syn¬ 

thesis from water and carbon monoxide will now be described. 

Production of carbon dioxide in the synthesis (pp. 274-283, and 289-291) 

was shown to result chiefly from the water-gas-shift reaction subsequent 

to the primary process. The velocity of the water-gas-shift reaction appears 

to increase with the concentrations of both water and carbon monoxide, 

and on iron catalysts the rate increases with temperature at approximately 

the same rate as the primary synthesis process. With cobalt catalysts 

Craxford23 postulated that the water-gas-shift reaction as well as hydro¬ 

cracking are rapid on portions of the catalyst containing metallic cobalt, 

whereas these reactions are slow on surfaces ol cobalt carbide presumed to 

be the catalyst phase effective for synthesis. Bashkirov, Kryukov, and 

Kazan14 studied the influence of added water vapor on the synthesis with 

precipitated iron catalysts at atmospheric pressure. 4 he apparent contrac¬ 

tion and the concentration of carbon dioxide in the exit gas were determined. 

At 230°C with 1H2 + ICO + 1H20 gas, the rate of the water-gas-shift 

reaction was shown to be 13.6 times the rate of the synthesis reaction. 

Koelbel and Engelhardt77 passed 1H20 + ICO over a standard Co- 
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Th02-Mg0-kieselguhr catalyst that had been pretreated as follows: 

(a) Reduction in hydrogen at 450°C. 

(b) Treatment (a) plus carburization in carbon monoxide at 270°C for 

24 hours. 

(c) Treatment (a) plus 150 hours of synthesis. 

Figure 41 shows that the velocity of the water-gas-shift at 240°C was 

rapid approaching equilibrium with the reduced catalyst, low with car¬ 

burized sample, and intermediate for the sample used in the synthesis. 

Koelbel believed that treatment (b) produced cobalt carbide; however, 

with similar catalysts Hofer62 and Anderson6 have shown that carburiza¬ 

tion at 270°C usually produces chiefly elemental carbon and very little 

Figure 41. Reaction of carbon monoxide and water at 240°C on Co-Th02-MgO- 

kieselguhr catalyst. Space velocity of ICO + 1H20 of 1 hr-1. (Reproduced with per¬ 

mission from Ref. 77) 

carbide. Furthermore, the catalyst after a treatment similar to (b) was 

relatively inactive in the synthesis, which may also account for its low ac¬ 

tivity in the water-gas-shift. 

Koelbel and Engelhardt77 studied the water-gas-shift reaction on a pre¬ 

cipitated Fe203-Cu0-K2C03 catalyst after: 

(a) Treatment with carbon monoxide at 270°C for 24 hours; 

(b) treatment (a) plus hydrogenation at 270°C for 24 hours; 

(c) reduction in hydrogen at 270°C; and 

(d) synthesis for 100 hours with 2H2 + ICO gas at 230°C and atmos¬ 

pheric pressure. 

Treatment (a) probably converted the catalyst to Flagg carbide, and step 

(b) may have removed a sizable portion of the carbide. Treatment (c) 

probably converted the catalyst to a mixture of iron and magnetite (termed 

“oxide” on Figure 42), and the synthesis step (d) possibly converted the 

catalyst to a mixture of magnetite and Flagg or hexagonal carbide. At 
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240°C the water-gas-shift (Figure 42) was slow on sample (c). The activity 

of the carbide (a) increased rapidly with time, and the curves for (a) and 

(b) appear to converge on the curve for the used catalyst (d). 

Studies at different temperatures77 in Figures 43 and 44 show that the 

rate of the water-gas shift increases with temperature. The curves for the 

cobalt catalyst were only slightly lower than the corresponding ones for 

iron catalysts.* However, the rate of synthesis at a given temperature is 

considerably greater with the cobalt catalysts than with the iron; high 

conversion can be attained at 185 to 190°C with the cobalt catalyst com¬ 

pared with about 230°C for the iron catalyst. On this basis, the cobalt 

HOURS 

Figure 42. Reaction of carbon monoxide and water at 240° on iron catalyst. Space 

velocity of ICO + 1H20 of 100 hr”1. (Reproduced with permission from Ref. 77) 

catalyst at 185 to 190°C would be expected to produce very little carbon 

dioxide and the iron catalyst at 230°C large amounts. 

In a second paper, Koelbel and Engelhardt79 studied the variation of 

conversion of 1H20 + ICO gas as a function of space velocity at atmos¬ 

pheric pressure on a precipitated iron catalyst. Their data in Figure 45 

are similar to those for the synthesis and can be represented by Eq. (9) up 

to conversions of about 65 per cent. 

Cobalt and nickel catalysts are not appreciably oxidized by H20 + CO 

mixtures; however, iron catalysts may either be oxidized or reduced, de¬ 

pending upon the relative amounts of water and carbon monoxide. Koelbel 

and Engelhardt79 measured the production of carbon dioxide at 240°C as 

a function of time and C0:H20 ratio for a pretreated, precipitated iron- 

copper catalyst, as shown in Figure 46. Initial carbon dioxide production 

was greatest with ICO + 1H20 and 4CO + 3H20 gas; the rate, however, 

* White and Shultz138 have shown that fused cobalt oxide catalysts are more active 

in the water-gas-shift than usual iron shift catalysts. 
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decreased with time. With 2CO + IH2O and 4CO + IH2O, the production 

of carbon dioxide was constant after about 20 hours. Values for the per¬ 

centage of reduced iron (including a-Fe and carbides) in the catalysts 

after the pretreatment (68 per cent) and at the end of the experiment 

0 4 8 12 16 
TIME , HOURS 

Figure 43. Conversion of carbon monoxide in a mixture of carbon monoxide and 

water vapor on a used cobalt catalyst as a function of temperature. (Reproduced 

with permission from Ref. 77) 

0 4 8 12 16 
TIME, HOURS 

Figure 44. Conversion of carbon monoxide in a mixture of carbon monoxide and 

water vapor on a used iron catalyst as a function of temperature. (Reproduced with 

permission from Ref. 77) 
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(Figure 46) indicate that the reduced iron content was unchanged with 

2CO + lHoO and 4C0 + 1H,0 gas, but had decreased considerably with 

4C0 + 3H20 and ICO + 1H20 gas. In tests with 2C0 + 111,0 gas at 

atmospheric pressure and 200 to 240°C, the catalyst, which was reduced 

Figure 45. Variation of conversion with reciprocal space velocity for CO + H,0 

reaction on iron catalyst. (From data of Ref. 79) 

REDUCED IRON, PERCENT 

Figure 46. Oxidation of pretreated Fe-Cu catalyst by water as a function of rela¬ 

tive amounts of carbon monoxide and water. Space velocity of 100 hr-1 and 240°C. 

(Reproduced with permission from Ref. 79) 
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08 per cent in the pretreatment, was not oxidized, although the carbon 

dioxide production increased with temperature (Figure 47). 

Although the principal studies of the production of hydrocarbons from 

water and carbon monoxide have been made by Koelbel and co-workers, 

this problem had been considered previously. Koch and Kuster72 studied 

the reaction of water and blast furnace gas (CO 30.2, H2 2.8, C02 8.0, CH4 

0.0, 02 0.4, and N2 58.6 per cent, respectively) on cobalt and nickel cata- 

REDUCED IRON, PERCENT 

1 

Figure 47. Reaction of water and carbon monoxide on pretreated Fe-Cu catalyst. 

Spacevelocitn of 2CO + 1H20 of 100 hr"1. (Reproduced with permission from Ref. 79) 

Table S. Feed and Exit Gas Analyses'1 

(Blast furnace gas plus water, CO:H20 = 3, 235°C and 10 atm.) 

Per cent by volume 

C02 CO h2 Olefins Nj Paraffins 
Carbon 

Number of 
Paraffins 

Feed gas 0.0 29.0 1.0 0.0 70.0 0.0 — 

Exit gas 17.5 1.1 2.4 0.7 76.9 1.5 1.35 

° From Ref. 80. 

lysts at atmospheric pressure and 200 to 350°C. The gas was 13, 25, or 50 

per cent saturated with water vapor. With the cobalt catalyst a maximum 

of only 1.5 per cent methane was found in the exit gas at 250°C, and ap¬ 

parently no higher hydrocarbons were produced. The water-gas-shift reac¬ 

tion proceeded slowly so that the exit gas contained 4.2 and 21.9 per cent 

of hydrogen at 210 and 300°C, respectively. The nickel catalyst was some¬ 

what more active, and in some cases the percentage of methane in the exit- 

gas was as high as 8 to 9 at 250 and 300°C. Traces of higher gaseous hy¬ 

drocarbons were produced at 250°C. The extent of the water-gas-shift 

reaction increased with temperature; however, when high yields of methane 
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were produced, the hydrogen content of the exit gas was correspondingly 

decreased, dhese data demonstrate that the water-gas reaction was more 

rapid than reactions producing methane. 

Koelbel and Engelhardt80 described tests with precipitated iron catalysts 

in which typical Fiseher-Tropsch products were produced from CO + H2O 

PRESSURE, ATMOSPHERE 

Figure 48. Variation of rate of synthesis from FRO + CO with operating pressure. 

(Reproduced with permission from Ref. 80) 

Table 9. Composition of Products from H20 + CO as a Function 

of Operating Pressure3 

Pressure, 
atm. absolute 

Composition of Liquid Plus Solid Oil Phases 

Density 

Mm) 

Oxygen 
Content (%) 

Alcohols 
(vvt. %) 

Acid number 
(mg KOH/'g) 

1 0.747 0.10 0.1 0.7 

11 .744 .72 .4 3.0 

31 .747 1.04 3.0 5.3 

51 .762 1.00 5.2 7.2 

71 .775 3.03 12.1 10.8 

101 .768 7.10 29.5 30.5 

a From Ref. 80. 

gas. The thermodynamics and stoichiometry of these reactions were also 

considered. At 235°C, 10 atm., and a space velocity of 100-200 hr-1, high 

conversions of blast furnace gas plus water (CO/H20 = 3) were attained 

with yields of total hydrocarbons of 195 g/m3 of carbon monoxide. The 

feed and exit gas analyses (Table 8) show increases in the concentrations 

of both hydrogen and carbon dioxide during synthesis and rather complete 

consumption of carbon monoxide. 

A series of tests was made at varying pressures, presumably with a con¬ 

stant CO/II2O ratio and at constant temperature; however, these conditions 
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are not specified. The conversion of carbon monoxide was held at about 

90 per cent by varying the space velocity as the pressure was changed. A 

plot of space-time-yield, under these conditions an index of activity, 

against pressure was approximately a straight line, as shown in Figure 48. 

The changes in the composition of reaction products are shown in Table 9. 

These data indicate that both the rate of synthesis and the selectivity vary 

with pressure in the same way as in the usual Fischer-Tropsch synthesis. 

The temperature dependence of the synthesis, presumably with 3CO + 

1H20 gas at constant space velocity and atmospheric pressure, was studied. 

Tests were made at 10°C intervals from 200 to 300°C; each test used a 

freshly reduced sample of supported iron catalyst and was continued for 

150 hours. Yields of methane and total hydrocarbons and the conversion ot 

Figure 49. Influence of temperature on synthesis with 3CO -f- 1H20 on iron cat¬ 

alysts. (Reproduced with permission from Ref. 80) 

carbon monoxide are shown as a function of temperature in Figure 49. 

Only the water-gas-shift occurred at 200°C. At 210°C the carbon monoxide 

conversion had increased to 90 per cent and the yield of total hydrocarbons 

was 185 g/m3 of carbon monoxide. The yield of methane increased with 

temperature. The yields of total hydrocarbons and the conversion of car¬ 

bon monoxide increased to a maximum at about 230°C and then decreased. 

These decreasing yields and conversion were related to the change in 

stoichiometry due to the greater production of methane. The usage ratio, 

CO/H20, is 2 for methane compared with about 3 for higher hydrocarbons. 

Hence, if the feed gas was 3CO + 1H20, complete consumption of this 

gas would not be possible when sizable yields of methane are produced. 

Selected Reactions of Possible Impoktance to the Fischer- 

Tpopsch Mechanism 

4"he mechanism of the Fischer-Tropsch synthesis probably involves a 

series of consecutive as well as side reactions. Before attempting to unravel 
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the complex synthesis mechanism, a few reactions that may be involved 

in the synthesis will be considered. A detailed presentation is beyond the 

scope ot this chapter, since many of these reactions are covered in other 

parts of this series. The selection of reactions is somewhat arbitrary. It 

should be emphasized that reactions in the absence of one or more of the 

components of the normal synthesis may be entirely different from reac¬ 

tions in their presence. 

Hydrocracking of Paraffins 

Taylor and Taylor125 studied the hydrocracking of ethane to methane 

on cobalt catalysts. The reaction was moderately slow at usual synthesis 

temperatures, with a Co-Cu-Th02-kieselguhr catalyst being somewhat less 

active than a cobalt catalyst supported on magnesia. Activation energies 

of 31 to 34 kcal/mole were reported. The authors suggested the desirability 

of examining synthesis catalysts in a separate reaction such as this, because 

only one phase of a complex process may be examined. Studies of this type 

may indicate the causes of ineffective catalysts. In the hydrocracking of 

ethane the rate increased in the following order: Co-Cu-Th02-kieselguhr, 

Co-MgO, and nickel catalysts. The tendency to produce liquid and solid 

hydrocarbons in the hydrogenation of carbon monoxide falls in the opposite 

order. 

Thompson, Turkevich, and Irsa126 studied the reaction of deuterium 

with paraffin hydrocarbons on a typical Co-Th02-MgO-kieselguhr catalyst 

at 183°C and atmospheric pressure. Mixtures of 6 volumes of D2 plus 1 

volume of hydrocarbon at space velocities of about 150 hr-1 were used. 

With methane no exchange occurred under these conditions; however, 

when the mixture was in contact with the catalyst for 17 hours, 11 per cent 

exchange occurred. The principal product was CH3D with smaller amounts 

of CD4 . Exchange between CH4 and CD4 was also very slow. Under syn¬ 

thesis conditions, 6 per cent of the ethane exchanged with D2 and small 

amounts of deuterated methane were formed. The principal products 

were C2D6 (2.4 per cent) and C2H4D2 (2.7 per cent). Under similar con¬ 

ditions propane yielded C3D8 (4.7 per cent) and C3D7H (1.4 per cent) and 

small amounts (1 to 2 per cent) of deuterated methane. With normal and 

isobutane under synthesis conditions, about half of the hydrocarbon ex¬ 

changed. With n-butane only higher deuterated molecules were produced. 

When the space velocity was increased to 3000 hr-1, the extent of exchange 

decreased sharply, but the only product was C4Di0 . Apparently this mole¬ 

cule is the primary product, and other species are produced by back hy¬ 

drogenation. Although deuterated methhne was produced, no ethane or 

propane was formed. With isobutane, C4Di0 also appears to be the primary 

product of exchange. 
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These experimental results suggest that CH3 and C radicals aie produced 

from methane, C2H4 and C2 from ethane, C3 from propane, and C4 from 

butanes. An alternate explanation is that alkyl radicals are pioduced on 

the surface, but their retention time is sufficiently long to permit all of the 

hydrogen to be exchanged. This research demonstrates clearly that gaseous 

paraffin hydrocarbons do not hydrocrack rapidly on a cobalt catalyst at 

flows and temperatures of the synthesis. Furthermore, exchange reactions 

are slow for Ci to C3 paraffins. 

Haensel and Ipatieff57 studied the hydrocracking of paraffin hydrocar¬ 

bons on nickel and cobalt catalysts at temperatures from 250 to 290°C 

and pressures from 100 to 900 psig. The process was shown to involve a 

stepwise demethylation of the hydrocarbon. Methyl groups attached to 

secondary carbon atoms (—C—C—CH3) were most readily hydrogenated, 

I 
those attached to tertiary carbons (C—C—CH3) less readily, and methyl 

C 

groups attached to quaternary carbon atoms (—C—C—CH3) were most 

C 

resistant to hydrogenation. O11 this basis the hydrocarbons resulting from 

extensive demethylation contain a greater fraction of branched molecules 

than the original material. Thus the ease of demethylation of straight chain 

hydrocarbons parallels the ease of formation of these carbon chains in the 

Fischer-Tropsch synthesis. The rate of hydrocracking increased with an 

increase in temperature, but decreased with an increase in operating pres¬ 

sure and apparently with an increase in the partial pressure of hydrogen. 

Koch and Titzenthaler73 utilized this demethylation reaction to charac¬ 

terize the chain branching of high molecular weight hydrocarbons. The 

hydrocarbon was hydrocracked over a Co-Th02-MgO-kieselguhr catalyst 

at atmospheric pressure and temperatures from 180 to 240°C. The products 

boiling from 25 to 175°C were analyzed by precision distillation. From the 

isoparaffin content of this fraction, an estimate was made of the degree of 

chain branching in the original high molecular weight product. In tests 

with a cobalt catalyst traces of ammonia very strongly inhibited the hydro¬ 

cracking of hexane. At 205 to 210°C the percentage of methane in the exit 

gas was only l to 2 when ammonia was added compared with 85 to 90 in 

the absence of ammonia. A precipitated Fe203-Cu0-K2C03 catalyst after 

reduction in hydrogen at 235°C was inactive in hydrocracking of wax at 

200 to 350°C; however, the catalyst was active in hydrogenation of carbon 

monoxide at 220°C. 

Koch and Gilfert71 studied the hydrocracking of saturated hydrocarbons 
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over a Co-Th02-MgO-kieselguhr catalyst at 200°C and atmospheric pres¬ 

sure. The hydrocarbons were recirculated in hydrogen over the catalyst 

lor periods ol 2 to 5 days in a distillation system that separated higher boil¬ 

ing compounds. Ihe hydrocarbons were extensively hydrocracked; how¬ 

ever, a portion ol product had carbon numbers greater than that- of the 

original hydrocarbon and a small amount of isomerization had occurred. 

Thus, 53 per cent of n-hexane disappeared in 83 hours, about half appear¬ 

ing as methane; the product contained 1.3 per cent isohexanes, 4.2 heptanes, 

and 0.« higher hydrocarbons. Similar results were obtained with n-heptane 

and n-octane. With 2-methylpentane, 33 per cent was transformed in 70 

CHAIN LENGTH 

Figure 50. Comparison of the products formed by hydrogenation of a used cobalt 

catalyst with those formed in the synthesis. (Reproduced with permission from 

Ref. 24) 

hours. In C4+ fractions, branched hydrocarbons predominated, a conse¬ 

quence of the greater stability of branched structures. Small amounts of 

C7 and higher hydrocarbons were produced. The amount of cyclohexane 

that- disappeared in 46 hours was 27 per cent. The product contained, in 

addition to straight chain Ci to C5 hydrocarbons, 3.4 per cent cyclopentane, 

15.7 benzene, 46.4 toluene, and 3.6 xylenes. 

The presence of methane in the hydrogen sharply decreased the trans¬ 

formation of n-hexane, with only 13 per cent- disappearing in 98 hours 

(compared with 53 per cent in 83 hours in pure hydrogen). Although sizable 

amounts of gaseous hydrocarbons were produced, the yields of C? and Cg+ 

hydrocarbons were appreciably increased by the presence ol methane, 13.4 

and 3.8 per cent of the transformation products, respectively, n-Hexane did 

not react- in pure methane. 

Craxford24 presented data on the hydrocracking of wax deposited on 
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standard, unpelleted cobalt catalyst. In three weeks of atmospheric pressure 

synthesis at 185°C, 20 to 25 grams of wax were deposited upon the catalyst; 

the volume of this wax corresponded to about half of the pore volume. 

Under synthesis conditions when hydrogen rather than 2H2 + ICO gas 

was passed over the catalyst, about 15 grams of wax were removed in 3 

hours. The rate of removal of wax (5 g/hr) was about five times faster than 

the usual total synthesis rate. The carbon number distribution of the prod¬ 

ucts from this type of hydrocracking in Figure 50 was similar in shape to 

the distribution from the synthesis, with the minimum and maximum 

shifted to higher carbon numbers for the products from hydrocracking. 

There seems to be no simple explanation for the similarity of the two curves. 

Craxford’s results demonstrate that the rate of hydrocracking must be 

very slow in the presence of carbon monoxide. Apparently the saturated 

hydrocarbons are only weakly chemisorbed on metallic catalysts, and the 

presence of strongly adsorbed molecules, such as carbon monoxide, am¬ 

monia, water and olefins, will seriously decrease the rate of hydrocracking. 

This reaction is also inhibited by large amounts of chemisorbed hydrogen, 

because the rate decreases with increasing partial pressure of hydrogen. 

Incorporation of Hydrocarbons in the Hydrogenation of Carbon 

Monoxide 

In studies of the Fischer-Tropsch synthesis “incorporation” denotes the 

reaction of a given molecule of carbon number n with hydrogen and carbon 

monoxide to yield a product of carbon number greater than n. As shown in 

Chapter 1, it is thermodynamically possible to incorporate olefins at any 

ratio of olefin to carbon monoxide. The thermodynamics of incorporating 

paraffins are less favorable and the reactions are possible only for ratios of 

paraffin to carbon monoxide less than some value. For example, in the in¬ 

corporation of methane to produce n-decane and water at 300°C, the 

equilibrium constant becomes less than 1 when the ratio of CH4:CO re¬ 

acting is greater than 0.25. 

Data for the incorporation of methane are contradictory in that some 

workers have reported incorporation and others have found none. Either 

the preparation and pretreatment of catalysts must be very critical in this 

reaction, or some of the analytical data are incorrect. With cobalt catalysts, 

Craxford24 observed yields of liquids plus solid hydrocarbons of 96 g/m3 of 

synthesis gas when 20 per cent nitrogen was added compared with 113 

g/m3 of synthesis gas when 16 per cent methane was added. Methane forma¬ 

tion was entirely suppressed by the added methane. Similar results were 

obtained when feed gases containing 50 per cent nitrogen or 50 per cent 

methane were compared. Craxford postulated that methane was dis- 
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sociatively adsorbed and participates in a polmerization-depolymerization 
equilibrium at the catalyst surface. Prettre and Perrin98' 107 reported that 
sizable amounts of methane were consumed in the synthesis on Ni-Al203 
(or MnO)-kieselguhr catalysts when the synthesis gas contained 25 or more 
per cent methane. Figure 51 presents the moles of methane consumed per 
mole of H2 + CO consumed as a function of hours of testing. With feed 

50 100 150 200 

TIME IN HOURS 

Figure 51. Utilization of methane on nickel catalysts with mixtures of methane 

and 2H2 to ICO gas. 

I—I Curve I, catalyst A.7 at I90°C.,50% CH4 

x—x Curve 2, cotalyst C.l. I ot 190 °C., 50 % CH4 

aaa Curve 3, catalyst C.l. 4 at 190 °C.f 75 % CH4 

0-0 Curve 4, catalyst C.l.4 at 190 °C., 25% CH4 

+ Curve 5, catalyst C.l.6 at 175 °C., 50% CH4 

The length of the lines indicate the period in which the 

individual determinations were made. Reproduced with 

permission from reference 98. 

gas containing 75 per cent methane at 190°C and 50 per cent methane 
at 175°C, methane consumption was consistently high, approaching the 

ratio of 0.7CH4 to ICO. 
On the other hand, Kummer, DeWitt, and Emmett83 found that methane 

was not incorporated in atmospheric tests of cobalt and iron catalysts. A 
mixture of 50 per cent synthesis gas and 50 per cent methane containing 
C14H4 was circulated over the catalyst, and the higher hydrocarbon products 
were analyzed for radioactive C14. The products in no case showed appre¬ 
ciable radioactivity. The reliability of the tracer technique is very much 
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greater than the comparison of net changes in large quantities of methane 

by conventional analytical methods. 
Koelbel and Ackermann74 studied the increase in molecular weight of the 

suspension oil of the slurry process with an iron catalyst and 1H2 + 2CO 

gas at 10 atm. and 240°C. The cooling oil was a 270 to 330°C distillation 

fraction of a product from the atmospheric cobalt synthesis. The original 

fraction contained 11 per cent olefins, and a portion was hydrogenated until 

the olefin content was about 2 per cent. The two oils were used as a sus- 
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Figure 52. Comparison of products of slurry process with initial cooling oil after 

390 hours of synthesis. (Reproduced with permission from Ref. 74) 

pension medium in the slurry synthesis. The total products were recovered 

and a material balance was made on the basis of cubic meters of synthesis 

gas passed, as shown in Figure 52, for synthesis with the low-olefin-content 

oil. After 93 hours of synthesis, it was possible to recover only about^50 

per cent of the 270 to 330°C fraction by distillation. Similar results were 

obtained with the olefinic suspension oil. Apparently the molecular weight 

of the oil was increased during the synthesis. The conditions for incorpora¬ 

tion of high molecular weight hydrocarbons are very favorable, since the 

residence time of the suspension oil in contact with the catalyst is very long 
compared with conditions in a dry-bed reactor. 

Smith, Hawk, and Golden118 studied the mechanism of the Fischer- 

1 ropsch reaction with respect to possible reactions of hydrocarbons on 
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cobalt and iron catalysts at atmospheric pressure. A Ce+ fraction of syn¬ 

thesis product was passed over a Co-Cu-manganese oxide catalyst in nitro¬ 

gen at 206°C. The oil was recovered essentially unchanged, indicating 

that no cracking occurred on the catalyst in the absence of hydrogen. 

Next, reactions of ethylene were investigated. Ethylene and mixtures of 

ethylene plus carbon monoxide were unchanged in passing over the catalyst 

at synthesis temperatures. Mixtures of ethylene and hydrogen produced 

only ethane. Ethylene in the presence of synthesis gas was, however, incor¬ 

porated. Mixtures of approximately 1H2 + ICO + 1C2H4 and 1H2 + 

ICO + 1N2 were compared in the synthesis. At 204°C the liquid “hydro¬ 

carbons” from the feed gas containing ethylene were 860 g/m3 of carbon 

monoxide compared with 300 g/m3 for the gas containing nitrogen. In 

addition, a sizable portion of the ethylene was hydrogenated to ethane,, and 

a fraction of the hydrogen was consumed in this reaction. The liquid “hy¬ 

drocarbons” from the ethylene experiments contained 25 to 35 per cent 

oxygenated molecules compared with only traces of oxygenates from the 

normal synthesis. The oxygenated material was shown to contain aldehydes 

and alcohols; however, a complete analysis was not reported. Samples of 

the liquid product from the ethylene experiments were passed over the 

catalyst at 211°C in a stream of nitrogen, hydrogen, or carbon monoxide. 

Water corresponding to about 15 per cent of the original oil was eliminated. 

From these results the authors suggested that the oxygenated molecules 

may be intermediates in the synthesis, but are normally converted to 

hydrocarbons by reactions on the catalyst, so that virtually none of this 

material leaves the catalyst bed. Further evidence for this hypothesis was 

given by experiments in which the yield of oxygenated material was shown 

to increase sharply as the ethylene content was increased. 
Similar atmospheric pressure experiments were made with precipitated 

iron catalysts; however, ethylene in the presence of synthesis gas was 

neither incorporated nor hydrogenated. 
Ruschenburg112 studied the incorporation of ethylene, propylene, and 

butylene as well as a “gasol” fraction from the commercial cobalt synthesis 

on standard Co-Th02-kieselguhr and Co-Th02-MgO-kieselguhr catalysts at 

atmospheric pressure and 187 to 200°C. The gasol fraction contained 12 

volume per cent propylene, 23 butylene, 37 propane, 22 butane, and 6 of 

other gases. Usually the gasol was added in amounts by volume corre¬ 

sponding to 4 to 14 per cent of the synthesis gas. The gasol incorporated into 

the synthesis products varied from 38 to 85 per cent of the olefins intro¬ 

duced. Butylene and ethylene were incorporated to about the same extent 

as the olefins of the gasol, but propylene was incorporated to a consider¬ 

ably smaller extent. The liquid products from the synthesis in the presence 

of olefins contained very little oxygen. 
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Eidus and co-workers studied the incorporation of ethylene in the pres¬ 

ence of hydrogen and carbon monoxide at atmospheric pressure, pre¬ 

sumably on a cobalt catalyst; however, the nature of the catalyst has not 

been disclosed. In the first paper32 2H2 + ICO + 3C2H4 gas was passed 

over the catalyst at a space velocity of 100 hr-1 and 190 to 200°C. The total 

oil yield from this gas mixture was 343 cc/m3 compared with 123 cc/m3 

from 2H2 + ICO gas. Of the ethylene introduced, about 80 per cent was in¬ 

corporated and 20 per cent hydrogenated to ethane. Each mole of carbon 

monoxide reacted with 2 to 3 moles of hydrogen and 3 to 4.5 moles of ethy¬ 

lene. The yields of oxygenated molecules, especially alcohols, were slightly 

greater than those produced from 2H2 ICO, and propyl alcohol was 

detected. The product contained, however, principally saturated and un¬ 

saturated hydrocarbons of both odd and even carbon numbers. In 

subsequent work31 >33, equimolar mixtures of hydrogen and ethylene plus 

4 to 7 per cent carbon monoxide were converted to liquids boiling below 

300°C and containing over 70 per cent olefins. 

Eidus30 investigated the incorporation of 1-butene with hydrogen and car¬ 

bon monoxide on an undisclosed catalyst. Gases containing 1H2 + 0.08CO + 

1C4H8 were passed over the catalyst at atmospheric pressure, 190°C, 

and a space velocity of about 100 hr-1. In a typical experiment, 97 per 

cent of the butylene reacted, 74 per cent of the hydrogen, and 100 per cent 

of the carbon monoxide. The yields of light plus heavy oil were 565 cc/m3. 

In another experiment, 11 per cent of the butylene was not consumed and 

20 per cent was hydrogenated to butane. Precision distillation showed that 

the C5, C6, C7, Os, and C9 fractions contained, respectively, 24, 15, 8, 8, 

and 9 volume per cent of the liquid hydrocarbon fraction. These results 

suggest that chain-growth may be stepwise, one carbon atom at a time, since 

the yield of C8 hydrocarbons, which could be formed by dimerization, was 

about the same as C7 and C9 . One half of the C5 fraction was isopentane, 

indicating the possibility that the chain growth mechanism is similar to that 

of the oxo synthesis with respect to chain branching. The liquid condensate 

was composed of aliphatic hydrocarbon containing 28 per cent olefins. In a 

subsequent paper298-, the incorporation of isobutylene was shown to be as 

rapid as that of butene-1. The liquid hydrocarbons contained 12, 22, 22, 

and 12 per cent in the C&, C6, C7, C8 fractions. These hydrocarbons were 

predominantly 2-methyl substituted molecules. Further incorporation 

studies29b using 2-methyl butene-2 and 2,3-dimethyl butene-2 indicated 

that these molecules were incorporated to only a small extent, less than 

10 per cent, whereas 30 to 50 per cent of the olefin was hydrogenated. 

In unpublished experiments of the U. S. Bureau of Mines1 on Co-Th02- 

kieselguhr catalyst at about 190°C with gas containing 2PI2 + ICO and 

20 to 80 per cent ethylene at atmospheric pressure and 7.8 atm., almost all 
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of the ethylene was either incorporated or hydrogenated. At atmospheric 

pressure, the ratios of moles of ethylene incorporated to moles of carbon 

monoxide consumed were 0.8 and 1.7 for feed gases containing 20 and 80 

per cent ethylene, respectively. At 7.8 atm. this ratio was 0.14 for the lower 

concentration of ethylene. In atmospheric pressure experiments, propylene 

was not completely consumed and was incorporated to the extent of 0.2 mole 
per mole of carbon monoxide consumed. 

Infrared analyses of liquid “hydrocarbon” fractions indicated only a 

slight increase in oxygenated molecules during olefin incorporation com¬ 

pared with the normal synthesis products. In most instances the differences 

in yields of oxygenated molecules were only slightly larger than the experi¬ 

mental errors of the analytical method, and in all cases the yield of oxygen¬ 
ated molecules was very low. 

These results1 are essentially in agreement with those of Eidus and 

Rusehenburg in demonstrating a large incorporation of olefins without 

sizable yields of oxygenated molecules and differ from the results of Smith, 

Hawk, and Golden118, in which the production of oxygenates was high. The 

differences in selectivity probably can be related to differences in the 

catalyst used. Further experimentation on incorporation of olefins, es¬ 

pecially tests at high space velocity and low conversion, may reveal whether 

or not oxygenated molecules are produced and subsequently converted to 

hydrocarbons, as suggested by Smith, Hawk, and Golden. 

Catalytic Reactions of Alcohols and Their Incorporation in the 

Synthesis 

On nickel catalysts, primary aliphatic alcohols decompose according to 

the following reaction path: (a) dehydrogenation to the corresponding 

aldehyde, (b) deformylation of the aldehyde to carbon monoxide and an 

olefin having one carbon atom less than the alcohol, and (c) hydrogenation 

of the olefin. At 230°C decanol-1 decomposed catalytically to yield 43 mole 

per cent of n-nonane, 36 of nonene, and 21 of decylaldehyde12. Similarly, 

at 250°C, heptaldehyde decomposed on a nickel catalyst to hexane and 

hexene124. On nickel-kieselguhr catalysts67, the rate of decomposition of 

primary alcohols decreased with an increase of operating pressure. Fischer 

and Koch44 passed methanol over a nickel catalyst in either hydrogen or 

nitrogen at atmospheric pressure and 185 to 210°C. Sizable yields of liquid 

hydrocarbons, apparently similar to normal synthesis products, were ob¬ 

tained. Higher yields of liquid hydrocarbons were produced in the pres¬ 

ence of hydrogen. In similar experiments with formic acid, only small 

amounts of higher hydrocarbons were formed, the principal products being 

carbon dioxide and hydrogen. 
Eidus28 studied the decomposition of methanol and ethanol on cobalt- 
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thoria-kieselguhr at atmospheric pressure and 170 to 200°C. Hydrogen, 

carbon monoxide, and gaseous and liquid hydrocarbons were obtained 

from methanol. The hydrocarbons were similar to those produced in the 

normal synthesis; however, the rate of hydrocarbon production was lower 

with methanol than with synthesis gas. The rate of hydrocarbon production 

from methanol increased when hydrogen was added. With ethanol large 

yields of methane were obtained in addition to gaseous and liquid hydro¬ 

carbons. Eidus postulated that the alcohols decomposed by the scheme 

described above and that hydrogen and carbon monoxide combine in usual 

synthesis reactions. 

Gall, Gibson, and Hall62 studied the decomposition of primary alcohols 

on cobalt Fischer-Tropsch catalysts in the presence of hydrogen. The rate 

of decomposition of ethanol was low. The decomposition of C3 and higher 

alcohols was more rapid, with the rate increasing slightly with carbon 

number. Gibson64 continued these studies. At 150 to 185°C, the rate of 

decomposition of propanol-1 expressed as space-time-yield, xS, increased 

approximately linearly with the flow of alcohol and could be expressed by 
the equation 

xS = aS + b (20) 

or 

x = a + b/S (21) 

Equation 21 will also express the kinetics of the synthesis on cobalt catalysts 

for a limited range of conversion (p. 266), and where Eq. 21 holds, the dif¬ 

ferential reaction rate, dx/d(l/S), is constant. With other alcohols from 

methyl to n-decyl, the moles of alcohol decomposed also increased with 

flow, but data were obtained at two flows only. The variation of decomposi¬ 

tion rate with temperature was studied for n-propyl and n-octyl alcohols 

in the range 150 to 185°C, and activation energies of 23 to 24 kcal/mole 

were obtained. These values compare favorably with activation energies 

of 24 to 26 kcal/mole obtained in the atmospheric synthesis8. When the 

system pressure was increased from atmospheric to 11 atm., the rate was 

decreased by about 25 per cent. The rate of decomposition of alcohols in 

hydrogen was found to be 1.5 to 2.0 times greater than in hydrogen con¬ 

taining 5 to 10 per cent carbon monoxide. The rate of alcohol decomposition 

in the presence of carbon monoxide was, however, about the same as rate 

of synthesis in 2IE + ICO gas (here, moles of alcohol decomposed per unit 

time are compared with moles of carbon monoxide consumed). 

The influence of chain lengt h on the catalytic decomposition of normal pri¬ 

mary alcohols at 150 and 180°C is shown in Figure 53. Ethanol decomposed 
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at the lowest rate, a fact which may explain the large yields of ethanol from 

the synthesis. The rate of decomposition of propanol-1 at 150°C was the 

most rapid of all the alcohols at 150°C, but at 185°C propanol decomposed 

relatively slowly. Experiments with secondary, iso-, and normal butyl alco¬ 

hols showed that the rate for the secondary isomer was about twice as 

great as for the other two. The rate of decomposition of butanol-2 was not 

sufficiently large, however, to explain the absence of this isomer in synthesis 
products. 

Gibson also examined the decomposition products. Methanol produced 

2H2 + ICO and typical Fischer-Tropsch products; however, the decompo- 

CARBON ATOMS IN ALCOHOL 

Figure 53. Rate of decomposition of primary straight-chain alcohol on a cobalt 

catalyst. (Reproduced with permission from Ref. 54) 

sition of higher alcohols in the presence of hydrogen was more complex than 

the decomposition on nickel catalysts described on p. 319. For ethanol the 

carbon number of the gaseous product was about 1.6. Higher alcohols of 

carbon number n decomposed principally to hydrocarbons of carbon number 

n plus smaller yields of n — 1 hydrocarbons. Propyl and higher alcohols gave 

moderately high yields of ethers; however, the author concluded that ether 

formation has no part in the Fischer-Tropsch mechanism, because ethers, 

although somewhat more stable than alcohols, are not found in synthesis 

products. Aldehydes decomposed at a slower rate than the corresponding 

alcohols, and formation of ester and acid probably resulted from the reac¬ 

tions of aldehydes. From alcohols of carbon number n, hydrocarbons with 

carbon atoms equal to or greater than n — 2 were produced at 150°C and 

n — 3 at 185°C. Hence, hydrocracking reactions were not very important. 

Hydrocarbons containing more carbon atoms than the alcohols were 
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produced in amounts as high as 14 per cent. The mode of decomposition of 

alcohols on cobalt catalysts in the presence of hydrogen is different from 

that of alcohols on nickel catalysts described previously. The kinetics of alco¬ 

hol decomposition on cobalt catalysts are similar to the Fischer-Tropsch 

synthesis with respect to the dependence of rate on temperature and space 

velocity. 

Gibson54 obtained evidence that alcohols were incorporated into the 

synthesis with cobalt catalysts. At 185°C with 9H2 + ICO gas about 21 per 

cent of the reacted ethanol was apparently found in the Cs"1" fraction, and in 

another experiment 7 per cent of the reacted propanol appeared to be in¬ 

corporated. 

In exploratory experiments, Stein119 passed primary alcohols over cobalt 

catalysts at atmospheric pressure and usual synthesis temperatures. The 

decomposition pattern was that described earlier for alcohols on nickel 

catalysts. Thus, from n-propyl alcohol, hydrogen, C2 hydrocarbons, and a 

complex liquid mixture containing principally propylaldehyde were ob¬ 

tained. The only major difference between the experiments of Stein and 

Gibson seems to be that Gibson used hydrogen as a carrier gas and Stein 

introduced pure alcohol vapor. 

Further exploratory tests at the Bureau of Mines121 indicate that the 

decomposition of C2 to C4 primary alcohols on fused iron catalysts at 

atmospheric pressure and 200 to 300°C yielded a gaseous product contain¬ 

ing chiefly hydrogen with only minor quantities of hydrocarbons. The 
principal liquid product was the corresponding aldehyde. 

Kummer, Emmett and co-workers85 -86 studied the incorporation of alcohols 

tagged with C14 in the atmospheric synthesis with fused iron catalysts. Only 

small concentrations of alcohols were added to the synthesis gas (about 1 

mole per cent), and this alcohol was largely incorporated into the synthesis 

products. The products were separated into fractions of different carbon num¬ 

bers and analyzed for radioactive C14. For ethanol and higher primary alco¬ 

hols, the radioactivity per mole of hydrocarbon was essentially constant, 

indicating that the alcohol initiated a chain which then grows by stepwise 

addition of carbon atoms, as has been postulated for the synthesis mecha¬ 

nism. Since these results are very important to the mechanism of the syn¬ 
thesis, they will be considered in detail later (p. 363). 

Kagan67a studied the reactions of primary alcohols and synthesis gas at 

1 and 20 atm. and 240 to 300°C on an iron-copper Fischer-Tropsch catalyst. 

Amounts of alcohol approximately equivalent to the production of hydro¬ 

carbons, if no alcohol were present, were introduced. Apparently the rate 

of the synthesis was suppressed by the addition of alcohols in these amounts. 

The product contained about one-third unreacted alcohol and one-third a 

mixture of aldehyde, acid and esters, corresponding to the alcohol intro- 
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duced. The remaining material was not characterized. For n-butanol plus 

1H2 + ICO gas at 20 atm. and 300°C, the liquid products contained, by 

weight, 3.3 per cent butyraldehyde, 0.4 butyric acid, 34.7 n-butyl n-buty- 

rate, and 32.2 unreacted butanol. From these results, the authors concluded 

that alcohols are not important intermediates in the Fischer-Tropsch syn¬ 

thesis. A more valid conclusion is that alcohols in high concentrations do 

not incorporate to a large extent but react in other ways. 
Gall, Gibson, and Flail62 and Morrell94 compared the carbon number dis¬ 

tributions of alcohols and hydrocarbons produced in the Fischer-Tropsch 

synthesis over cobalt and iron catalysts. The distribution curves of alcohols 

and hydrocarbons are qualitatively similar if alcohols with n + 1 carbon 

atoms are compared with hydrocarbons of carbon number n. Since alcohols 

are important primary products and possibly intermediates in the synthesis, 

this comparison suggests that hydrocarbons may be produced from alcohol¬ 

like intermediates by a process of deformylation, although this process 

apparently does not proceed to a major extent in alcohol decomposition in 

the presence of hydrogen or synthesis gas54. 
Warner, Derrig, and Montgomery131 passed ketene and hydrogen over 

cobalt-thoria-kieselguhr catalyst at atmospheric pressure and 200°C. The 

products contained gaseous hydrocarbons and liquids and solids in amounts 

typical of the Fischer-Tropsch synthesis; however, the liquids and solids 

contained more oxygen than usual synthesis products. A mechanism involv¬ 

ing the formation of methylene radicals and their stepwise addition to grow¬ 

ing carbon chains was postulated. The authors suggested that ketene may 

be an intermediate in the synthesis. 

Nature of the Catalytic Surface and Effect of Promoters 

The nature of catalytic surfaces is difficult to ascertain by any method. 

Electron diffraction gives information regarding phases near the catalyst 

surface; however, this technique is difficult with typical porous catalysts 

and has been effectively utilized only with evaporated films. Physical ad¬ 

sorption and chemisorption measures properties of surfaces, but the results 

are often difficult to interpret. Electron diffraction and chemisorption will 

be considered first, followed by the role of promoters in Fischer-Tropsch 

catalysts. 

Chemisorption on Fischer-Tropsch Catalysts 

Chemisorption has been reviewed by Laidler88 in Volume I of this series. 

The reader is also referred to reviews of data to 1943 by Hunsmann65 and by 

Beebe16. In isobar^ of hydrogen on iron-group metals, the volume adsorbed 

usually increases with increasing temperature to a maximum in temperature 

range 0 to 200°C; and for some catalysts other maxima have been observed 
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at lower temperatures. In temperature regions in which the amount ad¬ 

sorbed increases with temperature, the adsorption process or the production 

of sites129 must involve an activation energy limiting the amount adsorbed. 

Studies of the chemisorption of carbon monoxide or synthesis gas on metal 

catalysts must be interpreted cautiously, since the data may be complicated 

by carburization, synthesis, or carbonyl formation. 

Matsumura91 studied the chemisorption of H2, CO, C02 on cobalt and 

iron catalysts. The catalysts were precipitated from solutions of nitrates 

with potassium carbonate, and after filtering and drying, the catalysts were 

reduced in hydrogen at 350°C. The hydrogen isobar on the cobalt catalyst 

passed through a minimum at 00°C and increased to a maximum at 200°C. 

On iron a minimum in hydrogen adsorption was observed at 30°C and a 

maximum at 170°C. For carbon monoxide on cobalt, the amount adsorbed 

increased three-fold in the temperature range 50 to 200°C, whereas the iso¬ 

bar for carbon monoxide on iron passed through a minimum at 150°C and 

increased. The increasing adsorption of carbon monoxide at temperatures 

from 100 to 200°C may be due in part to bulk carbide formation. The ad¬ 

sorption of carbon dioxide on cobalt was fairly independent of temperature, 

with indications of a slight minimum at 100°C and a slight maximum at 

150°C. On the iron catalyst the carbon dioxide isobar decreased with in¬ 

creasing temperature. Water adsorption, determined by a questionable 

experimental method, was low on both cobalt and iron catalysts. The au¬ 

thors related the greater production of carbon dioxide in the synthesis on 

iron catalysts to the differences in amounts of carbon dioxide adsorbed 
and the shapes of the isobars for iron and cobalt. 

Ghosh, Sastri, and Kini53 studied the chemisorption of hydrogen, carbon 

monoxide, and mixtures of H2 + CO on two precipitated cobalt catalysts. 

Data on preparation B, containing Co-Cu-Th02-Ce02-Cr203-kieselguhr, 

will be used to illustrate the sorption on cobalt catalysts. The surface area 

of this catalysts was 131 m2/g and the monolayer of physically adsorbed 

nitrogen, Vm , was 33.0 cc (STP)/g. Adsorption isobars for hydrogen and 

carbon monoxide in Figures 54 and 55, respectively, show the chemisorp¬ 

tion from the pure gases and from 1H2 + ICO and 2H2 + ICO on 7.55 g of 

reduced catalyst. 4 he physical monolayer of nitrogen for this weight of cat¬ 

alyst is 249 cc (STP); therefore, the adsorption of carbon monoxide, 7 to lb 

cc (STP)/g, and hydrogen, 3 to 11 cc, correspond to only a small coverage 

of the total surface. The chemisorption of pure hydrogen was essentially 

independent of temperature (Figure 54). From H2 + CO mixtures the sorp¬ 

tion of hydrogen at o0°C was lower than from pure hydrogen but increased 

with temperature so that at 100°C, the volume of hydrogen sorbed from 

H2 + CO equaled or exceeded the sorption from pure hydrogen. The 

chemisorption of hydrogen was greater from IHo + ICO than from 2H, + 
ICO. 
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The chemisorption of pure carbon monoxide (Figure 55) decreased with 

increasing temperature and passed through a minimum at about 120°C. 

From Ho + CO mixtures the isobars of carbon monoxide had the same 
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Figure 54. Adsorption isobars of hydrogen on cobalt catalyst. Pure hydrogen- 

2H2 + ICO.and 1H2 + ICO-. (Reproduced with permission from Ref. 53) 
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Figure 55. Adsorption isobars of carbon monoxide on cobalt catalyst. Pure CO 

_; 2Ho + ICO-, and 1H2 + ICO - - -. (Reproduced with permission from Ref. 

53) 

shape; however, the volume adsorbed was greater than lot puie caibon 

monoxide and the minima occurred at a lower temperature. Plots for the 

simultaneous adsorption (Figure 56) indicate that carbon monoxide is mote 

strongly adsorbed than hydrogen. At 25°C the sorption of carbon monoxide 

increased four-fold with only a small increase in hydrogen. At 97°C the 
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gases were chemisorbed in the ratio 1H2:2C0, and the authors noted that 

this ratio corresponds to the composition of an enolic surface complex 

—COH. The dotted extrapolations of these curves to lower adsorptions 

seem to lead to a ratio of 1H2: ICO. 

The second catalyst (A) of the same composition as (B) but without 

chromium oxide adsorbed relatively more hydrogen. In synthesis tests 

Figure 56. Adsorption of hydrogen vs. adsorption of carbon monoxide on cobalt 

catalyst. 2H? + ICO-, and ITT + ICO-. (Reproduced with permission from 
Ref. 53) 

catalyst (A) was shown to produce smaller yields of C2+ hydrocarbons than 
catalyst (B). 

Sastri and Srinivasan115 studied the chemisorption of carbon monoxide 

at — 187°C on a precipitated Co-Th02-MnO-kieselguhr catalyst after 4 

hours ol synthesis followed by evacuation at 200°C. The chemisorption of 

carbon monoxide was typical of a reduced cobalt catalyst. Nitrogen and 

carbon monoxide isotherms were determined on (a) the raw catalyst and 

(b) after reduction in hydrogen at 300°C; (c) after 4 hours of synthesis 

with 2H2 + ICO gas at atmospheric pressure involving an increase of tem¬ 

perature from 150 to 190°C followed by 3 hours of flushing with a stream of 
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pure nitrogen at 200°C and an 8-hour evacuation at this temperature, (d) 

after re-reduction in hydrogen at 200 to 300°C, and (e) after carburization in 

carbon monoxide at 200 to 250°C for 32 hours. All experiments were made 

on the same catalyst sample, and carbon monoxide chemisorption was taken 

as the difference of the carbon monoxide (physical plus chemisorption) and 

the nitrogen isotherms plotted on a relative pressure basis. After synthesis 

the ratio of carbon monoxide chemisorption (Eco) to the physically ad¬ 

sorbed monolayer of nitrogen from the BET equation (Fm) was somewhat 

higher than this ratio for the reduced or re-reduced catalyst, as shown in 

Table 10. After carburization, the chemisorption of carbon monoxide was 

lower than that of used catalyst, and the ratio Vco/Vm was also lower. Since 

Table 10. Adsorption Data on Reduced, Used, and Carbided Catalysts0 

Co -ThO 2-MnO -kieselguhr 

Treatment 
Evaucation 

Tempera¬ 
ture (°C) 

Adsorption Data6 per 
Gram of Unreduced 

Catalyst 
Vco/Vm 

Surface 
Area 
(m2) 

Vm (cc) Vco(cc) 

a. Original catalyst 300 81.4 18.1 — — 

b. (a) plus reduction at 300°C 300 24.5 5.45 3.00 0.55 

c. (b) plus use in synthesis 200 15.0 3.35 2.20 0.66 

d. (c) plus hydrogen at 200-300°C 300 24.0 5.35 2.75 0.52 

e. (d) plus carbon monoxide at 200-250°C 300 18.8 4.19 0.70 0.17 

° From Ref. 115. 

b Adsorption isotherms determined at —187°C. 

the nitrogen flushing and evacuation of the used catalyst should not de 

compose carbide, the authors concluded that the active catalyst in the syn¬ 

thesis did not contain appreciable amounts of either surface or bulk carbides. The 

reduced catalyst was shown to be active in the synthesis and to produce 

typical products; however, after carburization the activity was very low. 

Emmett and Harkness38 and Rummer and Emmett84 determined hydro¬ 

gen isobars on reduced, fused-iron catalysts. These isobars show adsorption 

maxima at about -100°C (termed Type A chemisorption) and 100°C 

(Type B). Emmett and Brunauer37 studied the adsorption of H2, N2 , 

CO, C02 on a series of reduced fused catalysts. The chemisorption of car¬ 

bon monoxide at —183°C was shown to be a good index of the fi action of 

iron at the surface, and carbon dioxide chemisorption at -78°C was an 

index of alkali on the surface. The alkali promoter accumulated at the sur¬ 

face. For a catalyst containing 1.07 per cent potassium oxide, about 70 per 

cent of the surface was covered by the alkali. Structural promoteis such as 
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alumina were present in greater amounts at the surface than in the bulk of 

the catalyst; however, the accumulation of structural promoters was much 

less than observed for alkali. The influence of the chemisorption of one gas 

on the chemisorption of another was also investigated.'20 The chemisorption 

of hydrogen at 100°C on singly promoted Fe-Al203 catalysts was enhanced 

by the presence of chemisorbed nitrogen, suggesting the formation of N—H 

complexes on the surface. 

Podgurski, Kummer, DeWitt, and Emmett106 studied the adsorption of 

hydrogen and carbon monoxide on reduced and carbided samples of pure 

fused Fe^Ch (910) or fused Fe/h-AbCh-SiCh-ZrCh (423) catalyst. Flagg iron 

Figure 57. The decrease in carbon monoxide chemisorption at — 195°C with car¬ 
burization. (From data of Ref. 106) 

carbide was produced by treating the catalyst with carbon monoxide, 

n-butane, or propane. On both catalysts the chemisorption of carbon 

monoxide at 195°C was sharply decreased by carburization, as shown in 

Figure 57. For pure iron catalyst 910 the ratio of chemisorbed carbon 

monoxide to the monolayer of physically adsorbed nitrogen decreased to 

a low value at about 4 per cent carbon by weight, but the ratio for the pro¬ 

moted catalyst (423) decreased to a similar low value at 7 and 9 per cent 

carbon for samples carburized in n-butane and carbon monoxide, respec¬ 

tively. Although the chemisorption of carbon monoxide was strongly de¬ 

creased by the presence of carbide, the chemisorption was not zero even for 

samples carburized to Fe2C. Nevertheless, the “free iron” in the catalyst 

surface decreased sharply with extent of earbiding. Similar decreases in the 

chemisorption of carbon monoxide with earbiding were found at —78 
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and — 46°C; however, the results suggested that a loosely-held chemi¬ 

sorption of carbon monoxide, which proceeds slowly, occurs at these 

temperatures. On earbided samples the chemisorption of carbon monoxide 

did not occur to an appreciable extent at 0, 100, and 200°C. With reduced 

catalysts, carbon monoxide chemisorption was extensive at 50 and 100°C, 

and carburization of the catalyst proceeded at 150°C. 
Isobars for hydrogen on reduced catalyst 423 showed maxima correspond¬ 

ing to Type A and Type B chemisorption. Carburization with either carbon 

monoxide or n-butane practically eliminated the low-temperature Type A 

chemisorption, but had only a slight effect on Type B until the carbon con¬ 

tent was increased to 7.7 to 9.1 per cent. For the catalyst containing 9.1 

per cent carbon, the chemisorption of hydrogen was still about two-thirds 

of the value for the reduced sample. At and above 100°C the adsorption of 

hydrogen was greater on samples that were carburized in carbon monoxide 

than on those treated with n-butane. Samples carburized with butane and 

oxidized by chemisorption of small amounts of oxygen adsorbed more 

hydrogen than the same sample before oxidation. Possible explanations are 

(1) surface oxide adsorbs hydrogen more strongly than carbide, or (2) 

the surfaces carburized with hydrocarbons contain adsorbed hydrogen or 

hydrocarbon fragments which further decrease adsorption of hydrogen. 

The adsorption of IH2 T ICO gas was studied on a catalyst carburized 

with carbon monoxide to a carbon content of 8 per cent. At 150 C and a 

gas pressure of 300 mm Hg, 0.32 cc H2 and 0.04 cc CO per gram were chemi¬ 

sorbed. Under similar conditions with carbon monoxide alone at a paitial 

pressure of 150 mm 0.017 cc was adsorbed. At 200 C, 0.39 cc of H2 and 0.11 

cc of CO per gram were adsorbed. The values for chemisorption of carbon 

monoxide were only about 5 per cent of those observed for coiiesponding 

reduced catalysts and the adsorption of hydrogen about 50 per cent, the 

authors concluded that iron carbides are probably not the catalytically 

active phase in the synthesis, as the carbides do not strongly adsorb carbon 

monoxide either alone or in the presence of hydrogen at temperatures close 

to those employed in the synthesis. 
Kini, Busak, and Lahiri70 determined the chemisorption of hydrogen and 

carbon monoxide from 99 to 249°C on a precipitated Fe2OrCuO-MgO- 

K2C03 catalyst after reduction in hydrogen at 300°C. The chemisorption 

of hydrogen reached a maximum at 225 C and decreased, whereas carbon 

monoxide adsorption increased with temperature to the highest value in¬ 

vestigated. The results obtained for the adsorption of carbon monoxide at 

temperatures above 150°C are probably complicated by carburization re¬ 

actions. At 139°C and 400 mm Hg, 2.1 cc (STP) of hydrogen per gram was 

adsorbed, and in a similar experiment 1.9 cc (STP) of carbon monoxide. 
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Electron Diffraction Studies on Fischer-Tropsch Catalysts 

McCartney and co-workers at the Bureau of Mines92 examined iron 

catalysts after pretreatment to form reduced iron, Hagg carbide, cementite, 

and e-nitride, and after use in the Fischer-Tropsch synthesis. Precipitated 

catalysts containing Fe203-Cu0-K2C03 or Fe203-K2C03 and a fused FeaCh- 

MgO-K20 catalyst were used. Synthesis experiments were made with 

1H2 + ICO gas, usually at 7.8 atm., but a few samples were examined after 

synthesis at 21.4 atm. The catalysts were ground to a fine powder before 

examination, and the electron patterns resulted from diffraction about the 

corners and edges of the particles. Samples treated with mixtures of H2 + 

CO or used in the synthesis gave only electron diffraction patterns of wax. 

Extraction of these samples with boiling toluene in a modified Soxhlet 

apparatus for 48 hours either greatly decreased or eliminated the pattern 

of wax. The experimental results were summarized as follows: 

(a) For precipitated iron catalysts that were first reduced, reduced and 

carbided, or reduced and nitrided, electron and x-ray diffraction indicated 

the presence of the same phases. The electron and x-ray diffraction pat- 

terms of interstitial compounds are similar, but have some characteristic 

differences. 

(b) After synthesis and extraction, precipitated iron catalysts usually 

produced electron diffraction patterns of magnetite only, even though the 

x-ray diff raction patterns contained lines of Hagg and/or hexagonal carbide. 

Only a used reduced-and-nitrided precipitated catalyst showed the presence 

of an interstitial phase, t-carbonitride, by both electron and x-ray diffrac¬ 
tion. 

(c) After pretreatment or synthesis^ the fused catalyst containing mag¬ 

nesia usually produced electron diffraction patterns of magnesia and/or 

magnetite, although x-ray diffraction indicated the presence of metallic 

iron, Hagg carbide, and/or cementite. Nitrides and carbonitrides were the 

only interstitial phases identified by electron diffraction. 

(d) Catalysts converted to iron nitrides are very resistant to oxidation at 

both 7.8 and 21.4 atm. Hagg carbide and cementite effectively resist oxida¬ 
tion at 7.8 atm., but oxidize rapidly at 21.4 atm. 

An interesting result of this study is the apparent absence of iron carbides 

in the surface layers of used Fischer-Tropsch catalysts. However, this 

simple interpretation of the diffraction data is complicated by several 

factors. First, carbides present as small or highly disordered crystallites may 

produce a diffraction pattern that is very different from that of the bulk 

carbide or an indistinct pattern. Second, unidentified diffraction lines in 

some electron patterns may correspond to unknown carbides. Third, with 

fused and sintered catalysts in which x-ray and magnetic analyses indicate 

Hagg carbide as the principal phase, the initial samples did not show elec- 
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tron diffraction patterns for known iron phases; however, after a period of 

synthesis the electron diffraction pattern of magnetite appeared, indicating 

that amorphous material containing iron was present in the surface layers 

at the start of the test. Fourth, when the catalyst was converted to e-ni- 

trides, electron diffraction patterns of the e-phase were frequently found in 

used catalyst. Although the electron diffraction results must be interpreted 

cautiously, the presence of magnetite and the apparent absence of carbides 

in the surface layers of used iron catalysts do not add support to the carbide 

intermediate hypothesis. 

Effects of Promoters 

Promoters may be classified as structural and chemical. The principal 

function of structural promoters is the development and stabilization of 

structures of high surface area. Chemical promoters cause variations in 

the activity and/or selectivity without appreciable changes in surface area. 

Occasionally the product distribution may be improved by additives that 

decrease the over-all activity by selectively poisoning the catalyst. 

Available data suggest that promoters and supports are not essential to 

the production of higher hydrocarbons on cobalt, iron, and ruthenium 

catalysts. These pure metal catalysts contained only those traces of im¬ 

purities introduced in careful preparations. Most of these preparations had 

to be pretreated very cautiously to avoid excessive sintering. The activity 

of these catalysts varied from low to moderate and their life was usually 

short. 
With cobalt and nickel catalysts, thoria, magnesia, manganese oxide, 

and other difficultly reducible oxides increase the surface area, and at least 

in the atmospheric-pressure synthesis may increase the average molecu¬ 

lar weight of the product. In the medium-pressure synthesis, these pro¬ 

moters are largely ineffective in altering the molecular weight. Alkali is 

relatively ineffective as a chemical promoter for the usual types of cobalt 

and nickel catalysts that are supported on kieselguhr or active forms of 

silica. Presumably most of the alkali is removed by adsorption on or reaction 

with the silica of the support. At atmospheric pressure, alkali increases the 

average molecular weight of the hydrocarbons somewhat, however, the 

changes in selectivity are negligible in the medium-pressure synthesis. 

Copper has a unique role as a promoter in cobalt, nickel, and iron cata¬ 

lysts. Copper often facilitates the processes of pretreatment, such as reduc¬ 

tion and carburization. However, if the pretreatment is properly accom¬ 

plished, the presence or absence of copper usually does not alter activity 

and selectivity. Preparations containing sizable amounts of copper sinter 

readily and often have shorter lives in the synthesis. 
With iron catalysts, alkali is the only really important promoter. The 
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presence of carriers and promoters other than alkali in precipitated catalysts 

is neither necessary nor desirable as far as activity or selectivity is con¬ 

cerned; however, carriers such as kieselguhr or silica gel, and structural 

promoters such as magnesia or alumina may he desirable for attaining more 

rapid filtration during preparation or greater mechanical stability in the 

synthesis. When sizable amounts of silica gel or kieselguhr are used, the 

alkali content must be increased correspondingly to compensate for the 

alkali that reacts with the silica. In fused iron catalysts a variety of dif¬ 

ficultly reducible oxides are effective as structural promoters, and the type 

of oxide usually has no large influence on activity or selectivity. 

In the medium-pressure synthesis, the activity of fused iron catalysts 

increases sharply with potassium oxide content to a maximum at about 

0.5K2O per lOOFe, and then decreases. The average molecular weight and 

alcohol content of the product increases to about 1K20 per lOOFe and then 

remains about constant. 

The activity of precipitated iron catalysts increased with alkali in some 

instances and in others remained essentially unchanged. The average mo¬ 

lecular weight in all cases increases with alkali content to about 1K20 

per lOOFe and then remains constant. The usage ratio, H2:CO, usually 

decreases sharply as the alkali content is increased from zero. The decrease 

in usage ratio is effected principally by a change in the rate of the water- 

gas-shift reaction with respect to synthesis. Under some synthesis condi¬ 

tions, alkali-free catalysts produce a more saturated product than corre¬ 

sponding alkalized preparations. Furthermore, the rate of deposition of 

carbon on catalysts during synthesis, both as elemental carbon and carbide, 

increases with alkali content. The extent of branching of the carbon chain 

appears to be independent of the presence or absence of alkali. 

In the atmospheric pressure synthesis the concentration of alkali required 

for maximum activity and life of iron catalysts is lower than in the medium 

pressure synthesis; the actual values vary widely with catalyst type and 

composition. Under these conditions moderate concentrations of alkali 

often have a detrimental effect on activity. The production of wax increases 

with concentration of alkali, and the accumulation of large quantities of 

wax on the catalyst causes the activity to decrease rapidly, presumably by 
blocking pores. 

Holm and Blue63 studied the influence of concentration of potassium 

oxide in reduced pure fused magnetite on the rate of the hydrogen-deu¬ 

terium exchange reaction at 150°C, as shown in Figure 58. The rate of 

exchange decreased rapidly to a minimum at a concentration of 0.4 per cent 

potassium. Beyond this minimum, the rate increased slightly with increases 

in alkali content. The rate of hydrocarbon synthesis varied approximately 

inversely with the rate of H2-D2 exchange, and the alkali content for maxi- 
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mum activity occurred at about the same value as the minimum in Figure 

58. 
Royen and Erhard110 studied the reaction of carbon monoxide and water 

at atmospheric pressure and synthesis temperatures on potassium car¬ 

bonate impregnated on activated charcoal. The water-gas-shift reaction 

did not occur to an appreciable extent on the charcoal support. The re¬ 

action was postulated to proceed according to 

K2C03 + 2CO + HoO -> 2KOOCH + C02 (22) 

2HCOOK + H20 -> K2C03 + C02 + 2H, (23) 

2CO + 1H20 gas was passed over the potassium carbonate-charcoal cata- 

Figure 58. Effect of lv20 on the hydrogen-deuterium exchange activity of iron at 

150°C. (Reproduced with permission from Ref. 63) 

lyst at 200°C and a space velocity of (17 hr-1. After steady conditions were 

attained, the exit gas contained 15 per cent C02,15H2 , and TOCO. I he 

raw catalyst contained 18.8 g of potassium carbonate, and in the steady 

state condition contained 19.1 g of potassium formate. It was postulated 

that these reactions also occur on the alkali-promoted iron catalysts. 

The effectiveness of alkali promoters increases in descending order of the 

alkali series, i.e., Li, Na, K, Rb, Cs. Lithium and sodium compounds are 

relatively ineffective. Potassium compounds are satisfactory promoters, and 

for economic reasons are commonly used in Fischei-d ropsch catalysts. Ihe 

use of rubidium or cesium compounds may be feasible for massive iron 

catalysts in which alkali contents of 0.05 to 0.1 per cent are sufficient. 

Alkaline earth hydroxides or carbonates are ineffective as alkali promoters. 

At present no adequate explanation of the role of alkali in iron catalysts 

can be offered. If hydrocarbonyl-type intermediates are involved in the 

mechanism, these intermediates may be stabilized by the presence of alkali. 
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Other explanations may be found in consideration of the solid-state physics 

of catalysts, such as work function, d-band character, and lattice defects; 

however, theories relating such properties to catalytic behavior are not 

sufficiently developed at present to be useful in such complex systems as 

iron Fischer-Tropsch catalysts. 

The influence of alkali promoters in the Fischer-Tropsch synthesis may 

be summarized as follows: 

(a) Alkali promoters increase the chain growth process and in many cases 

increase the rate of chain initiation. 

(b) Alkali increases the relative rate of some processes that may be re¬ 

garded as either secondary or competitive, such as water-gas-shift and car¬ 

bon deposition. The isomerization of 1-olefins to internal olefins and hy¬ 

drogenation of olefins are often inhibited by alkali. Chain branching is 

presumably unaffected by alkali. 

The Concept of Bifunctional Catalysts 

In some processes the selectivity may be interpreted most simply by 

assuming that each of two or more catalytic components contributes its 

characteristic behavior to the reaction81. Thus, a platforming catalyst com¬ 

bines the functions of a hydrogenation catalyst and an acid isomerization 

catalyst. For the Fischer-Tropsch synthesis, some workers have postulated 

that the active metal initiates carbon chains (usually postulated to be 

methylene groups), and oxide promoters are required to polymerize these 
groups to higher hydrocarbons. 

Riesz, Lister, Smith, and Komarewsky109 studied a series of cobalt- 

alumina, nickel-alumina, and iron-alumina catalysts covering the compo¬ 

sition ranges from low-metal content up to, in some cases, pure metal. The 

catalysts were precipitated from solutions of sodium aluminate and metal 

nitrate with sufficient sodium hydroxide or nitric acid added for precipita¬ 

tion. The catalysts were reduced in hydrogen before use. In synthesis tests 

at atmospheric pressures, maxima in the yields of liquid hydrocarbons were 

found at 50 per cent nickel, 75 cobalt, and 50 iron. Unfortunately, these 

curves show neither selectivity nor activity in an unambiguous manner, 

since synthesis temperatures varied considerably; for example, in the cobalt 

series it varied over a range of 70°C. The active metal was postulated to 

initiate methylene groups and the alumina to catalyze their polymerization 
to higher hydrocarbons. 

With cobalt and nickel catalysts in the atmospheric pressure synthesis, 

promoters such as thoria, manganese oxides, and alkali are effective in in¬ 

creasing the average molecular weight of the products; however, in the 

medium pressure synthesis these promoters are not required for the produc¬ 

tion of high yields of wax. For iron catalysts, the alkali content largely con- 
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trols selectivity. These promoters alone would not be expected to catalyze 

polymerization reactions at or above synthesis temperatures. The author 

prefers to regard the promoters merely as modifiers of the active metal as 

the metals are capable of producing higher hydrocarbons without additives. 

Mechanism of the Fischer-Tropsch Synthesis 

The kinetics of synthesis have been described and the influence of various 

active metals and promoters summarized earlier in this chapter. A few per¬ 

tinent reactions, possibly related to steps in the synthesis, were also de¬ 

scribed. Kinetic experiments have demonstrated that diffusion to or from 

the catalyst particle is not the rate controlling step. Diffusion in pores of 

the catalyst, a process intimately related to the reaction at the catalyst 

surface, is probably an important factor. Other than this, the kinetic data 

have not provided unambiguous evidence for any reaction step being the 

rate-controlling process. 
The synthesis mechanism may be divided into a number of steps: (a) 

Adsorption of reactants, (b) chain initiation, (c), chain growth, (d) chain 

termination, (e) desorption of products, and (f) readsorption and further 

reaction. Provocative information on chain initiation has been gained from 

studies of carbided catalysts, especially carbides containing carbon-14. 

The chain growth process is elucidated by data on carbon number and iso¬ 

mer distributions as well as experiments involving the incorporation of 

radioactive alcohols. Studies of the incorporation of hydrocarbons and 

oxygenated molecules give some insight into the magnitude of readsorption 

and further reaction of products. 
The postulate that carbides are important intermediates in the synthesis 

was proposed by Fischer and Tropsch in 192648. At that time most of the 

carbides of iron, cobalt, and nickel had not been investigated, and in the 

period 1928-1933, Bahr and Jesson13-41 demonstrated the formation of 

carbides by carburization of these metals with carbon monoxide at syn¬ 

thesis temperatures. Papers of Fischer and co-workers40-43'44’49 from 

1930-32 elaborated on the carbide hypothesis. Craxford and Rideal25 in 

1939 formulated a detailed mechanism based on this hypothesis. This 

mechanism served to stimulate a vast amount of research and discussion 

after World War II. Following the war, Emmett, Koelbel, and workers 

at the Bureau of Mines demonstrated the shortcomings of the carbide 

theory, especially many of the details of Craxford s postulates. 

Elvins and Nash34 in 1926 postulated that the synthesis involved oxygen¬ 

ated intermediates. This proposal was extended by Storch, Golumbic, and 

Anderson in 1951 to a mechanism that explained many characteristics of 

synthesis products, such as carbon number and isomer distributions1 . 

Here the intermediate was postulated to be similar to an alcohol. Ihe ex- 
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cellent researches of Kummer, Emmett and co-workers85'86 on the incorpo¬ 

ration of radioactive alcohols into the synthesis have largely confirmed 

these predictions. In 1953 Weitkamp and Frye133 concluded that primary 

alcohols, aldehydes, and 1-olefins were the primary synthesis products. Ap¬ 

parently this conclusion demands no major revision of the concept of oxy¬ 

genated intermediates in the synthesis. 
Considerations of the chain-growth process by Iierington in 1946 have 

been extended by Bureau of Mines workers and others to practical schemes 

of predicting carbon number and isomer distributions. Recent reviews of 

synthesis mechanism studies have been presented by Koelbel78, Storch123, 

and Weitkamp133. 

The Carbide-Intermediate Hypothesis 

Postulates of Fischer. Fischer and Tropsch48 postulated that (a) 

synthesis gas reacted with the catalyst to form a carbide, (b) the carbide 

was then hydrogenated to a methylene group, and (c) the methylene groups 

polymerized to higher hydrocarbons. It was suggested that the carbides 

involved were higher carbides containing at least as much carbon as M2C. 

Mechanisms involving formaldehyde as an intermediate were thought to 

lead to production of alcohols, as observed in the methanol and higher 

alcohol syntheses. Later Fischer40 suggested that carbide and oxide simul¬ 

taneously may be formed according to 

2Co + CO -> CoC + CoO, (24) 

with the carbide being hydrogenated to methylene groups and the oxide 

reduced to metal. Copper was postulated to serve as an oxygen carrier 

Co + Cu + CO -> CoC + CuO, (25) 

with subsequent reactions following the pattern described above. Although 

Fischer found traces of oxygenated material in synthesis products, he re¬ 

garded them as unimportant to the synthesis mechanism. 

Fischer and Tropsch49 observed that the tendency of catalysts to produce 

methane varied directly with the affinity of the metal for hydrogen, i.e., 

increasing from iron to nickel, and they speculated on possible reactions 

between hydrides and carbides. To the carbide hypothesis was added the 

suggestion that methylene groups may be produced by hydrogenation of 

higher carbides, containing 3 to 4 carbon atoms per atom of metal, to leave 

a lower carbide, the catalyst phase varying between two carbides rather 

than carbide and metal. They contended that higher carbides may contain 
chains of carbon atoms. 

Fischer and Koch43 found the rate of the water-gas-shift reaction (H20 + 

CO) to be about equal at 200°C on iron and cobalt catalysts, but at 235°C 
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this reaction was more rapid on the cobalt catalyst. On this basis the water- 

gas shift was mistakenly eliminated as a source of carbon dioxide from 

iron catalysts and the following equations were proposed for the carbide¬ 

forming step: 

Fe + 2CO = FeC + C02 (26) 

Co + H2 + CO = CoC + H20 (27) 

In a later paper, Fischer and Koch44 suggested that hydrides and car¬ 

bonyls were not involved in the mechanism, and, further, that higher 

carbides were not necessary. Carbidic carbon was hydrogenated to CH, 

CH2, and CH3 radicals, which combined in various ways to form higher 

hydrocarbons. 

The following comments are pertinent to the early work of Fischer: 

(a) The highest carbides produced in the temperature range of the 

Fischer-Tropsch synthesis and identified with certainty, have the formula 

M2C. 
(b) Although the water-gas-shift reaction was considered as a method for 

producing carbon dioxide from iron catalysts, this possibility was elim¬ 

inated on the basis of their experimental studies of this reaction. The con¬ 

clusion of Fischer and Koch was erroneous. Although the rates of the 

water-gas reaction on iron and cobalt catalysts at a given temperature are 

of the same order of magnitude, Fischer apparently did not consider the 

fact that the rate of synthesis on cobalt is many times greater than on iron, 

so that on cobalt catalysts the water-gas reaction lags far behind the pri¬ 

mary reaction. 
The Carbide Hypothesis of Craxford and Rideal. In 1939 Craxlord 

and Rideal25 presented a more detailed theory in which the following steps 

were postulated: 

Co + CO —■» Co—CO (chemisorption) (28) 

Co—CO + CO —» Co—C (surface carbide) + C02 (29) 

or 

Co—CO + H2 —► Co—C (surface carbide) + H20 (30) 

Co—C + H2 —> Co—CH2 —> higher hydrocarbons. (31) 

With cobalt catalysts step (30) must predominate over step (29) since 

water, the principal oxygenated product, cannot be produced in the syn¬ 

thesis by subsequent reactions because of thermodynamic limitations. 

The reaction mechanism was studied by means ol the para- to ortho- 

hydrogen conversion in mixtures of para-hydrogen and carbon monoxide. 
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The experimental results were summarized as follows: 
“While the Fischer synthesis is proceeding at about 200°C, the ortho¬ 

para conversion does not occur to any marked extent, but it does occur for 

the following conditions under which either there is no reaction or else meth¬ 

ane is being formed. 
“(i) With normal synthesis, CO + H2, at temperatures below 140°C, 

in which case there is no reaction. 
“(ii) With synthesis gas at 200°C for the first hour or so, during which 

time methane and cobalt carbide are being produced and no oil. 

“(iii) With a mixture of 24H2 + ICO at 200°C even after 24 hours. With 

this gas mixture hardly any oil is formed, only methane. 
“(iv) With synthesis gas above 250°C. Again methane is the product and 

no oil.” 
Since very little para to ortho conversion was observed during the forma¬ 

tion of oil, Craxford and Rideal concluded that no appreciable amount of 

atomic hydrogen was present in normal synthesis and that the formation 

of methane involved atomic hydrogen in some stage of the reaction. Inhi¬ 

bition of the para-ortho conversion was related to the rather complete 

coverage of the surface, with cobalt carbide postulated to be the state of the 

catalyst surface during normal synthesis. A detailed reaction mechanism 

involving only molecular hydrogen was postulated for the formation of 

macromolecules at the catalyst surface: 

CO CO CO^CO CO CO > C C C (32) 

C C C —CH2 CH2 CH2 -*■ —CH2—CH2--CH2— (33) 

These steps are similar to those postulated by Fischer and Tropsch. In 

Craxford’s hypothesis branched macromolecules are produced by incorpora¬ 

tion of carbon atoms into chains of methylene groups; the branched mole¬ 

cules contain quaternary carbon atoms according to 

ch2 /7 
/ i / 
/ ! / 

ch2-CH2~—-C..-^ch2-~ch2 
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The macromolecules increase in size until split by hydrogen: 

—CH2—CH2 -CH2—CH2—CH2—CH2 

ch2—ch2—ch2—ch2—ch2—ch 
I I 

Hj 

2 <r- 

h2 

ch2—ch2—ch2— -ch2—ch2^ch2 
(35) 

ch2—ch2—ch3 h ch2—ch2—ch2 

desorption 
+ H 

desorption 

ch3—ch2—ch3 ch3—ch=ch2 

A pseudo-equilibrium was postulated between polymerization of methyl¬ 

ene groups and hydrocracking, the latter reaction being favored by high 

concentrations of chemisorbed hydrogen. In a later paper24, the hydro¬ 

cracking of wax deposited on the catalyst during synthesis was considered. 

In the absence of carbon monoxide, this wax was hydrocracked at a more 

rapid rate than the synthesis reaction (pp. 313-314). From the similarity 

of carbon number distribution from synthesis and hydrocracking (Figure 

50) Craxford concluded that hydrocracking of macromolecules was involved 

in the synthesis. The incorporation of methane reported by some workers 

was taken as evidence for dissociative adsorption of hydrocarbons on the 

catalyst and their participation in the polymerization-depolymerization 

equilibrium. In another paper, Craxford23 postulated that carbon dioxide 

was produced by the water-gas-shift reaction and methane and gaseous 

hydrocarbons by hydrocracking. These reactions according to Craxford do 

not occur in the normal synthesis in which the catalyst was postulated to 

be covered by carbide, but they occur to a large extent on surfaces contain¬ 

ing bare cobalt atoms and in the presence of atomic hydrogen. 

The postulates of Craxford have stimulated a large amount of research 

and discussion on the mechanism of the synthesis. On the basis of these 

newer data, many aspects of the theory have been shown to be either in¬ 

consistent or incorrect. The validity of some of the details of Craxford’s 

theory was readily evaluated; however, the basic assumption, that surface 

carbide is an intermediate, has been difficult to evaluate unambiguously. 

A number of comments follow: 
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1. The experimental results of Craxford and Rideal25 are not as con¬ 
clusive as may he desired. 

2. The fact that the oriho- to para-hydrogen reaction does not proceed to 
a large extent does not necessarily preclude the presence of hydrogen 
atoms on the surface of the catalyst. In any case, hydrogen molecules 
converted to equilibrium concentrations of ortho-para forms do not escape 
from the surface during normal synthesis. Possible explanations are (a) 
the adsorption of hydrogen is the rate-determining process, and (b) the 
diffusion of hydrogen in long, small diameter pores—at least partly filled 
by wax—is an important step in synthesis. In the latter case hydrogen 
molecules desorbed from the surface would have to diffuse against a net gas 
flow in the pores caused by the gas contraction of the synthesis reaction. 
Hence, under certain conditions virtually all of the desorbed hydrogen 
would react in the pores and would not appear in the main gas stream. 

3. Little if any cobalt carbide is produced in the synthesis. The use of 
carbon monoxide-rich gas, which should favor carbide formation, leads to 
a progressive decrease in activity in the atmospheric pressure synthesis. 
Carburized cobalt catalysts containing high concentrations of carbide have 
low activity in the synthesis. The deposition of free carbon on the catalyst 
inhibits carbide formation but does not decrease the rate of synthesis. 
Carburization of catalysts with carbon monoxide may, however, produce 
oxide as well as carbide, and these surface oxides may poison the catalyst 
in the synthesis. The activity of catalysts carburized with higher hydro¬ 
carbons should be investigated. 

4. The chemisorption of carbon monoxide on a used cobalt catalyst 
after evacuation at synthesis temperatures was typical of that on a reduced 
catalyst and not of a earbided sample. 

5. Iron catalysts containing Hagg or hexagonal (Fe2C) carbides or 
cementite (Fe3C) have activities equal to or greater than corresponding 
non-carburized samples. Hagg and hexagonal carbides are found in sizable 
amounts in some used catalysts. Although only carbides in surface layers 
can be effective in the synthesis, the bulk carbides may form suitable sub¬ 
strates for active surfaces. 

6. Branched hydrocarbons produced in the synthesis contain ternary 
but virtually no quaternary carbon atoms that were postulated by Crax¬ 
ford. Alcohols appear to be an important primary product in the synthesis 
with iron and cobalt catalysts, and under suitable experimental conditions 
large yields of alcohols are obtained. The carbide theory does not predict 
the formation of oxygenated compounds. 

7. With cobalt catalysts, reactions producing methane and carbon di¬ 
oxide occur to an appreciable extent throughout the catalyst bed, and 
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Craxford’s theory does not appear to be a satisfactory explanation of the 

results of Anderson7 and Koelbel77. 

8. The differences in the distribution curves for synthesis and hydro¬ 

cracking are sufficient to make interpretation difficult. 

9. When carbon monoxide is present the reaction between hydrocarbons 

adsorbed on the catalyst and hydrogen is very different than when it is 

absent; the rate of hydrocracking in pure hydrogen is greater than the rate 

of synthesis. Hydrocracking is inhibited by the presence of carbon monoxide 

or some compound or phase derived from it. The inhibition may be due to 

poisoning by carbide, as suggested by Craxford, chemisorbed carbon mon¬ 

oxide, or water. Similarly, cobalt catalysts that have been used with carbon 

monoxide-rich gas or precarbided have low activity. The relatively slow 

rate of the synthesis reaction is consistent with the concept of a partially 

poisoned catalyst, and the selectivity of the synthesis is probably related to 

selective poisoning. If this reasoning is correct, the surface phases formed in 

the presence of carbon monoxide should be considered as inhibitors and not 

the active catalyst, as postulated by Craxford. 
10. Griffith56 considered the geometry of the linear macromolecules postu¬ 

lated by Craxford. Due to the zig-zag structure of the hydrocarbon chain, 

attachment cannot occur at each carbon atom. Pairs of carbon atoms can 

be attached rather exactly on the 100-plane of cobalt; however, the next 

point of attachment must be a number of carbon atoms, apparently at least 

four, down the chain since only at such a distance is another pair of carbons 

in register with the underlying metal atoms. 
Comparison of Rates of Carburization and Synthesis. A number of 

workers have attempted to test the carbide intermediate hypothesis by 

comparing the rates of carburization and synthesis. If the mechanisms of 

these two processes are similar and the rate-controlling process is the same, 

the rate of carbiding in at least the initial stage of the process should be 

equal to or greater than the rate of synthesis. Since the rate of carbiding 

decreases appreciably with extent of carbiding, it is necessary to select a 

rate at some definite extent of carburization. This method is not a critical 

procedure for testing a reaction mechanism, and strong arguments can be 

advanced to demonstrate that conclusions drawn from these data need not 

be valid. Nevertheless, the experimental results will be summarized briefly. 

Eidus27 compared the rates of carbiding and synthesis on cobalt, nickel, 

and iron catalysts after 30 minutes and 10 hours. For cobalt and nickel the 

rates of synthesis were 5-11 and 17-46 times the rate of carbiding at 0.5 

and 10 hours, respectively. For iron catalysts at corresponding times, the 

rate of synthesis was 1.6-2.1 and 8 times the rate of carbiding. From these 

data Eidus concluded that the carbide mechanism could be valid only for 
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iron catalysts. In a later paper, Eidus29 reported that the rate of carbiding 

of cobalt, and nickel catalysts was also significantly slower than the rate of 

synthesis when the velocity of carbiding was measured at the start of the 

process and after 3 hours. 
Weller135 observed that the rate of carbiding of a cobalt-thoria-kieselguhr 

at 200°C was rapid initially, decreased to a constant value for the next 

20 to 150 minutes, and then decreased further with time. The rate in the 

first minute was 2-4 times the rate of synthesis, but in the period from 20 to 

150 minutes the rate of carbiding was about one-tenth of the synthesis rate. 

Thermodynamics of Hydrogenation of Carbides. Emmett and 

Browning18’ 19-82 have determined the free energy of formation of carbides, 

as described in Chapter 1, 20, and noted that only methane and short-chain 

paraffin hydrocarbons can be produced by hydrogenation of bulk phase 

carbides. It would, nevertheless, be possible to incorporate one or more 

atoms of carbidic carbon into a long hydrocarbon chain. Furthermore, these 

data refer to bulk-phase carbides, and possibly surface carbides may have 

more positive free energies of formation, so that they could be hydrogenated 

to form the wide variety of paraffins and olefins produced in the synthesis. 

Mechanism Studies with C14. Kummer, Dewitt, and Emmett83 investi¬ 

gated the carbide intermediate hypothesis on iron and cobalt catalysts using 

C14 as a tracer. Only a small fraction of C14 (0.1 per cent or less) in ordinary 

carbon monoxide was required for accurate measurement. The radio¬ 

activity of reactants and products was determined with a Geiger counter 

after separation into three fractions: The first contained H2, CO, and CH4; 

the second, C02 and C3 and C4 hydrocarbons; and the third, higher hydro¬ 

carbons. The fractions were burned in oxygen to carbon dioxide and water, 

and the carbon dioxide was precipitated as barium carbonate for analysis 

in the Geiger counter. The tests were made in a glass apparatus with gases 

circulated by a magnetic pump. Surface areas by the nitrogen adsorption 

method were used to approximate the depth of the carbide layer deposited 

on the catalyst. Catalysts studied were (a) pure fused magnetite, (b) fused 

Fe304-Al203-Si02-Zr02, (c) precipitated Co-Th02-kieselguhr, and (d) pre¬ 
cipitated iron oxide gel. 

An experimental test of the carbide intermediate hypothesis at first con¬ 

sideration appears simple. A catalyst should be prepared with a surface 

layer of C14 carbide, and the rate of appearance of C14 in the hydrocarbon 

products during the synthesis should reveal the extent to which carbide 

participates in the reaction. However, the extent to which exchange re¬ 

actions occur between radioactive carbon as carbide and carbon atoms of 

carbon monoxide, carbon dioxide and hydrocarbons must be established, 

as well as whether or not a uniform and stable surface of C14 carbide can be 
prepared. 
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In pretreating the catalyst, the reduced sample was carburized with 

normal carbon monoxide to 60 to 70 per cent Fe2C or Co2C, and then car¬ 

burized an additional 10 per cent with carbon monoxide containing CI40 

to minimize the use of radioactive carbon. The C14 content of the surface 

was determined by hydrogenating the equivalent of 25 per cent of the 

catalyst surface and determining the radioactivity of the methane. Although 

the carbide contained C14 equivalent to many layers, in all cases the radio¬ 

activity of the surface was lower than that of the carbon monoxide em¬ 

ployed in the second step of the carburization. In long periods of hydrogena¬ 

tion, C14 was found in the methane until all of the carbon was removed. The 

authors postulated that some of the C14 diffused rapidly through the iron 

phase and deposited on the interface of crystallites of carbide at rela¬ 

tively large distances from the surface. During hydrogenation, both C14 

and normal carbon diffuse to the surface. Despite a lower radioactivity than 

expected, the radioactivity did not change significantly over periods as 

long as 48 hours at 305°C. 
Hydrocarbons did not exchange with C14 carbides in one hour. The ex¬ 

change between carbon monoxide and C14 carbide was about 5 and 29 per 

cent at 250 and 322°C, respectively. A catalyst containing 65 per cent of 

normal Fe2C was used in the synthesis at 253°C with 1H2 + ICO gas to 

which 20 per cent methane containing C14H4 had been added. The higher 

hydrocarbon products did not contain C14, indicating that exchange be¬ 

tween methane and higher hydrocarbons had not occurred and that methane 

was not incorporated into the synthesis product. These experiments were re¬ 

quired because some radio-methane is produced by hydrogenation of car¬ 

bide during the synthesis. 
In the synthesis experiments, the C14 content of the surface was deter¬ 

mined before and after synthesis by brief hydrogenations. The average 

radioactivity of the surface was assumed to be the mean of these two values. 

Typical experimental data are presented in Table 11. The radioactivity of 

the C3 + C4 fraction indicated that only 4.2 per cent of this fraction was 

produced with Fe2C as an intermediate. Appreciable amounts of radio¬ 

active methane were produced, presumably by hydrogenation of carbide. 

Analysis of the gasol fraction from tests with iron catalysts at temperatures 

below 250°C and with cobalt at 200°C showed that on the average 10 per 

cent of the products were formed through a carbide intermediate. Liquid 

hydrocarbons had somewhat greater activity, indicating that the carbide 

mechanism may proceed to a greater extent in the formation of higher hy¬ 

drocarbons. 
Rummer, DeWitt, and Emmett83 considered the influence of surface 

heterogeneity. The surface may exhibit true heterogeneity due to the 

presence of sites of different activity or superficial heterogeneity due to 
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blocking of pores by adsorbed hydrocarbons, see p. 95. For example, the 

authors pointed out that if 3 to 4 per cent of the surface synthesized 90 per 

cent of the hydrocarbons, the active portion of the surface would be rapidly 

depleted of C14, and an erroneous conclusion would be made that 90 per 

Table 11. Fischer-Tropsch Run (Run 10S) on Catalyst B Carbided to 94.7 

per Cent Fe2Ca 

(Weight of reduced sample, 1.95 g; temperature of run, 252°C; time of run, 332 

min.; pressure of run, 765-580 mm; surface activity before the run, 1,410 counts per 

min. per cc; surface activity after the run, 745 counts per min per cc; synthesis gas 

contained 82.2 cc H2 and 80.1 cc CO) 

Produced or Left5 (cc) Activity 

CO 45.5 4.7 counts per min per cc of C02 

H, 22.2 

ch4 5.1 199 counts per min per cc of C02 

CO 2 3.02 

c2.6h5 3.98 45 counts per min per cc of C02 

H,0 

Per cent of total product formed through Fe2C as an intermediate, 

(45)(100) 

(1,410 + 745)/2 
4.2 per cent. 

° From Ref. 83. 

b The volumes of H2,02 , and C not accounted for were 16.7, 2.7, and 16.1 cc, 

respectively. The carbon being listed in terms of the equivalent of cc of a monatomic 

gas. 

AS FRACTION OF CATALYST SURFACE 

Figure 59. The per cent of the synthesis proceeding by the carbide mechanism as 

a function of the fraction of the surface involved in the reaction. (Reproduced with 
permission from Ref. 83) 
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cent of the reaction proceeded by a mechanism other than carbide reduction. 

Experiments with iron catalysts were made in which the amount of reaction, 

if it proceeded entirely by the carbide mechanism, would involve only a 

small fraction of the surface. These results in Figure 59 indicate that when 

as small a portion of the surface as 1 per cent was involved, only 10 and 15 

per cent of the synthesis proceeded by carbide reduction at 2G0 and 300°C, 

respectively. Thus, only a small fraction of the hydrocarbons was produced 

from surface or bulk carbide deposited on the catalyst by a pretreatment 

with carbon monoxide. The authors noted that the data do not preclude 

the possibility that carbon atoms may exist momentarily on the catalyst 

surface in some step of the synthesis. 

Other Mechanisms of Chain Initiation 

The fact that alcohols are important primary synthesis products and are 

produced in high yields under certain experimental conditions is not con¬ 

sidered in the carbide intermediate hypothesis. In the methanol and higher 

alcohol syntheses, formaldehyde has been postulated as an intermediate; 

however, the alcohol syntheses and the Fischer-Tropsch process apparently 

follow quite different chain-growth processes3. The small yields of formalde¬ 

hyde and methanol in Fischer-Tropsch products may largely be attributed 

to unfavorable thermodynamics. The presence of oxygenated molecules in 

synthesis products is, however, not conclusive evidence against the carbide 

intermediate mechanism, since a number of processes, such as oxo-type 

reactions involving olefins produced in synthesis, can be proposed to ac¬ 

count for their formation. The production of ethanol and methanol cannot 

be readily explained by an oxo-type mechanism. 

The postulate of an oxygenated intermediate was first made by Elvins 

and Nash34 in 1926. From a cobalt-manganese oxide-copper-lithium carbon¬ 

ate catalyst at 302°C and atmospheric pressure, a sizable yield of water- 

soluble oxygenated molecules, in addition to hydrocarbons, was obtained. 

Methanol was suggested as a possible intermediate, although none was 

found. The authors suggested that oxygenated molecules and hydrocarbons 

may be produced by the same series of consecutive reactions or that they 

are produced by simultaneous, independent reactions. 

Pichler102 cited evidence favoring carbonyl-type intermediates: 

“The possible occurrence of intermediate compounds of the carbonyl- 

type should not be arbitrarily disregarded .... Optimum conditions (for 

the synthesis) prevail at pressures just below which (at the corresponding 

temperatures) the tendency toward formation of volatile carbonyls becomes 

so great that deterioration of the catalyst results. In other words, conditions 

must be chosen in such a way that the rate of formation of volatile carbonyl 
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remains somewhat less than that for the supposed intermediate carbon 

monoxide compounds with hydrogen.” 

Table 12 compares the optimum synthesis pressures with minimum 

pressure at which deleterious carbonyl erosion begins. The hypothesis of 

Pichler is not a unique explanation, since any reaction mechanism in which 

the rate increases with pressure may lead to this relationship. The carbonyl- 

type intermediate can, however, be the starting point for either the carbide 

or oxygenated intermediate mechanism. 

The oxygenated intermediate hypothesis of Storch, Golumbic, and 

Anderson123 will be considered after a discussion of mechanisms of chain 

growth (pp. 359-367). 

Table 12. Comparison of Optimum Synthesis Pressures with Pressures at 

Which Undesirable Formation of Carbonyls Occurs at Synthesis Tempera¬ 

tures2 

Active Component 

Synthesis Gas Pressure (atm) 

Ni Co Fe Ru 

Optimum for synthesis 

Undesirable carbonyl 

formation 

1 

>1 

5-30 

>30 

10-30 

>30 

100-1,000 

Carbonyls may form on the 

surface of the catalyst under 

these conditions of tempera¬ 

ture and pressure 

° H. Pichler; from Ref. 102. 

Hypotheses Regarding the Growth of the Carbon Chain 

Consideration will now be given to postulated mechanisms of chain 

growth that provide an explanation of the carbon number and isomer 

distribution of hydrocarbons. These hypotheses in general do not require a 

detailed description of the chemical nature of the intermediate or its attach¬ 

ment to the surface. 

The Polymerization-Depolymerization Hypothesis. Montgomery 

and Weinberger93 investigated the explanation of carbon number distribu¬ 

tions on the basis of a polymerization-depolymerization mechanism, as 

postulated by Craxford (p. 339). Calculations were made assuming thermo¬ 

dynamic equilibrium between normal paraffin hydrocarbons according to 

equations of the type 

in — 1)C2H6 = C'nH2„+2 + (n — 2)CH4 (36) 

with the ratio CH4:C2H6, over-all ratio of hydrogen to carbon atoms, and 

temperature being the variables determining the carbon number distribu- 
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tion. At 200°C qualitative agreement with carbon number distribution from 

cobalt catalysts was obtained with CH4:C2H6 = 11.5 and H:C = 2.67. 

Both of these ratios, required to fit the experimental distribution, are, 

however, larger than those usually found in the synthesis. The observed 

ratio CH4:C2H6 usually varies from 5 to 8, and an over-all H:C ratio of 

2.67 requires a usage ratio H2:CO of 2.33. More satisfactory agreement was 

obtained if the temperature was taken as 327°C and CH4:C2H6 and H:C 

ratios as 7.0 and 2.59, respectively. The authors suggested that possibly 

the temperature of the catalyst surface was considerably higher than the 

measured bed temperature. 
This procedure yields satisfactory approximations of carbon number 

distributions for products from cobalt catalysts; however, the specification 

of the ratios CH4:C2H6 and H:C places strong limitations on the distribu¬ 

tion curve. Apparently the method is not valid for reproducing product 

distributions containing sizable amounts of olefins or oxygenated molecules, 

because such molecules should not be found in appreciable quantities if 

equilibrium is attained. 
Volmer130 presented a unique interpretation of carbon-number distribu¬ 

tion curves. The groups on the catalytic surface were assumed to combine 

in a random manner so that the distribution could be expressed as a Gaus¬ 

sian curve. By dimerization, trimerization, etc., of olefinic molecules from 

the first process, other Gaussian curves with maxima at multiples of the 

carbon number of the maximum of the first distribution would be obtained. 

The observed distribution curve was assumed to be the sum of the Gaussian 

curves. Maxima were assigned at carbon numbers of 5.3, 10.6, 15.9, etc., 

the maxima at 5.3 corresponding to the maximum of the observed carbon 

number curve (on a weight basis), and the experimental curve was thus 

resolved into a number of Gaussian curves. Many of the assumptions of 

this hypothesis appear very difficult to justify. 
Stepwise Addition to Growing Chain. Herington61 postulated that 

the carbon chain grows one carbon atom at a time until the chain is termi¬ 

nated, and that hydrocracking processes leading to degradation of the car¬ 

bon chain do not occur. For a growing chain of n carbon atoms, we may de¬ 

fine a probability an that the chain will grow and another 1 - an that the 

chain will terminate. The ratio of these probabilities, /3n , was given as 

1 — an 

where is the number of moles of product of carbon number n. Herington 

found values of /3n for products from granular cobalt catalyst to be aproxi- 

mately constant at 0.30. For products from pelleted cobalt catalyst, Friedel 

and Anderson60 obtained values of j8n increasing from 0.1 at C2 to 0.35 at 

X 4>i 
71 + 1 

(37) 
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Figure 60. Parts a and b present the distribution of total hydrocarbon products 

from atmospheric tests of cobalt catalysts at 190°C in terms of grams per cubic meter 

of synthesis gas and mol per cent. Part c is a plot of Herington’s probability term/3n. 
(Reproduced with permission from Ref. 123) 

C20, as shown in Pigure 00. From C5 to C]5 , (3„ was approximately 0.20 
with a slight upward trend. 

By rewriting Eq. (37), an can be evaluated directly 

oo / QO 

n = 4>i / ^2 
n+1 / n 

a (38) 
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In any range in which a„ or j3n is constant, it can be demonstrated that 

a — (t>n+i/<i>n (39) 

and 

d>n = <t>A*n-X (40) 

Also 

Wn ^ 14 ncf>xan-x (41) 

where Wn is the weight of hydrocarbon of carbon number n. The weight 

distribution (Eq. 41) has a maximum at n = — l/logea, but the mole dis¬ 

tribution (Eq. 40) decreases monotomically. A plot of log <f>n against n should 

be linear. The value of a derived from this type of plot, however, cannot be 

identified with Herington’s constant a (Eqs. 37 or 38) unless, on the basis 

of these equations, a is shown to be constant. Weitkamp134, for example, in¬ 

correctly identified the constant of Eq. 40 with Herington’s a, although the 

values of a of Eqs. (37) and (38) were not constant. 
A number of plots of Eq. (40) are presented in Chapter 2, pp. 110, 208,209. 

For the one complete carbon number distribution available for products 

from cobalt catalysts, the linear plot approximated the data moderately 

well up to high carbon numbers. For products from iron catalysts, the data 

are approximately linear in the range of carbon numbers 3 to 9 or 10, but 

fall above the linear curve at higher carbon numbers. The region of higher 

carbon number can be approximated by a second straight line having a 

smaller slope. Distribution data of this type do not give a constant value 

for an in Eqs. (37) and (38). For products from iron catalysts the values 

of a from Eq. (40) for the initial linear portion are not a good index of 

average molecular weight. The values of a trom Eq. (40) for products from 

iron and cobalt catalysts are summarized in Table 13. 
Carbon number distributions are determined infrequently because of 

the time and effort involved in the precision separation, and thus Eqs. (37) 

to (41) are not generally useful in evaluating selectivity in catalyst testing 

or process development experiments. Manes90 transformed Eq. (40) into a 

form that can be applied to the relatively crude fractionations into gasoline, 

diesel oil, and wax that are usually made on synthesis products. From 

Eq. (41) the weight of product with carbon number greater than r — 1, 

Wr+ , is given by 

Wr+ = 14*. E nan-x = U<t>x a~x{r - a(r - 1)}/(1 - a)2 (42) 

and 

Wr+/Wx+ 9* a x{r - a (r - \)\/{x - a(x - l)} (43) 
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For data of Herington61 with a = 0.77, W12+/Ws+ was calculated to be 

0.295 compared writh 0.311 from the observed carbon number distribution, 

and for data of Friedel and Anderson60 with a — 0.83, Wn+fW^ was com¬ 

puted as 0.133 compared with 0.13 observed. 

From Eq. (43) with r — 12 and 18 and x — 5, cumulative distribution 

curves can be plotted for gasoline (C5 — Cn), diesel oil (C12 — Ci8), and wax 

(C194.) as a function of a. Figures 61 and 62 demonstrate the tendency of 

diverse experimental data for cobalt and iron catalysts to follow the pre- 

Table 13. Values of a of Equation 40 from Carbon Number Distributions 

Source of Data Range Separated, 
Carbon Number 

Linear Portion, 
Carbon Number 

a 

A. Cobalt catalysts'1 

Ward, et al. 14K18 14-18 0.76 
Herington 5-11 5-11 .76 
Gibson, Gall, Hall 

Hydrocarbons 6-11 6-11 .75 
Alcohols 4-8 4-8 .73 

Ruhrchemie 

Atm. 5-10 4-10 .75 
Medium pressure 5-9 5-8 .75 

Friedel and Anderson 1-20 3-20 .85 
B. Iron catalysts6 

Ruhrchemie 1-17 3-9 .66 
Rheinpreussen 1-17 3-10 .67 
Kaiser Wilhelm Institut 1-17 3-9 .68 
Lurgi 1-17 2-11 .69 
I.G. Farbenindustrie 1-17 1-9 .66 
Brabag 1-17 1-9 .69 
Standard Oil 1-16 3-11 .66 

0 See Figure 27, Chapter 2. 

b See Figure 76, Chapter 2. 

dieted curves. From the position at which the experimental points most 

closely fit the calculated curves, the value of a may be estimated. According 

to these curves the fraction diesel oil is relatively insensitive to changes of 

a, and this fraction has been frequently observed to remain approximately 

constant despite changes of catalyst composition or operating variables. 

Although, as described above, Eq. (41) usually fails to represent the dis¬ 

tribution curve for iron catalysts in the diesel oil and wax range, the plots 

of Manes apparently piovide approximately the value of a that corresponds 

to the slope of the best straight line that can be passed through the data 

above C4. On this basis the values of a predicted from the charts of Manes 
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Figure 61. Observed product distributions of liquid and solid Fischer-Tropsch 

hydrocarbons (cobalt catalysts), fitted to Equation 43. (Reproduced with permission 

from Ref. 90) 

Pdgure 62. Observed product distributions of liquid and solid Fischei-Tiopsch 

hydrocarbons (iron catalysts), fitted to Equation 43. (Reproduced with permission 

from Ref. 90). 
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are useful in characterizing the distribution of C54- products with a single 

constant. 

Accurate determinations of isomer distributions by mass-spectrometrie 

methods led to more detailed considerations of the mechanism of chain 

growth. In general, for an adequate prediction of observed data, it is re¬ 

quired that addition occurs stepwise at only terminal or penultimate carbon 

atoms with the further restriction that addition does not occur at penul¬ 

timate carbons that are already attached to three carbon atoms. 

Weller and Friedel136 postulated a scheme for stepwise addition of carbon 

atoms that was able to reproduce successfully the isomer distribution of 

products from cobalt catalysts. The following assumptions were made: 

(1) “The carbon skeleton is built up by successive one-step additions to 
the carbon chain of groups containing a single carbon atom. 

(2) “Addition occurs at any terminal or next to terminal (penultimate) 

carbon atom, with two restrictions: (a) addition to tertiary carbon atoms 

does not occur, (b) addition to a side chain occurs only if the side chain is 
attached to a penultimate carbon. 

(3) “The probability of addition to a terminal carbon is intrinsically dif¬ 

ferent from that for addition to a penultimate one.” This a 'priori probability 

of addition to a terminal carbon atom may be designated a, that of addition 

to a penultimate carbon, b, and “a + b = 1.” The probability constants are 
independent of chain length. 

(4) “The distribution of isomers in the final product is identical with the 
distribution on the catalyst surface.” 

Thus, the probability of forming the normal C4 chain from the C3 group 

is 2a and of the iso chain, b, and the fractions of n-C4 and iso-C4 in 

the C4 cut are 2a/{a + 1) and b/(a + 1), respectively. The probabil¬ 

ity of producing n-C5 from n-C4 is 2a/(a + 1), whereas iso-C5 can be 

formed from n-C4 with a probability of 2ab/{a +1) and from iso-C4 with 

a chance of b/(a + 1). This process is continued in a similar fashion to give 

the predicted isomer concentration in higher fractions in terms of a and b. 

Values of a and b are chosen to give the best agreement between predicted 

and observed isomer data. For the isomer data of paraffins from cobalt 

catalysts (Table 14), the predicted distribution with a = 0.961 and b = 

0.039 agrees with the observed data to within the experimental error of the 

analyses. For products from iron catalysts (Table 15), the agreement is 

less exact, with a major discrepancy between predicted and observed 
values for the CVfraction. 

Anderson, Friedel, and Storch4 considered the chain growth problem with 

respect to both isomer and carbon number distribution, assuming a step¬ 

wise addition of carbon atoms. It was postulated that addition occurs only 

at end or adjacent-to-end carbon atoms of the longest carbon chain and does 
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not occur on an acljacent-to-end carbon already attached to three carbon 

atoms. Three cases were considered: one involving addition to both ends ol 

the growing chain, which is similar to the postulates of Weller and Friedel136, 

and the other two, addition at only one end. Although in general the agree- 

Table 14. Calculated Chain Structures of Hydrocarbons from 

Cobalt Catalysts 

Mole Per cent in Fraction 

Carbon Chain 

Observed" 
Weller and 

Friedel'’ 

Anderson, 
Friedel, and 

Storchc 

a = 0.961 
b = 0.039 / = 0.035 

c* n-C4 d 98.0 96.6 

2-methyl-Ca d 2.0 3.4 

c5 n-C5 95.0 94.2 93.4 

2-methyl-C4 5.0 5.8 6.6 

c6 n-Ce 89.6 90.5 90.2 

2-methyl-C5 5.7 5.6 6.4 

3-methyl-Co 4.7 3.8 3.2 

2,3-dimethyl-C4 0 0.1 0.2 

c7 n-C7 87.7 87.0 87.3 

2-methyl-C6 4.6 5.4 6.2 

3-methyl-C6 7.7 7.3 6.2 

Other C7’s 0 0.3 0.3 

c8 u-C% 84.5 83.6 84.4 

2-methyl-C7 3.9 5.2 6.0 
3-methyl-C7 7.2 7.1 6.0 
4-methyl-C7 4.4 3.5 3.0 

Other Cs’s 0 0.6 .0.6 

° From Ref. 50. 

h From Ref. 136. 

f From Ref. 4. 

d Not determined. 

ment between predicted and observed results tor all three cases was satis¬ 

factory in view of simplifying assumptions of the development and uncer¬ 

tainties of the experimental results, the case for addition at both ends of 

the growing chain showed serious discrepancies in the prediction of C4 

isomers, as also observed in the method of Weller and biiedel . 
Only scheme A of this paper4 will be considered, since this scheme is con¬ 

sistent with the detailed mechanism postulated by Storch, Golumbic, and 
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Anderson123. Addition may occur at only one end of the growing chain on 

only one end carbon atom if two are present or on the adjacent-to-end car¬ 

bon. Addition to adjacent-to-end carbon atoms is subject to the restric¬ 

tion that this addition does not occur if the carbon atom is already attached 

Table 15. Calculated Chain Structures of Hydrocarbons from 

Iron Catalysts 

Mole Per cent in Fraction 

Carbon Chain 

Observed0 
Weller and 

Friedel0 

Anderson, 
Friedel, and 

Storchc 

a = 0.890 
b = 0.110 } = 0.115 

C4 n-C4 89.4 94.2 89.7 
2-methyl-C3 10.6 5.8 10.3 

c5 n-C5 81.2 83.8 81.3 
2-methyl-C4 18.8 16.2 18.7 

c6 n-C6 78.8 74.7 73.5 
2-methyl-C5 11.2 14.4 16.9 
3-methyl-Cs 9.5 10.3 8.5 
2,3-dimethyl-C4 0.4 0.6 0.9 

c7 n-C7 66.0 66.4 66.0 
2-methyl-C6 13.1 12.8 15.4 
3-methyl-C6 19.1 18.4 15.4 
2,3-dimethyl-C5 1.6 1.8 1.7 
2,4-dimethyl-C5 0.3 0.6 0.8 

Ca n- C8 61.0d 59.2 60.5 
monomethyl isomers 36.4 36.0 34.7 
dimethyl isomers 2.6 4.8 4.8 

“ From Ref. 21. 

b From Ref. 136. 

c From Ref. 4. 

d Data available for only these chain structure types. 

to three carbons. The reactivity of these groups may result from the pres¬ 

ence of reactive structures such as an olefin bond, or groups such as hy¬ 

droxyl attached to the carbon atom. On addition of carbon monoxide, the 

glowing group passes through intermediate structures and finally forms an 

intermediate similar to the first but containing an additional carbon. From 

these intermediates, molecules such as aldehydes, alcohols, olefins, or paraf¬ 

fins may desorb and appear as products. For scheme A the growth pattern 



KINETICS AND REACTION MECHANISM 355 

may be represented by 

C*C* CC*C* -^CCC*C* -+CCCC*C* 
\ 
\ 

cccc* 
c 

\ 

(44) 

\ 
ccc* 

c 
ccc*c* 

c \ 

The following assumptions are made: (a) upon addition to an end carbon 

the rate of growth through the intermediates may be represented by a 

first-order rate constant, a, with respect to the concentration of the growing 

chain on the surface. 

(b) For addition to an adjacent-to-end carbon, the rate of growth is 

represented by a similar first-order constant, (3. 

(c) The rate of desorption is characterized by a first-order rate constant, 

y, with-respect to the concentration of growing chains at the surface. 

(d) For chain species n, the rates of chain growth at end and adjacent- 

to-end carbons and the rate of desorption may be represented by aCn , 

(3Cn , and yCn , and C„ is the molar concentration of chain n at the cata¬ 

lyst surface. 
For steady-state conditions, the concentration of any growing intermedi¬ 

ate remains constant, and hence its rate of formation must equal its rate 

of growth and desorption. Two typical reaction sequences are considered. 

1. CCCCCCCCC-+CCCCCC 
\ 

(C4) (C6) ccccc 
c 

(45) 

2. cccc —> cccc —> CCCCC 
c c 

(CO (CbO 

(46) 

For sequence 1 

C4 a. — Cb(ot + P + t) 

C6/C4 = a/(a + P + 7) = R5/R1 = a 

(47) 

(48) 

and for sequence 2 

C4|8 = C5'(a + 7) 

C5-/C4 = 0/(a + 7) = Ry/R* = b 

(49) 

(50) 

where Rn is the rate of appearance of species n, in moles per unit time and 
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a and b are constants. A new constant, / = b/a, is introduced at this point. 

This constant is an index of the extent of branching of the carbon chain. 

For addition to an end carbon Rn+i/Rn = a and for adjacent-to-end car¬ 

bons Ii'n+i/Rn = af. Thus, beginning with C2 and accounting for all possi- 

Table 16. Isomer and Carbon Number Distributions in Terms of a and /. 

Carbon Chain Relative Isomer 
Composition 

Relative Carbon Number, 
Distribution, Moles 

c2 1 1 

C3 1 2 a 

C4 n-C4 1 2a2 (1 + /) 
2-methyl-C3 f 

c6 n-Ci, 1 2a3(l + 2/) 

2-methyl-C4 2/ 

C6 n-C6 1 2a* (1 + 3/ + P) 

2-methyl-C5 2/ 

3-methyl-Cs / 
2,3-dimethyl-C4 P 

c7 n-C7 1 2a6 (1 + 4/ + 3p) 

2-methyl-C6 2/ 
3-methyl-C6 2/ 

2,3-dimethyl-C5 2p 

2,4-dimethyl-C5 P 

c8 n-C6 1 2a'(l + 5/ + 6p + p) 
2-methyl-Cs 2/ 
3-methyl-C7 2/ 
4-methyl-C7 / 
2,3-dimethyl-C6 2p 

2,4-dimethyl-C6 2p 

3,4-dimethyl-Cs P 
2,5-dimethyl-C6 P 
2,3,4-trimethyl-C5 P 

ble addition steps, the carbon number and isomer distribution may be 

evaluated relative to C2 in terms of a and /, as shown in Table 16. In this 

development both carbons of the C2 chain are regarded as end carbons. 

Although this assumption leads to good agreement between predicted and 

observed C3/C2 ratios, it is not consistent with some of the mechanisms 

that have been postulated. Values of/ were selected to give the best fit to 

observed isomer data, as shown in Tables 14 and 15. 
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For carbon number distributions, <f>n = 2<£2Fnan 2 and 

log (<<f>„/Fn) = n log a + log (2<£2/a2) (51) 

where <frn is the number of moles in the fraction containing n carbon atoms 

and Fn is the function in parentheses in Table 16. The values of / used in 

evaluating Fn were those obtained from isomer data in Tables 14 and 15, 

/ = 0.035 for cobalt and / = 0.115 for iron. For products from cobalt cata¬ 

lysts60 (Figure 63), the straight line fits the data, probably within the ex¬ 

perimental error, from C2 to C2o . Since the value of / was lew, this plot is 

not greatly different from that of Eq. (40). The linear plot represented 

satisfactorily Weitkamp’s carbon-number distribution data from iron cata¬ 

lysts in the range C2 to C14, but deviated at higher carbon numbers, (Fig- 

Figure 63. Plot of Equation 51 for data from cobalt catalyst. (From Ref. 4) 

ure 64). Figure 65 represents typical data from the Schawrzheide tests, 

using the value of / of 0.115 found in Table 15. A straight line only approx¬ 

imates portions of the data, such as from C3 to C9 , since the experimental 

points describe a curve. 

Weitkamp, Seelig, Bowman, and Cady134 devised a scheme for predict¬ 

ing isomer distributions that followed essentially the mathematical devel¬ 

opment of Weller and Friedel with, however, the addition of carbon atoms 

limited to the end and penultimate carbons at one end of the growing 

chain and addition not permitted on carbon atoms already attached to 

three carbons. This scheme was said to be capable of predicting the isomer 

distributions of products from cobalt and iron catalysts. 

Cady, Launer, and Weitkamp22 considered that aromatic hydrocarbons 

are formed by cyclization of the same growing chains that produce aliphatic 

hydrocarbons and devised a scheme involving formation of a bond between 

an end or adjacent-to-end carbon atoms and another carbon five atoms 

down the chain. Cyclization involving tertiary carbon atoms was not per- 
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mitted, as aromatic rings can not be produced from the resulting structure. 

Thus, from the normal C8 chain, C—7—6—C—C—C—2—1, ethylbenzene 

is formed by 1-6 bonding and o-xylene from 2-7. For the 2-methyl C8 chain, 

C—6—C—C—C—C—1, only 1-6 bonding is possible. The growing chains 

were assumed to be present in amounts proportional to the carbon chain 

isomers in C8 hydrocarbons, and where bonding was possible between both 

end and adjacent-to-end carbons, 68 per cent was assumed to occur with 

Figure 64. Plot of Equation 51 for data from synthesis with fluidized iron catalyst 

(Standard Oil). (Distribution data from Ref. 134) 

end and 32 per cent with adjacent-to-end carbons. On this basis satisfactory 

agreement between predicted and experimental distributions was obtained 

for C8 aromatics, as shown in Table 17, and similar but less exact agree¬ 

ment was found for the Cg aromatics. 

At present insufficient data on chain branching are available to correlate 

this factor with catalyst composition and type or operating conditions. 

Iron catalysts operated at 325 to 350°C produce a greater fraction of 

branched hydrocarbons than cobalt catalysts at 180 to 200°C; however, it 

is not known whether the difference results from the catalyst or the con¬ 

ditions of operation, especially the high temperature used in fluidized iron 
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tests. According to schemes for predicting isomer distribution, the ratio of 

iso- to n-hydrocarbons in the C4 fraction should be sufficient for character¬ 

izing chain branching. Weitkamp134 (p. 122) found that this ratio was the 

same for iron catalysts with or without alkali, although the olefin contents 

and presumably the over-all distributions were considerably different. Ap¬ 

parently other data of this type are not available. The relative simplicity 

Figure 65. Plots of Equation 51 for data from Schwarzheide tests of iron cat¬ 

alysts. 

of detailed analysis of the C4 fraction by modern methods should make in¬ 

vestigations of this type attractive. 

Mechanisms Involving Oxygenated Intermediates 

Storch, Golumbic, and Anderson123 proposed a detailed set of equations 

that explain many of the characteristics of synthesis products. Although 

most of these postulates were made without significant experimental evi¬ 

dence, except analytical data on synthesis products, the postulates have 

been essentially substantiated by the mechanism experiments of Emmett 

and Kummer, which will be discussed subsequently. The following as- 
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Table 17. Comparison Between Predicted and Observed Yields of 

Cs Aromatics" 

Predicted Observed 

Ethylbenzene 46.0 46 

o-xylene 31.3 29 

m-xylene 14.1 18 

p-xylene 8.6 7 

“ From Ref. 22. 

sumptions were made: (a) hydrogen is adsorbed as atoms on surface metal 

atoms, (b) chemisorption of carbon monoxide occurs on metal atoms with 

the formation of bonds similar to those in metal carbonyls, (c) the adsorbed 

carbon monoxide is partially hydrogenated according to Eq. (52). Chain 

building may occur in two ways: at the end carbon (Eqs. 53 and 54) and 

at the adjacent-to-end carbon (Eqs. 55 and 56). In these steps the double 

Initiation of chains 

O 

C + 2H 

M 

H OH 

C 

M 

Growth of chains 

(a) At end carbon 

H OH H OH H 

C 

M 

C 

M 

-h2o 

and 

R 

C 

I! 

M 

OH H OH 

\ / 
C 

II 
M 

OH 

C—C 

II II 
M M 

2H 

CH, 

C 

M 

R 

+2H 

-H20 

OH 

CH2 OH 

\ / 
c 

II 
M 

(52) 

(53) 

(«) (54) 
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(b) At penultimate carbon 

R OH 

M 

R OH H OH R 

0—H 

M 

C 

M 

R 

08) 

CH3 

\ / 

c 

M 

-h2o 

+2H 

-H20 

,+H 

\ 

ch3 

\ / 

c 

M 

OH 

08) 

(55) 

R 

CH2 OH 

\ / 
c 

II 
M 

(a) 

OH H OH 

\ / 
C 

M 

R 

- H20 
+ H 

CH3 

. / 
CH OH 

\ 
(56) 

C 

M 

Termination of chain 

(a) R 

CH2 OH 

\ / 
c 

M 

rch2cho acids, esters, 
and alcohols 

(57) 

\2H 

RCH2CH2OH —» hydrocarbons 

(b) R 

ch2 oh h 

\ / - N 
c 

OH 2H 

c 
+ R'=CH2 RCH3 (58) 
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bonds between carbon and metal atoms are assumed to be more resistant 

to hydrogenation if the carbon atom is also attached to a hydroxyl group. 

Growth processes leading eventually to chain branching involve partial 

hydrogenation of the carbon-metal bond, according to Eqs. (55) and (56). 

Intermediate a is the same as in Eq. (54), but intermediate /3 may produce 

a chain with a methyl branch according to Eq. (56). Various equations 

(Eqs. 57 and 58) were proposed for terminating the growing chain to give 

aldehydes, alcohols, olefins, and paraffins. Acids and esters may result from 

Cannizarro reactions of aldehyde-like intermediates or by side reactions. 

This reaction scheme, with the exception of the C3iC2 ratio, conforms with 

the stepwise growth pattern of Anderson, Friedel, and Storch4. 

Other workers have proposed intermediates similar to those of Eqs. (52) 

to (58). Hamai60 and workers at I. G. Farbenindustrie66 proposed the fol¬ 

lowing sequence which, however, reverts to the methylene polymerization 

concept in the fourth step: 

M 
+CO 
-> 

o 

c 
+Ho 

H 

H OH 

+h2 

—HsO 

(59) 

M 
polymerization 1 (CH2)„ 

n 

This proposal does not account for the presence of oxygenated molecules 

or chain branching. Gall, Gibson, and Hall62 postulated an oxygenated 

complex which was, however, attached to the catalyst at the opposite end 

of the chain from the hydroxyl group, such as the following structure for a 
straight C4 chain, 

H H OH 

CH2 

CHo 

CH 

Chain growth was postulated to proceed by addition of methylene groups 

at the end attached to the catalyst. The experiments of Rummer and Em- 
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mett80'8b, described in the next several paragraphs, demonstrate that this 
growth mechanism is probably incorrect. 

The experiments of Kummer and Emmett85,86, involving the incorpora¬ 

tion of alcohols containing C14 in the Fischer-Tropsch synthesis with iron 

catalysts provide important information regarding the mechanism of chain 

growth. This work is an excellent example of well-planned research in¬ 

volving new and difficult experimental techniques. In the synthesis at at¬ 

mospheric pressure alcohols were incorporated without altering the course 

of the reaction greatly. The tagged alcohols served as intermediates, and 

from analyses of resulting hydrocarbon fractions for radioactivity the pat¬ 
tern of chain growth can be delineated. 

Alkali-free synthetic ammonia catalysts, the first containing 1.6 per cent 

AI2O3 and 0.6 Zr02 and the second 2.8 AI2O3 and 1.4 Th02 , were used in 

a fixed-bed glass reaction system at atmospheric pressure and 235°C. Syn¬ 

thesis gas containing 1H2 + ICO was bubbled through the alcohol, main¬ 

tained at appropriate temperatures, so that the alcohol vapor in the inlet 

gas was about 1.5 per cent by volume. Gaseous hydrocarbons were frac¬ 

tionated with a Podbielniak column and liquid products in a small glass 

column of negligible holdup. More detailed separations were made in a 

small adsorption fractionator, and dehydrated chabazite was used to sepa¬ 

rate n-butane from isobutane. 

The incorporation of alcohols into hydrocarbon fractions of different 

carbon number will be considered first. For ethanol, 71-propanol, isobutanol, 

the radioactivity of the hydrocarbons indicated that at least one-third of 

the hydrocarbon chains were produced from the alcohol. The radioactivity 

of the hydrocarbons per mole was approximately constant for fractions 

having a higher carbon number than the alcohol, as shown in Figure 66. 

With isopropanol the incorporation in the C4 fraction was smaller, and the 

radioactivity per mole decreased rapidly with carbon number. The incorpor¬ 

ation was still lower for methanol, but the radioactivity per mole of hydro¬ 

carbon increased linearly with carbon number (Figure 67). The incorpora¬ 

tion of Tbutyl alcohol was studied with non-radioactive alcohol. The 

hydrocarbons were fractionated into a narrow cut and examined for neo¬ 

pentane. None was found. 
The conclusions that can be drawn from these data will be summarized 

briefly before considering detailed analyses of product fractions. Primary 

and secondary alcohols are incorporated in the synthesis. Ethanol, n-pro¬ 

panol, and isobutanol serve as intermediates in the synthesis. Apparently 

these alcohols initiate growing chains that eventually desorb as hydrocar¬ 

bons, and only one alcohol molecule is incorporated per chain. For the 

secondary alcohol, isopropanol, the extent of incorporation was smaller 

and decreased steadily with increasing carbon number. Methanol was in- 
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Figure 66. Incorporation of radioactive alcohols in synthesis on iron catalysts. 

The radioactivity of the alcohol is shown in parentheses. (From data of Refs. 85 and 

86) 

Figure 67. Incorporation of radioactive methanol in the synthesis on iron cat¬ 

alysts. Counts per minute for methanol = 5000. (From data of Ref. 85) 

corporated only to a small extent, and the degree of incorporation increased 

with carbon number apparently resulting from the incorporation of two or 

more alcohol carbons into the growing chain. Although the results with 

primary alcohols higher than methanol are consistent with a stepwise 
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giowth of the carbon chain, these data do not limit the growth process to 
this pattern. 

1 he gaseous products from tests with ethyl and propyl alcohols were 
given detailed analyses. Table 18 presents the radioactivity of gaseous 
products from the incorporation ol normal and isopropanol. The data in¬ 
dicate that the hydroxyl group defines the point of attachment of the next 

Table 18. Radioactivity of Gaseous Hydrocarbons from the Incorporation 

of Normal and Isopropanol on Iron Catalysts 

(a) n-propanol 

(c c c C 2630 
ch4 0 <— c c 158 C c c OH 6780 — 

0
 

II 0
 95 lc c c= =C 2500 

i 
l 

A' 'c c c 0 
c c c 5000 c 

c c=c 2510 
' 
c c= =c <450 

c 
(b) isopropanol 

H 
C c c c 30 

CH4 30 C C 20 <— O 6850 —> 
C= =C 20 C C c c o =c 

300 
— c c= =c c, 

] \ 
c c c 4370 

C C c 4770 c 

c c =c 3640 c c= =c 4200 
c 

carbon atom; thus normal C4 is formed almost exclusively from n propanol 
and iso-C4 from isopropanol. Thus the chain growth pattern is 

C-C-C-C-OH 

OH 

c-c-c-c 

OH C-C-C 
/ I 

C-C-C -> C-OH 

etc. 

etc. 

(60) 

etc. 

\ 
etc. 

and not the pattern shown on p. 355. This reaction scheme is the same as 
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that of Storch, Golumbic, and Anderson123 shown on p. 360. Rummer and 

Emmett suggested that the complex produced from methanol may be 

H H OH 

I 
M 

which differs from initial complex postulated for the normal synthesis, 

H OH 

\ / 
C 

M 

This difference may account for the lower incorporation of methanol. Never¬ 

theless, methanol must to some extent produce the normal complex or the 

elements of synthesis gas at the surface, since the degree of incorporation 

increased with carbon number. If carbon monoxide is produced from dis¬ 

sociation of methanol, it does not escape the surface in sizable quantities, 

as the radioactivity of carbon monoxide was low. 

The C4 hydrocarbons produced during the incorporation of CH3C14H2- 

CH2OH were analyzed by thermal cracking to determine the radioactivity 

of the end carbon atoms, none was radioactive. In the synthesis experi¬ 

ments, the propyl alcohols were not appreciably degraded to Ci and C2 

hydrocarbons, but sizable amounts of radioactive C3 hydrocarbons were 

produced. 

Detailed degradation experiments on C3 hydrocarbons from the incor¬ 

poration of ethanol, in one case methyl-labeled and in the other methylene- 

labeled, indicated that about 90 per cent of the addition occurred at the 

carbon attached to the hydroxyl group and 10 per cent on the second car¬ 

bon. This result apparently contradicts the growth pattern illustrated on 

p. 365, as chain growth occurs at both carbons. Recent results from Dr. 

Emmett’s laboratory36 suggest that this apparent anomaly may have re¬ 

sulted from partial dehydration of ethanol to ethylene and subsequent 

incorporation of the ethylene. 

The possibility that chain extension in Fischer-Tropsch synthesis may 

involve oxo-type reactions will be considered briefly. The oxo process and 

the chemistry of metal carbonyls may lead to valuable clues regarding 

the mechanism of the Fischer-Tropsch synthesis. The oxo reactions, hydro- 

formylation of olefins or homologation of alcohols, are homogeneous 

processes involving cobalt hydrocarbonyl as either a catalyst or reactant. 

Possibly the inability of iron and nickel to accomplish these reactions is re¬ 

lated to the relative instability of their hydrocarbonyls. The oxo catalyst 

appears to be unable to initiate carbon chains from H2 + CO; how- 
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ever, chain extension in the Fischer-Tropsch synthesis could occur by the 

reaction of olefins or alcohols produced in a primary step with hydrogen 

and carbon monoxide (a) involving a carbonyl-type surface intermediate 

or (b) involving a carbonyl intermediate not attached to the catalyst 
surface. 

Possibility (b), that chain growth occurs homogeneously in the oil phase, 

for example, in pores of the catalyst at some distance from the surface, 

appears unlikely because oxo-addition to olefins leads to more highly 

branched molecules than those obtained in the Fischer-Tropsch synthesis. 

Some aspects of possibility (a) have been considered previously in this 

discussion. Since the surface intermediates may be expected to have differ¬ 

ent catalytic properties from normal metal carbonyls, this possibility can¬ 

not be eliminated on the basis of available data. Surface complexes of a 

hydrocarbonyl-type would be stabilized by the presence of alkali, and this 

suggestion should be scrutinized as a means of explaining the effects of 

alkali on the synthesis. Furthermore, recent studies of Sternberg and co¬ 

workers122 have demonstrated the existence of stable complexes formed 

from dicobalt octacarbonyl and acetylenic compounds. The suggested 

structure 

OR R 0 

\ \ / / 
C C—C C 

X S X / 
0=C=Co-Co=C=0 

/ \ 
c c 

/ \ 
0 0 

resembles in some respects surface complexes that have been considered in 

the mechanism of the Fischer-Tropsch synthesis. 
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L. J. E. Hofer 

Physical Chemist, Synthetic Fuels Research Branch, Bureau of Mines, Bruceton, Pa. 

Introduction 

Basic Characteristics 

Fischer-Tropsch catalysts are remarkable for the number of inorganic 

compounds or crystalline phases which are involved in their formation, 

activation, and deactivation. Fischer64'65•66 early focused attention on the 

carbides of iron, cobalt, and nickel by his statement that these were inter¬ 

mediates in the Fischer-Tropsch synthesis. Although Fischer’s hypothesis 
in its original form is no longer tenable5' 138■ 139■ ]40’ 143•255, it has served to 

focus attention and to stimulate experimentation on the relation of various 

crystalline phases to catalytic activity69’70'71'98. A study of all the crys¬ 

talline phases involved in the Fischer-Tropsch synthesis may lead to new 
basic information concerning catalyst activity. 

The elements iron, cobalt, nickel, ruthenium, rhodium, palladium, os¬ 

mium, iridium, and/or platinum are found in almost all catalysts showing 

any trace of Fischer-Tropsch activity. (For the purposes of this discussion, 

Fischer-Tropsch reaction is defined as the reaction of carbon monoxide 

and hydrogen to form hydrocarbons containing more than one carbon 

atom.) Possibly this list is not complete. In other cases, the right combina¬ 

tion of conditions may not have been used. However, two properties of the 

elements in this list are very striking: (1) They are all transition elements, 

i.e., they represent elements in which the “d” shell is not complete. (2) 

Their oxides are easily 2’educible with hydrogen or carbon monoxide at 

temperatures in the range where the Fischer-Tropsch synthesis proceeds. 

Publications which consider the Fischer-Tropsch reaction in relation to 

the crystalline phases in the catalyst have been written by Storch and co¬ 

workers227’ 229’229a, Kolbel137, and Anderson2. 

Crystalline Phases Found in Fischer-Tropsch Catalysts 

The present chapter, for reasons of brevity, is confined to crystalline 

compounds of known active elements as defined in the preceding para- 
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graphs. Promoters and supports which do not contain these elements will 

therefore not be considered. The phases involved in the Fischer-Tropsch 

reaction may be classified according to their function under the following 

headings: 
1. Active phases on the surface of which the reaction is known to proceed 

at a reasonable rate under suitable conditions of temperature, pressure, 

synthesis gas composition, and surface area. These active phases include: 

a-iron6 > 143, a-cobalt64, disordered cobalt4, nickel64, ruthenium64, platinum67, 

magnetite", e-iron nitride2-3'8'224, e-iron carbide189, e-iron carbonitride2■ 3- 

8'224, f-iron nitride2, f-iron carbonitride2'8, cementite223, rhodium188, pal¬ 

ladium188, osmium, iridium188, and Hagg iron carbide6. The importance of 

surface area in determining activity or nonactivity must be emphasized. 

For example, the magnetite of unreduced fused synthetic ammonia catalyst 

has a low specific surface and its activity is therefore scarcely detectable, 

whereas precipitated magnetite has a high specific surface and its activity 

is readily detectable. 
2. Inactive phases on the surface of which the reation proceeds at a 

much slower rate than on similar closely related phases. Striking examples 

are cobalt carbide, Co2C5 •255, and nickel carbide, Ni3C146. 
3. Phases from which active phases are formed by reduction with hydro¬ 

gen, carbon monoxide, hydrocarbons, etc. Such phases may themselves be 

active, although in most cases their activity or nonactivity is difficult to 

establish because they are not stable under conditions where activity may 

be observed. An exception to this rule is magnetite, which is relatively 

active and yet is quite persistent under the conditions of synthesis. Ex¬ 

amples of phases in this category are: a-Fe203-H20, /3-Fe203-H20, y-Fe203- 

H20, a-Fe203,7-Fe203, Fe304, FeO, Co(OH)2, Co304, CoO, Ni(OH)2, 

and NiO. Carbon monoxide or hydrogen readily reduces these compounds. 

4. Phases which may be formed in the catalyst during reaction, although 

not present in the original catalyst. Some of these phases are active, others 

possibly not. They include e-iron carbonitride2, f-iron carbonitride2, y'-iron 

carbonitride89, e-iron carbide6, Hagg carbide6, cementite223, magnetite6, and 

siderite". 

The physical constants of all these phases are assembled in Tables 1 to 5. 

General reference books dealing especially with the oxides and oxide hy¬ 

drates have been written by Fricke and Huttig73, and Weiser260. 

The “d” Shell and Catalytic Activity 

As has been pointed out, the elements catalytically active for the Fischer- 

Tropsch reaction are transition elements, i.e., they contain uncompleted 

electronic “d” shells. Dowden44’45, states that certain types of catalytic 

reactions, such as the hydrogenation of double bonds, are specifically af- 



CRYSTALLINE PHASES 375 

fected by catalysts containing elements (or compounds) with incompleted 

d shells. It is therefore tempting to classify the Fischer-Tropsch reaction 

as one which requires a transition-element-type catalyst. To establish this 
point, a correlation between catalytic activity in the Fischer-Tropsch syn¬ 

thesis and incompleted “d” bond character should be shown. Unfortu¬ 

nately, there is no sound general experimental method to determine whether 

an element or compound possesses an unfinished “d” shell; this information 

Table 1. Fischer-Tropsch Metals 

Name Crystal 
Classic® 

Lattice 
Parameters16911 

(A) 

Atoms 
per 
Unit 
Cell 

Dens¬ 
ity (g/ 
cm3) 
calc. 

Curie Point 
PC) 

Spe¬ 
cific 
Mag¬ 

netiza¬ 
tion 

Fischer-Tropsch 
Activity 

Iron (a) Cubic a,o = 2.8664 2 7.82 770 218 Excellent64 
(b.c.c.) 

Cobalt (a) Hexagonal a0 = 2.5070 2 8.85 160 Excellent64 
(h.c.p.) Co - 4.069 

Cobalt (/3) Cubic do = 3.552 4 8.75 1115 
(f.c.c.) 

Cobalt (dis- Excellent266 
ordered) 

Nickel Cubic a0 = 3.524 4 8.93 353 54.6 Good64 
(f.c.c.) 

Ruthenium Hexagonal do = 2.7038 2 12.43 Paramag- — Excellent 
(h.c.p.) co = 4.2815 netic24 188, 67 

Rhodium Cubic do = 3.8032 4 12.45 Paramag- — Poor188’ 67 
(f.c.c.) netic24 

Palladium Cubic a0 = 3.8902 4 12.02 Paramag- — Poor188 • 67 
(f.c.c.) netic24 

Osmium Hexagonal do = 2.7353 2 22.15 Paramag- — Poor188’ 67 
(h.c.p.) co = 4.0691 netic24 

Iridium Cubic do = 3.8389 4 22.75 Paramag- -— Poor188 ’ 67 
(f.c.c.) netic24 

Platinum Cubic do = 3.9226 4 21.48 Paramag- — Detectable 
(f.c.c.) netic24 188 , 67 

can be deduced only from theory116; but while theory is reliable in the case 

of elements, it does not suffice to give information concerning compounds. 

Certain information can be obtained from ferromagnetism. An uncom¬ 

pleted “d” shell is a necessary but not sufficient condition for ferromag¬ 

netism. Thus, if a compound or element is ferromagnetic, its unfinished 

“d” shell character is assured. On the other hand, the converse is not neces¬ 

sarily true. Thus antiferromagnetic compounds such as hematite, which is 

not ferromagnetic in the usual sense, do possess an unfinished “d” shell. 

Iron, cobalt, and nickel are the only elements which are particularly 

prone to develop their ferromagnetic potentialities both as elements and 
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compounds, and the restrictions referred to above may not be too restric¬ 

tive. Examination of the ferromagnetic properties of the carbides, nitrides, 

and borides of iron, cobalt, and nickel (see Tables 1 to 5) suggest that the 

specific magnetization ol these compounds is a function mainly of the mag¬ 

netic moment of the unfinished “d” shell of the metal and the degree to 

Table 2. Oxides and Oxide Hydrates of Iron, Cobalt, and Nickel 

Name Formula Crystal73 Class 

Lattice 
Parameters73 

(A) 

F
o

rm
u

la
 

W
e
ig

h
ts
 p

e
r 

U
n

it
 C

e
ll

 

Dens¬ 
ity (g/ 
cm3) 
calc. 

Curie Point 
(°C) 

Fe(OH)2 Hexagonal ao = 3.25 1 3.63 Paramagnetic73 

Wustite FeO Cubic 

co = 4.48 

oo = 4.30 4 5.98 Paramagnetic 

Magne- Fe304 Cubic ao = 8.39 8 5.19 57073 

titea 
Paramagnetic73 Hematite C2-F62O3 Rhombo- a0 = 5.424 2 5.30 

Maghem- 7-Fe203 

hedral 

Cubic 

= 55.17 

ao = 8.33 3.66 650169 

ite 

Goethite OL - Fs 2O 3 • H 20 Ortho- a0 = 4.65 2 4.17 Paramagnetic73 

/3-Fe203-H20 

rhombic 

Ortho- 

b0 = 10.02 

Co = 3.04 

ao — 5.29 2 3.24 Paramagnetic73 

Lepido- 7 -F e 20 3 • H 2O 

rhombic 

Ortho- 

bo = 10.26 

Co = 3.35 

a0 = 3.88 2 3.95 Paramagnetic73 

crocite 

Co (OH) 2 

rhombic 

Hexagonal 

b0 = 12.52 

co = 3.07 

ao = 3.20 1 3.70 Paramagnetic73 

CoO Cubic 

Co - 4.67 

a0 = 4.25 4 6.48 Paramagnetic73 

Co304 Cubic ao = 8.39 8 5.41 Paramagnetic73 

Ni(OH), Hexagonal O
 II C
O

 

to
 

1 4.36 Paramagnetic73 

NiO Cubic 

Co = 4.18 

a0 = 4.17 4 6.87 Paramagnetic73 

° Catalytic activity good. 

which that “d” shell has been completed by electrons donated by the 

interstitial metalloid atoms. That electrons are donated to the metal atoms 

by the interstitial metalloid atoms has been indicated by Jack120'3(i, and by 

Kiessling134. Examples of the electron donating effect of interstitial elements 

on the ferromagnetism are indicated below: (1) Nickel, lacking one elec¬ 

tron of completing the “d” shell of 10 electrons, is ferromagnetic, but hex¬ 

agonal nickel carbide, which contains electron-donating carbon, is non¬ 

ferromagnetic. (2) Similarly, cobalt is ferromagnetic, but orthorhombic 
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cobalt carbide is nonferromagnetic. (3) In the case of a-iron, which lacks 

three electrons of filling the “d” shell, the carbon present in all four of the 

known carbides is insufficient for donating enough electrons to complete 

the “d” shell, and they are all ferromagnetic, i.e., Fe3C (cementite), Fe2C 

(Hagg carbide), Fe2C (hexagonal close-packed carbide), and Eckstrom and 

Adcock’s carbide. However, the specific magnetization in these compounds 

is reduced from 218 for a-iron to ca. 140 for the first three of the carbides 

mentioned above, indicating at least partial completion of the “d” shell 

by electron donation. (4) Less reliable data on the nitrides and borides of 

iron, cobalt, and nickel show similar relationships. The above conclusions 

Table 4. Nitrides of Elements Catalyticallt Active in the Fischer-Tropsch 

Reaction 

Name 

Composi¬ 
tion, Per 

cent 
Nitrogen 

Crystal 
Class 

Lattice Parameters (A) 

F ormula 
Weights 
per Unit 

Cell 

Density 
(g/cm3) 

calc. 

Curie Point 
(°C) 

Catalytic 
Activity 

7'-Fe4N 5.75-5.95 Cubic 

(f.c.c.) 

ao = 3.8026-3.8076124 1 7.16 480 to 

500150 

Probably ex¬ 

cellent2 

«-Fe3N 7.2-11.0 Hexagonal 

(h.c.p.) 

00 = 2.64-2.78124 

co = 4.348-4.45 

H 7.65 375 to 

—20027a 

Excellent2 

f-Fe2N 11.1-11.3 Orthorhom¬ 

bic 

ao = 2.763-2.761124 

bo = 4.828-4.830 

co = 4.424 

2 7.02 Probably 

good2 

7-C03N 7.6-8.0 Hexagonal 

(h.c.p.) 

ao = 2.671131 

co = 4.367 

H 7.82 — — 

j-Co2N 10.6 Ortho¬ 

rhombic 

ao = 2.848m 

bo = 2.632 

co — 4.339 

1 6.73 

NisN 7.4 Hexagonal 

(h.c.p.) 

ao = 2.670133 

co = 4.307 

H 7.91 

are uncertain to the extent that it is not known whether the nonferromag¬ 

netic compounds are diamagnetic. 

The most useful measure of incomplete “d” shell and the one used here 

is the number of additional electrons necessary to bring the electronic structure 

to that of copper, silver, gold, etc., as the case may be, depending on whether we 

are considering the “3d”, “J+d,” “5d,” etc., shell. There are other measures— 

for example the one based on the electronic structure of the ground term. 

On this scheme, nickel lacks two electrons of a complete “d” shell, cobalt 

three electrons, and iron, four electrons. This system presupposes isolated 

gaseous atoms. A third system is based on the band theory of metals. In 

this theory, cognizance is taken of the fact that s electrons contribute to 

the filling of the “d” shell. The results are normally presented in the form 

of the Slater-Condon curve which is a plot of magnetic moment in Bohr 

magnetons against atomic number. The data here indicate nickel—0.6 

electrons, cobalt—1.6 electrons, and iron—2.2 electrons. This type of data 
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also is somewhat irrelevant since in going from one phase to another, neither 

the band structure nor electronic alignments remain comparable. 

The details of the catalytic activity of the various phases of iron, cobalt, 

and nickel are discussed below. The over-all results may be summarized by 

the statement that a remarkable relationship exists between catalytic 

activity in the Fischer-Tropsch reaction and incompleteness of the “d” 

shell. This relationship may be useful in surveying new possibilities for 

catalysts. 

In addition to the other members of the first transition series of elements 

(with unfinished “3d” shells), there are other transition series of elements 

with unfinished “4d” and “5d” shells. If the unfinished “d” shell is impor- 

Table 5. Borides of Iron, Cobalt, and Nickel 

Name Crystal Class Lattice 0 
Parameters (A) 

Formula 
Weights per 

Unit Cell 

Density 
(g/cm1) 

calc. 
Curie Point (°C) 

F62B Tetragonal (f.c.t.) a0 = 5.10921 

b0 = 4.323 

4 7.20 Ferromagnetic24 

FeB Orthorhombic ao = 4.06121 

b0 = 5.506 

co = 2.952 

4 6.69 

Co2B Tetragonal a0 = 5.01621 

b0 = 4.220 

4 8.08 510141 

CoB Orthorhombic a 0 = 3.95621 

bo = 5.253 

Co = 3.043 

4 7.42 Nonmagnetic141 

NioB Tetragonal a0 = 4.99021 

bo = 4.244 

4 8.06 Nonmagnetic141 

tant in determining activity, the reason must be sought for the inactivity 

of these other elements. The obvious reason is that except for group VIII 

elements, they are too sensitive to oxidation under the conditions of the 

Fischer-Tropsch synthesis to be useful catalysts. Tungsten, molybdenum, 

masurium, and rhenium are possible exceptions which can be maintained 

in the reduced state. The unfinished “d” shell may affect catalytic activity 

in the Fischer-Tropsch reaction by making possible the adsorption of 

carbon monoxide as surface carbonyls. It is known that copper chemisorbs 

carbon monoxide strongly, but that such adsorption leads to surface car- 

bon.yls is questionable since copper forms no carbonyls of any sort. 

The Structure and Properties of Interstitial Compounds 

Because interstitial compounds are important catalysts in the Fischer- 

Tropsch synthesis2’ 189■ I9G, their properties will be considered in some 

detail. They are nonionic, intermetallic compounds having electrical con- 
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ductilities near those of metals. All known interstitial compounds are 

formed with transition metals—this point becomes significant in view of 

the belief of Jack120 and Kiessling134 that the metalloid-metal bond is formed 

in part by the donation of electrons from the metalloid to the metal, where 

it contributes to the saturation of the unfinished “d” shell of the transition 

metal. The term “interstitial” denotes that the metalloid element, i.e., 

carbon, nitrogen, boron, or hydrogen, fits into the interstices of the metal 

lattice. In most cases, interstitial atoms are isolated, but in Cr3C2, some 

borides, particularly those with a concentration of boron equal to or ex¬ 

ceeding the composition MB, zig-zag chains or nets of metalloid are inter¬ 

spersed through the metal lattice. In addition, a series of compounds exists 

in which two carbon atoms fit into one interstice. Known compounds of this 

nature are YC2, LaC2, CeC2, PrC2, NdC2, SnC2, ThC2, and UC2. 
Structurally they are similar to the well-known calcium carbide, but they 

are not nearly as polar98. These interstitial compounds with chain and 

net formations of interstitial elements have not so far proved useful for 

catalysts and will be disregarded in the present discussion. 

Interstitial compounds containing isolated metalloid atoms will be re¬ 

ferred to simply as “interstitial compounds.” They may be divided into 

two categories, stable and unstable. The stable class of interstitial com¬ 

pounds exhibit remarkable properties; they are highly refractory. TaC has 

the highest known melting point, ca. 4,150°C116; they are extremely hard, 

being used in the manufacture of high-speed cutting tools; they are very 

resistant to the action of acids. An examination of their crystal structures 

shows that they have, with few exceptions, just two basic structures—a 

face-centered cubic arrangement of the metal atoms and a hexagonal 

close-packed arrangement of the metal atoms. (The position of the inter¬ 

stitial atoms is very difficult to determine by conventional x-ray diffraction 

methods, because the interstitial elements, boron, carbon, and nitrogen, 

have such low-scattering power compared with that of the metal atoms 

that they do not readily reveal their position. An interesting relationship 

between the crystal structure and the stoichiometry of these compounds 

exists. The face-centered cubic structures have either the composition MX 

or M4X, where X is the metalloid and M the metal. Exceptions to this 

rule are the carbides MoC andWC, which have structures of hexagonal 

symmetry. The hexagonal close-packed structures have the composition 

range of approximately M2X-M3X82'83 •84. The hardness, high melting point, 

and chemical inertness suggest that, these compounds are not held together 

by the intermetallic bonds found in metals, but by some bond similar to 

the covalent bonding which holds the diamond together. Furthermore, the 

close relation between stoichiometry and structure suggests that this bond 

must have directional properties. There are not enough electrons to postu- 
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late covalent bonds, but Rundle199 -200 has shown that under certain condi¬ 

tions electron deficient bonds can be postulated which have properties some¬ 

what similar to covalent bonds. Unfortunately these bonds can only be 

used to account for the MX face-centered cubic interstitial alloys. Any 

really satisfactory theory must account for the curious face-centered cubic: 

hexagonal close-packed: face-centered cubic sequence as the interstitial 

atom concentration increases from M*X to M2X to MX. Hume-Rothery116'117 

has developed a theory of the structure of the MX type of interstitial com¬ 

pound, which indicates that the main reason for the face-centered cubic 

structure is that this structure provides the metal atoms with mutually 

perpendicular bonds to six neighbors. 

The unstable interstitial compounds are relatively soft compared with 

stable ones. They decompose thermally well below 1000°C, and they in¬ 

variably react with acids to form hydrides (ammonia and hydrocaAons). 

Chemical reactivity is also shown by the ease with which the carbides react 

with hydrogen at temperatures well below that at which even the most 

reactive elemental carbon is capable of reacting. These unstable interstitial 

alloys have rather complex crystal structures in many cases. Hagg84 showed 

that the transition from simple to complex structure occurs when the ratio 

of metalloid atom radius to that of the metal atom (rx/rm) exceeds 0.59. 

Since the time of Hagg’s paper, compounds having a simple structure and 

a value of rx/rm greater than 0.59 have been found. Those compounds are 

hexagonal close-packed iron carbide (e) Fe2C104’216 and the hexagonal close- 

packed Ni3C130. The significance of 0.59 is therefore not as a point of transi¬ 

tion from one type of structure to another but as the measure of the relative 

stability of the interstitial compound of similar crystal structure. Thus, 

when a high ratio indicates that a simple compound is unlikely, that com¬ 

pound may exist, although more stable structures of greater complexity are 

more likely to be formed. Such a case is illustrated by the iron carbides 

where the highly unstable hexagonal close-packed iron carbide of simple 

structure is metastable to the more complex structures of cementite and 

Hagg carbide. 
This instability suggests a possible property of the unstable interstitial 

compounds in catalysis. Since the positions of the metal atoms are such a 

precarious compromise between the bond tending to hold them in one of 

the simple structures assumed by stable interstitial compounds and the 

dislocating forces exerted by oversize intersititial atoms, the surface atoms 

may be rather easily pulled around by the forces exerted by adsorbed mole¬ 

cules. This means that the “geometric factor” is not so important for these 

surfaces, because the “geometric factor” on these surfaces vill be deter¬ 

mined not only by the crystal structure and crystal habit (exposed planes) 

of the compound but also by the adsorbed phases and the catalytic reaction 
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proceeding on the surface. Such compounds may have some especially 

useful properties as catalysts. 

In common with many intermetallic compounds, the carbides, nitrides, 

borides, hydrides, and even the oxides of transition elements do not obey 

Dalton’s Law of Constant Composition. For example, the e-Fe2N has com¬ 

positions ranging from Fe3N to nearly Fe2N. The e-Fe2N case is well worked 

out, but the compositions of some of the other compounds reported in this 

chapter are not nearly so well known. The formulas given are therefore only 
approximate. 

Information concerning the magnetic properties of iron Fischer-Tropsch 

active phases is to be found in summarizing papers by Pichler and Merkel 
i89,190,191, Hofer, Cohn, and Peebles104, Selwood219-220, Lehrer160, and Bo- 

zorth24. In the following portion of this chapter, the behavior of iron, co¬ 

balt, and nickel systems will be treated in detail as far as the oxides, car¬ 

bides, nitrides, borides, and elements are concerned. Other systems such 

as those of ruthenium, rhodium, osmium, iridium, palladium, platinum, 

molybdenum, tungsten, etc., have not been treated because of an almost 
complete lack of data. 

It should be mentioned that molybdenum disulfide alkalized with the 

hydroxides or carbonates of sodium or potassium have been reported active 

as Fischer-Tropsch catalysts in temperature and pressure ranges close to 

those of the classical reaction22611. According to the views presented here, 

Fischer-Tropsch activity may well be sought among the sulfides, selenides, 

tellurides, phosphides, arsenides, stibides, and bismuthides of most of the 

transition elements. The possibility of tailoring catalysts is greatly en¬ 

hanced by the use of mixed catalysts, thus, for example, in the e-Fe2C 

phase of iron, a portion of the iron could in principle be replaced by nickel. 

This would probably change the catalytic behavior, the stability of the 

phase, as well as modifying side reactions such as carbon deposition and 
oxidation. 

The Nickel System of Catalysts 

Oxides and Oxide Hydrates of Nickel 

A voluminous, pastel green precipitate is formed on the addition of base 

to a solution of nickelous salt. In the case of the preparation of Fischer- 

Tropsch catalysts, the nickelous salt is usually the nitrate and precipitation 

is carried out in a slurry of kieselguhr. The pure precipitate has a formula 

of about Ni(OH)2 and has an easily recognizable x-ray diffraction pattern. 

Cairns and Ott35 have worked out the crystal structure from powder pat¬ 

terns and the compound seems to be isomorphous with Co(OH)2, Fe(OH)2 , 

Mg(OH)2,Mn(OH)2, Zn(OH)2, Cd(OH)2, and Ca(OH)273. These com- 
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pounds suggest many possibilities for promotion by coprecipitation. Le- 

Blanc and Mobius144 are not in thorough agreement with the findings of 

Cairns and Ott, and more work may well be done on this system. 

DeLange and Visser43 have studied nickel kieselguhr-type catalysts in 

detail and showed that they have a structure homologous to the magnesium 

hydrosilicate, antigorite. Feitkneeht and Berger62 had previously studied 

the nickel and cobalt silicates by x-ray diffraction in considerable detail. 

DeLange and others for a while believed that, upon reduction of such a 

catalyst, the antigorite structure remained, but that the nickel was reduced 

from a valence of plus two to zero. This point of view is quite untenable 

from structure theory. However, the incipient formation of hydrosilicates 

may account for the promoting effect of kieselguhr in both nickel and 

cobalt catalysts. The difference in promoting effect between an amorphous 

kieselguhr (“Filter Cel”) and a kieselguhr flux calcined to cristobalite 

(“Hyflo Super Cel”) may well lie in the inability of the latter to form readily 

hydrosilicates with cobalt ions7. 

The only other oxide commonly identified in nickel catalysts is NiO. 

This can be formed from Ni(OH)2 by dehydration at relatively low tem¬ 

peratures. Higher oxides and oxide hydrates have been reported by em¬ 

ploying oxidizing conditions. 

Trambouze231 , 232 •233 •234 has made a special study of the oxide, carbonate, 

metal, hydrosilicate, and hydroaluminate phases in Fischer-Tropsch cata¬ 

lysts. 

Reduction of Nickel Oxides 

The pure nickel oxides and oxide hydrates are readily reduced at 275°C 

and 85 hours to virtually constant weight14. If the nickel is in the form of a 

hydrosilicate, temperatures near 500°C must be employed, and the reduc¬ 

tion is by no means quantitative. Nickel, when in the form of very small 

crystallites, as found in the reduced nickel-kieselguhr and nickel-alumina 

catalysts, possesses an anomalous Curie point which is lower than that of 

massive nickel (see Figure l)168. Selwood221 postulates that the Curie point 

is related to the coordination number z by the relation 

Cp/631°K = 2/12, (1) 

where Cp is the observed Curie point, 631°K is the normal Curie point, 2 

is the effective coordination number, and 12 is the normal one. A form of 

nickel so finely divided that a large fraction does not possess the normal 

coordination number should show the effect of electron donation by ad¬ 

sorbed gases through a decrease in the specific magnetization. Such an 

effect has been reported in the case of the system of hydrogen adsorbed on 

nickel221. 
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Carburization of Nickel 

The following discussions describing carbide formation and free carbon 

deposition on nickel, as well as on cobalt and iron, will be most readily 

understood in terms of the basic concepts outlined in Figure 2. The scheme 

will be referred to in various subsequent sections. 

The carburization of pure nickel, reduced with hydrogen from the oxide, 

by carbon monoxide has been studied by many authors. The general be¬ 

havior of the reaction is illustrated well by the data of Bahr and Bahr14 

Figure 1. Tbermomagnetic curves of freshly reduced nickel thoria kieselguhr 

catalysts showing the effect of crystallite size on the thermomagnetic curve. The 

crystallite size increases from 1 to 5. Catalysts of optimum activity produce curves 

similar to 2. Above this the crystallite size operation in Fisher-Tropsch synthesis 

produces deactivation through the formation of the hep nickel carbide Ni3C. Below 

this crystallite size the surface does not have the proper character. 

(Figure 3). There is general agreement that below ca. 270°C almost pure 

carbide is formed and that the carbon content of the solid phase increases 

rapidly initially and then approaches asymptotically a value which cor¬ 

responds closely to the composition14 Ni3C. Above 285°C, the carbon con¬ 

tent also increases rapidly at first, but although the rate of increase becomes 

less, it remains easily measurable even after the carbon content has ex¬ 

ceeded the value Ni3C. Samples of nickel, carburized below 270°C until no 

more carbon monoxide reacts, give up carbon nearly quantitatively as 

methane when treated with oxygen-free hydrogen at 180°C. If instead of 

treating the specimen with hydrogen, one treats the specimen with hydro¬ 

chloric acid, higher hydrocarbons are also formed and no trace of free carbon 

can be detected according to Bahr and Bahr. The quantitative conversion 
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of nickel carbide to hydrocarbons and nickel chloride by means of hydro¬ 

chloric acid is questioned by Schmidt and Osswald218. Carburization with 

carbon monoxide at 285°C and above until the rate of carburization is 

essentially constant leads to a product which contains just enough carbidic 

carbon as determined by treatment with hydrogen at 180°C to correspond 

to Ni3C. Treatment with hydrochloric acid forms hydrocarbons and a 

black residue. Thus, there seems no doubt that a carbide of formula near 

Adsorbed CO 

i ’ 

Surface 

carbide 

Corbon in 

solid solution 

Corbon in super soturoted 

solid solution 

Micro crystalline Carbide-*»Free corbon 

Ni3 C, Co2C, Fe2C, etc. 

Figure 2. General reaction scheme of the formation of free carbon and cobalt 

carbide. 

Ni3C is formed and that the carbide readily reacts with hydrogen according 

to the equation 

Ni3C + 2H2 -> 3Ni + CH4 (2) 

and with hydrochloric acid according to 

nNi3C + GnHCl —> 3?rNiCl2 + (CTDn + 2?iH2 T (3) 

Schmidt and Osswald218 report the use of acetylene at 180 to 200°C for the 

preparation of Ni3C. Acetylene, however, forms considerable free carbon 

in addition to the carbide even at these low temperatures. 
Tutiya’s245 carburizing technique is unusual in that he carburized the 

oxide NiO directly with carbon monoxide in the temperature range 250 to 

270°C. His results are described in terms of an Ni3C and an Ni*C which 

are identified by means of their x-ray diffraction patterns. 
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Nickel Carbides 

X-ray diffraction studies have in general amply justified the interpreta¬ 

tion placed on the carburization experiments. The nickel carbide Ni3C has 

a close-packed hexagonal arrangement of the nickel atoms. The carbon 

atoms, due to their relatively low atomic number, do not reveal themselves 

readily by their effect on-the diffraction pattern. As a result, the diffraction 

pattern of Ni3C is nearly the same as the one which could be expected from 

the hexagonal close-packed allotrope of nickel metal27' 147. This mistake in 

Figure 3. Carburization of nickel according to Bahr and Bahr. (See Ref. 14.) 

identification has actually been made in two otherwise very useful papers146’ 

147. The lattice parameters of Ni:sC are slightly larger than those expected 
in the allotrope of nickel. 

Other carbides of nickel have been reported. A phase corresponding 

approximately to NisC has been postulated by Tebboth230, and a face- 

centered cubic structure with a lattice parameter slightly larger than that 

of the normal metallic nickel has been reported217. Michel, Bernier, and 

LeClerc16'', have found evidence that under the carburizing conditions of 

the synthesis, reduced nickel thoria kieselguhr type catalysts develop a 

solid solution of carbon in cubic nickel. This results in a change of the Curie 

point to about 210°C and in a new lattice parameter of about a0 = 3.529 A. 

J utiya-45 has reported the presence of unknown x-ray diffraction lines 
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in his powder patterns and ascribed them to an unknown nickel carbide 
NixC. 

Ivohlhass and Meyer136 have reported preparing a nickel carbide under 

conditions very similar to those used by Jacobsen and Westgren130, Schmidt 

and Osswald218, LcClerc and Michel147, Browning and Emmett33, and Hofer, 

Cohn, and Peebles105. All the above authors with the exception of Ivohlhass 

and Meyer concur, in that the structure of nickel carbide is close-packed 

hexagonal, but Ivohlhass and Meyer are positive that the carbide really is 

a homolog of cementite Fe3C. Ivohlhass and Meyer136 even published a 

halftone of the diffraction pattern which bears a resemblance to that of 

cementite; however, their numerical “d” values bear a much closer resem¬ 

blance to the unreliable “d” values of the early work of Westgren and 

Phragmen26S •259 than to the more recent and reliable data of Westgren257. 

Until Ivohlhass and Meyer’s work can be confirmed, it should be regarded 

with reserve. 

According to Fricke and Weitbrecht74, small amounts of carbon dis¬ 

solved in nickel gave misleading information concerning the Boudouard23 

equilibrium 

C02 + C 2CO (4) 

on nickel catalysts. Such a solid solution seems similar to the one postu¬ 

lated by Tebboth. 
Meyer and Scheffer161' 162-163> 164- 165 and Scheffer, Dokkum, and Al202 car- 

bided nickel with carbon monoxide by methods similar to those of Bahr 

and Bahr14. They have also determined the equilibrium of hydrogen and 

methane over nickel carbide. Their equilibrium values lead to a distinctly 

different free energy of formation of nickel carbide than that found by 

Browning and Emmett33. In the absence of supporting x-ray diffraction 

data for the Meyer and Scheffer study, it is tempting to assign their equilib¬ 

rium results to the solid solution of carbon in face centered nickel. The 

Browning and Emmett hydrogen-methane equilibrium studies must be 

assigned to Ni3C since this compound was actually identified by x-ray 

diffraction in their substrate. 

The Hydrogenation of Carbides of Nickel 

Bahr and Bahr14, Osswald and Schmidt218, as well as Hofer, Cohn, and 

Peebles105 have studied the hydrogenation of nickel carbide, Ni3C, which 

proceeds rapidly at 250°C and is essentially complete, according to the 

first author, in about 26 hours. The rate is probably a function of particle 

size and other factors. There is evidence that the carbon combined as nickel 

carbide reacts considerably more readily than free carbon, but better data 

are needed for the nickel-carbon system. The off-gas formed by passing 
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hydrogen at 250°C at atmospheric pressure has been analyzed as follows: 

0.3 C02,28.6 CH4, 32 C2H6 , 0.2 CO, 0.2 higher hydrocarbons, 2.4 H2, 

and 65.1 per cent N2 (flushing gas)15. 

Carbon Deposition on Nickel 

The study by Bahr and Bahr14 shows that at 285°C free carbon is de¬ 

posited at a noticeable rate. This reaction has not been studied in detail, 

although it is probably very similar in nature to carbon deposition as it 

proceeds on iron and cobalt. An electron micrographic study111 shows that 

Figure 4a. Carbon deposited on nickel reduced from Ni(OH)2 as prepared by 

Hofer, Cohn, and Peebles106. Note well-devoloped tubular structure. 

the free carbon consists of long tubular filaments with dense nuclei of nickel 
or nickel carbide at one end (Figure 4). 

Leidheiser and Gwathmey151 have shown that free carbon deposition 
proceeds preferentially on the 111 planes of cubic nickel. 

Other Reactions of Nickel Carbide 

Schmidt and Osswald218 state that dilute hydrochloric acid reacts with 

Ni;iC to form methane, ethane, unsaturated hydrocarbons, hydrogen, and 

in some cases free carbon. The latter was invariably found when the nickel 

had been carburized to within 5 per cent of the composition Ni3C. (Bahr 

and Bahr’s14 earlier work claimed complete solution of the carbide and no 

carbon residue.) No traces of oil, such as had been reported by Bahr and 
Bahr, were found by Schmidt and Osswald. 
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Bahr and Bahr10 studied the action of other reagents. Water vapor at 

250 C produced 22.0 CO2, 63.5 H2, and 13.6 CH4 per cent. Hydrogen sul¬ 

fide at 200 to 240°C produced only an oil and no CH4. Hydrogen chloride 

at 290 to 300°C formed only a yellow oil which solidified on cooling. 

In some of the older literature, Ni3C is said to be stable below 400°C. 

This statement, based on misinterpreted thermodynamic studies161'165, is 

obviously incorrect. Hofer, Cohn, and Peebles106 have investigated the de¬ 

composition in the temperature range 320 to 355°C. The products of the 

reaction were metallic nickel and free carbon. The reaction started after an 

Figure 4b. Carbon deposited on nickel reduced from NiO. Note nuclei at the end 

of the filaments. 

induction period, and followed a complex rate law. Over about 60 per cent 

of the reaction, the rate may be approximated by a quasi zero order law 

whose rate constant k may be represented for a fully carburized specimen 

of nickel by the equation, k = 1016 exp - 61/RT. The induction period 

r may be represented by a similar law, 1/r = 3 X 1015 exp — 55/RT. 

In the above equations, R in kcal per mole per °K is the gas constant and 

T the absolute temperature. Partially carburized specimens of nickel car¬ 

bide behave qualitatively similarly but quantitatively differently. 

Nitriding of Nickel 

Nitriding of nickel has been investigated by Beilby and Henderson18, 

Hagg81, Granadam78, and Juza and Sachse132. Of these investigators, Hagg 

found that at 300°C ammonia would react with nickel to form a product 
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containing only 0.89 per cent nitrogen. Beilby and Henderson18, however, 
found 7.5 per cent nitrogen in nickel nitrided at 500°C, Granadam found 9 
per cent nitrogen in some of his ammonia nitrided specimens of nickel, and 
Juza and Sachse found 7.37 per cent nitrogen in their most fully nitrided 
nickel samples. All these authors are in substantial agreement that nickel 
cannot be nitrided with nitrogen gas. The divergence of results by the 
various authors suggests that formation of the nitride requires critical 
conditions, high space velocity, turbulence, and intimate contact of the 
nitriding agent with the nickel. It is possible that the nickel must be partly 
poisoned to the reaction, 

2NH3 -> N2 + 3H2 (5) 

to prevent excessive concentrations of hydrogen from reversing the nitriding 
reaction. Juza and Sachse give the following directions for preparing nickel 
nitride of the theoretical composition 7.37 per cent N. (Ten to 20 mg of 
finely divided nickel prepared by the thermal decomposition of nickel 
carbonyl are placed in a corundum boat in a quartz tube and treated with 
a stream of ammonia at 22 cm/sec for 3 hours at 445°C.) Juza and Sachse 
also give two sets of directions for the preparation of nickel nitride from 
halides, as follows: (NiF2-2NH4F are treated in an ammonia stream for 20 
hours at 390 to 410°C, NiBr2 is heated at 80 to 120°C in an ammonia 
stream to form an ammoniate which then decomposes on further treatment 
in the ammonia stream to form a very finely divided NiBr2 preparation. 
This preparation can be readily converted to Ni3N at 420°C in 4 hours 
using an ammonia stream.) 

Like Ni3C, the nickel atoms in Ni3N assume the positions of hexagonal 
closest packing. The lattice parameters are slightly larger than one would 
expect if there were no nitrogen in interstitial positions. The metal phase of 
partially nitrided nickel shows an expanded lattice, a0 = 3.5192± 0.0016 
as compared with the literature value of 3.5167 . This change in lattice 
parameter, by analogy to the change in lattice parameter of y iron with 
nitrogen content, corresponds to about 0.083 per cent N. 

According to Juza and Sachse Ni3N decomposes thermally as low as 
360°C. 

Borides of Nickel 

Borides have been suggested as catalysts for the Fischer-Tropsch reac¬ 
tion. The boranes are logical bonding agents. Paul, Buisson and Joseph181 
have developed a way of preparing Ni2B from nickel chloride solution and 
sodium borohydride. Whether the product so formed has the same crystal 
structure as the Ni2B reported by Bjurstrom21 is not known. 
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Catalytic Activity in the Nickel System 

The only nickel phase which is known to have catalytic activity for the 

Fischer-Tropsch synthesis is nickel metal in the face-centered cubic form. 

Nickel carbide Ni3C in the hexagonal close-packed form shows such greatly 

reduced activity as to be considered inactive146, I6S. An interesting study on 

the methanizing reaction was conducted by Bahr and Bahr. Their results 

indicate that the oxygenated product is C02 over Ni3C and H20 over 

nickel. This suggests that Ni3C catalyzes the water-gas shift while nickel 

metal does not. Troesch240 found that the presence of nickel carbide did not 

aid the efficiency of Fischer-Tropsch catalysts. Whether this data indicated 
that it was detrimental is not certain. 

The solid solution of carbon in face-centered cubic nickel is also active 
in catalyzing the Fischer-Tropsch synthesis168. 

The Cobalt System 

Oxides and Oxide Hydrates of Cobalt 

The oxides, oxide hydrates, and hydroxides involved in the cobalt system 

of Fischer-Tropsch catalysts are CoO, CoO • H2073, 173 ■174 both rose and 

blue, and Co304. Other compounds may be involved, such as the Co2(V 

H20175 and Co203175 which are produced by precipitation under oxidizing 

conditions, but such compounds probably were not formed under the con¬ 

ditions given for the preparation of cobalt catalysts in the literature. 

By precipitation of cobaltous salts with alkali, a voluminous blue pre¬ 

cipitate of CoO • H20 is formed251. This has a definite diffraction pattern. It is 

unstable and gradually reverts to the rose form of CoO-H20. The process 

is accelerated by alkali and inhibited by sugar. The rose-colored form also 

has a characteristic diffraction pattern and its crystal structure is homolo¬ 

gous to Ni(OH)2 and Fe(OH)273. The rose form of Co(OH)2 is a very satis¬ 

factory starting material for the preparation of finely-divided cobalt by 

reduction with hydrogen. 

CoO is readily formed by dehydration of Co(OH)2. It has a cubic sodium 

chloride structure and is isomorphous with NiO and FeO. 

Both Co(OH)2 and CoO oxidize readily in the atmosphere at 100°C to 

form Co304 . This compound has the spinel structure of magnetite. It is 

frequently found in cobalt catalysts which inadvertently have been oxi¬ 

dized. 
The frequent occurrence of kieselguhr in cobalt catalyst formulations 

suggests that a cobalt hydrosilicate is formed in the catalyst preparation. 

The author has never observed in the examination of numerous cobalt 

kieselguhr catalysts such a hydrosilicate; furthermore, the exposure of the 

kieselguhr to the precipitating solution must be kept brief or else the ac- 
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tivity of the resultant catalyst will suffer. This latter observation suggests 

that cobalt hydrosilicate formation is detrimental. On the other hand, the 

fact that amorphous raw kieselguhr (“Filter Cell”) makes a better catalyst 

than flux-calcined kieselguhr (“Hyflo Super Cel”) suggests that there is 

incipient formation of cobalt hydrosilicates7 in active catalysts. 

Reduction of Cobalt Oxides and Oxide Hydrates 

Pure cobalt oxide or cobalt oxide hydrate can be reduced in hydrogen 

very readily at temperatures at least as low as 300°C. However, the cobalt 

thoria kieselguhr (100:18:100) catalyst, as it is usually prepared, requires 

400°C for reduction; this may mean that cobalt is combined with the kiesel¬ 

guhr in an incipient cobalt hydrosilicate, but x-ray diffraction patterns do 

not show the existence of such an incipient cobalt hydrosilicate108. The dif¬ 

fraction pattern of a freshly prepared unreduced catalyst shows almost no 

structure of any kind, and such structure as can be detected is traceable to 

the kieselguhr support108. Upon reduction at 400°C, three new, relatively 

strong reflections are found. Attempts to index these lines showed that they 

might be due to face-centered cubic cobalt which is stable above 400°C201, 

but such an interpretation fails to explain the absence of the 200 and 222 

reflections. The lines can also be indexed as the hexagonal close-packed 

reflections 002, 110, and 112 of a-cobalt stable below 400°C. In this case, 

the absence of the 100, 101, 102, 103, 200, 201, and 004 reflections must 

be explained. The reflections observed are common in both methods of 

indexing, while with the possible exception of the 222 cubic (004 hexagonal) 

reflection, the missing reflections are not common (Figure 5). 

Clues to this phenomenon are found in the work of Hendricks, Jefferson, 

and Schultz94, Edwards, Lipson and Wilson51, and Nowotny and Juza176. 

Hendricks, Jefferson, and Schultz previously had found that diffraction 

patterns of a-cobalt contained both sharp and diffuse reflections. This vari¬ 

ation of line width was not a simple function of the angle of reflection, as 

would be the case for small crystallite size. Further, certain classes of re¬ 

flections are not involved, as would be the case for small crystallites which 

are relatively large in certain crystallographic directions and small in 

others (platelets, needles, etc.). Edwards, Lipson and Wilson61, have par¬ 

tially explained these results. They show that the hexagonal close-packed 

structure may be visualized as the laying of successive close-packed layers 

of atoms one upon another so that the corresponding atoms of every sec¬ 

ond layer are directly over each other. The formula for the layering is 

then represented as ABABA • • • . The face-centered cubic structure may 

be visualized as the laying of successive close-packed layers of atoms, 

so that the corresponding atoms of every third layer are directly over 

each other as ABCABCA • • • . They postulate a close-packed hexagonal 
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structure in which a fault occasionally occurs and the sequence is ABAB- 

ABCBCBCBABA • • • , etc. The diffraction pattern of such a structure, 

with one fault in every 14 planes, was shown to give a pattern similar 

to the one observed for massive cobalt. Wilson262 has also developed a theo¬ 
retical treatment of this effect. 

With increasing imperfections, a pure hexagonal close-packed structure 

acquires face-centered cubic character, although if these imperfections are 

completely random this process will not go beyond the formation of a sort 

of hybrid face-centered cubic-hexagonal close-packed structure. Conversely, 

ANGSTROMS 

Figure 5. X-ray diffraction patterns of catalyst 89K 100:6:12:200 cobalt-thoria- 

magnesia-kieselguhr taken at various stages of treatment with carbon monoxide and 

hydrogen (See Ref. 108). 

a pure face-centered cubic structure should, with increase in imperfections, 

acquire some hexagonal-close-packed character until it also reaches the 

hybrid state of completely random imperfections. 

The experimental facts suggest, therefore, that the cobalt-thoria-kiesel- 

guhr catalyst does possess this hybrid structure, since the only reflections 

observed are those which may be considered common to both the hexagonal 

close-packed and face-centered cubic structures. 
Nowotny and Juza176 studied the structure of pure cobalt reduced with 

hydrogen at the transition temperature. They consider their cobalt to be 

essentially a mixture of face-centered cubic structure and a disordered 

hexagonal close-packed structure. However, since they did not use pro- 
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moters and supports (thoria and kieselguhr), they did not obtain as high 

a degree of disorder as in the promoted and reduced cobalt catalysts. The 

present author has also examined cobalt reduced at various temperatures 

from pure oxide and has found the disordering effect much less developed 

in such specimens. The formulators of the standard cobalt-thoria-kieselguhr 

catalysts may have been led by empirical studies to those conditions and 

compositions which maximized the disorder in the catalyst. This dis¬ 

order, as will be discussed later, improves the yield of solid and liquid hydro¬ 

carbons by not more than 10 per cent when the catalyst is operating at 

optimal conditions266. 

Initially, in reporting the above phenomena, Hofer and co-workers under¬ 

standably considered this disordered cobalt to be the face-centered cubic 

form of cobalt108, 109. 

Carburization of Cobalt 

The carbon monoxide-cobalt reaction is very similar to the carbon 

monoxide-nickel reaction. The first studies were made by Fischer and Bahr63 

and Bahr and Jessen16. At temperatures below 225°C, finely-divided cobalt 

produced by the action of hydrogen on cobalt oxide reacts readily with car¬ 

bon monoxide. The reaction slows down with time and virtually stops when 

the cobalt has gained weight corresponding to the formula, approximately 

C02C. This formula is in contrast to the formula for nickel carbide, Ni3C. 

The weight increase is due to carbon only, as is shown by the fact that it 

can be recovered as methane by treating the carbide with hydrogen at 

300°C. Above 225°C, carbon monoxide reacts even more readily with 

cobalt, but the reaction, although it slows up in later stages, never stops. 

Instead, it slows down to a nearly constant rate. When the carbon has been 

laid down at temperatures above 225°C, it cannot be quantitatively re¬ 

moved by treatment with hydrogen at 300°C. Bahr and Jessen’s16 data show 

a qualitative distinction between the carbon which can be hydrogenated 

below 300°C and that which can be hydrogenated above this temperature. 

They termed the former carbidic carbon and the latter free carbon in 

analogy to the nickel case. Typical carburization curves of Bahr and Jessen 

are shown in Figure 6. Later x-ray diffraction studies107 have shown that 

this carbidic carbon corresponds to a definite crystalline phase structurally 
different from either free carbon or cobalt metal. 

Carburization of the standard cobalt-thoria-kieselguhr or cobalt-thoria- 

magnesia-kieselguhr catalyst has been studied in greater detail than that of 

pure cobalt powder. As already mentioned, the cobalt metal in these cata¬ 

lysts possesses a disordered structure that cannot be considered either face- 

centered cubic or hexagonal close-packed. Carburization of these catalysts 

to completion is much more rapid than carburization of the pure powder. 
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This is probably the result of the finer crystallite size (about 50-100 m2/g 

for cobalt in catalyst as compared with 3.2 m2/g for reduced pure oxide). 

Direct estimates of the crystallite size by Debye Scherrer line-broadening 

give 100-300 A for the catalysts and 800 A for the reduced pure oxide. 

On the whole, the findings of Bahr and Jessen16 and Hofer and Peebles107 

on cobalt produced by reducing finely-divided cobalt oxide are also dupli¬ 

cated with standard cobalt-thoria-kieselguhr catalyst to a surprising ex¬ 

tent108. Free carbon formation becomes noticeable at about 225°C; above 

Figure 6. The carburization of cobalt with carbon monoxide according to Bahr and 

Jessen. (See Ref. 108) 

this temperature, free carbon formation becomes increasingly important, 

until at 298°C very little carbide and large quantities of free carbon are 

found in the carburized product. The carbide has the same diffraction 

pattern as that found for the carbide formed in pure cobalt, although the 

weak and diffuse reflections are hard to detect. The carbide can be hydro¬ 

genated at temperatures well below 208°C. A clear distinction between free 

carbon and carbidic carbon by the relative ease of hydrogenation is possible, 

but the distinction is not as clear as in the case of carburized pure cobalt 

powder (see Figure 7). Both formation of the carbide and hydrogenation 

of the carbide seem to be more rapid because of the smaller crystallite size. 

The carbiding process has an activation energy of 31 kcal/mole according 
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to Weller264. The pressure dependence of the reaction is small, so that the 

exponent in the equation r — kpn, where r — rate of reaction, p = pressure, 

and k is a constant, is of the order of 0.20 to 0.26. It has been found that 

carbon monoxide will react with cobalt in a circulating system, where the 

carbon dioxide is constantly being removed by condensation until the 

pressure has been reduced to 10-3 mm of Hg. Weller also concluded that 

Figure 7. Carbon removed by hydrogenation at increasing temperatures showing 

the distribution between free carbon and carbidic carbon as deposited at 298°C from 

carbon monoxide on a cobalt thoria kieselguhr catalyst reduced at 400°C.109 

the carbiding process was too slow to permit bulk carbide to be considered 

an intermediate in the Fischer-Tropseh reaction. Eidus and co-workers54, 55■ 
58 obtained similar results, but because of their confusion as to the concepts 

of bulk carbide and surface carbide, they concluded that carbides in gen¬ 

eral were not intermediates in the Fischer-Tropsch synthesis. 

Bahr and .lessen16 have published the results of a large number of runs on 

the carburization of pure cobalt and on the hydrogenation of the resulting 

products. Particularly interesting experiments were made by carburizing 

first at about 225°C where no detectable free carbon was formed and then 

carburizing at a somewhat higher temperature. The results of these two- 
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stage carburizing experiments, together with comparable one-stage experi¬ 

ments, are summarized in d able 6. d he experiments lead to a number of 
interesting conclusions. 

1. While in the initial stages, treatment with carbon monoxide in¬ 

creases the carbide content, the amount of carbide decreases under pro¬ 

longed carburization, especially at temperatures above about 225°C. Thus 

Table 6. Single-Stage and Double-Stage Carburizing of Cobalt Metal 

Sample 

1st Stage of Carbon 
Monoxide Treatment 

2nd Stage of Carbon Monoxide 
Treatment 

Analysis, Hydrogen 
Treatment 

Temp. 
(°C) 

Time 
(hr) 

Carbon 
(%) 

Temp. 
(°C) 

Time 
(hr) 

Carbon 
(%) 

Temp. 
(°C) 

Carbon 
from 

Weight 
Loss 
(%) 

Carbon 
from 

Methane 
Determin¬ 
ation (%) 

XXXVI-B 226-230 731 9.53 — — __ 260 9.22 9.07 
LIV-B 224-226 452 9.69 — — 243 8.83 9.34 
XXX V-M 245-250 182 9.87 — — — 241 9.07 8.68 
XVIII-M 250-255 345 11.10 — — — 262 8.43 7.31 
XXXI-M 225 606 7.73 250-258 200 9.13 244 8.92 9.00 
IX-M 255 243 12.12 — — — 250 9.09 8.80 
XXVI-I 260 531 12.47 — — — 255 7.67 6.46 
LXV-B 276 94 13.84 — — — 247 9.04 9.08 
XXIV-I 280 349 25.7 — — — 255 5.90 5.99 
LI-B 226 45 3.17 280 64 20.7 243 7.83 8.38 
XXXVIII-B 225 140 7.38 283 133 16.25 246 9.12 9.28 
LXIII-B 287 45 25.47 — — — 246 6.29 6.00 
XXXVII-B 290 62 27.9 — — — 241 3.77 3.44 
LXII-B 290 46 37.67 — — — 245 2.68 2.40 
IL-B 226.5 47 5.59 294 46 14.85 244 8.80 9.03 
LV-B 225 203 7.92 300 45 16.52 243 8.82 9.33 
XXIX-M 305-335 41 76.5 — — — 252 .81 .00 
XXXIX-B 227 936 8.12 315.5 45 34.96 246 .36 .23 
LX-B 227 276 ~9 328 43 ca. 51.7 245 .32 .29 
XXIII-I 340 195 63.5 — — — 245 1.11 .31 
XXXXI-B 226 381 7.87 520 10-20 37.0 245 .2 .2 

one may compare runs LXV-B and XXIV-I or runs IX-N and XXVI-I. 

In each case the two runs, although carried out at nearly the same tem¬ 

perature, have widely different carbide content; that run which was op¬ 

erated longest also produced the lowest carbide content. This suggests that 

the carbide content reaches a maximum and then decreases thermally with 

time. 
2. If a sample of cobalt is first' carbided at around 225°C and is then 

carburized at higher temperatures up to 300°C, the formation of carbide is 

promoted even when the temperature is such that the corresponding iso- 
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thermal carburizing experiments indicate a decreasing amount of carbide 

due to thermal decomposition. Furthermore, much less free carbon is 

formed than one would expect from the single-stage carburizing data. 

These general conclusions are illustrated by the following examples: Sample 

XXXI-M was carburized first for 606 hours at 225°C, taking up 7.73 per 

cent carbon. This carbon must be almost quantitatively in the form of 

carbide if one judges by sample XXXVI-B. Further treatment with carbon 

monoxide at 250 to 258°C for 200 hours raised the total carbon content to 

9.13 per cent. Analysis by treating the sample with hydrogen found it to 

contain 8.92 per cent carbon in the form of carbide. This agrees well with 

the percentages of carbon as carbide found in samples XVIII-M and IX-M. 

This behavior is therefore essentially as expected. Now, however, consider 

sample LV-B which was treated with carbon monoxide at 225°C for 203 

hours. This resulted in an uptake of 7.92 per cent carbon, which again may 

be considered as essentially pure carbidic carbon. By treating this pre- 

carbided sample with carbon monoxide at 300°C for an additional 45 hours, 

a total carbon percentage of 16.52 was reached. Treatment with hydrogen 

shows the specimen to contain 8.82 per cent carbon as carbide. Measure¬ 

ment of the amount of methane generated gives the carbide content as 

9.33 per cent. Thus in 45 hours, the carbidic carbon content increases from 

7.92 to 8.82 per cent (or 9.33 per cent, depending on which method of 

analysis is chosen). This result must be compared with the result on LXII-B, 

which was treated with carbon monoxide at around 290°C for 46 hours. 

At the end of this period, LXII-B contained only 2.68 per cent carbidic 

carbon by weight loss during hydrogen treatment, or 2.40 per cent carbidic 

carbon by methane determination and 37.67 per cent total carbon. One 

would expect both of hese specimens to decrease slowly in carbide content 

by thermal decomposition, as has been discussed above, but actually LV-B 

increases in carbide content. Not only that, but LV-B is increasing in car¬ 

bidic carbon content in a range where inhibition of the process due to the 

approach to the stoichiometric composition Co2C should be an important 

factor. Another important difference in behavior between LXII-B and 

LV-B lies in the total free carbon content of the two samples; LXII-B has 

37.67 — 2.68 = 34.99 per cent carbon, whereas LV-B has only 16.52*— 

8.82 = 7.70 per cent free carbon. These differences are summarized in 
Figure 8. 

Carbon Deposition and Thermal Decomposition of Co2C 

One of the most difficult problems catalytic chemists must deal with is 

the suppression of carbon formation in Fischer-Tropsch catalysts during 

synthesis. As has been noted in the discussion on carburization, carbide 

and free carbon formation go on side by side above 225°C on cobalt; above 
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300°C free carbon formation proceeds to the practical exclusion of carbide 

formation. 225 C is the high temperature limit for practical operation of 

the Fischer-Tropsch process on cobalt catalysts, and one suspects that this 
limit may be set by carbon deposition. 

Cobalt carbide is subject to thermal decomposition. This reaction has 

been studied under very restricted conditions when the cobalt carbide 

existed as a portion of a standard cobalt-thoria-kieselguhr catalyst106. Pure 

Figure 8. Comparison of carbon deposition and carbide formation as it proceeds 
on a prescribed specimen of cobalt LV-B and on a simple reduced specimen LXII-B, 

cobalt carbide probably does not behave in the manner of the cobalt carbide 

studied. Thermal decomposition sets in at an appreciable rate at 300°C 

and increases with temperature. The reaction in the range 80 to 25 per 

cent carbide was quasi zero order, and the reaction rate constant, assuming 

that order was k = 4 X 1015 exp. — 54/RT sec-1, where R is in kcal mole-1 

°K-1, and T, is the absolute temperature in °K. 

The product of the decomposition between 300 and 400°C is the thermally 

stable hexagonal close-packed allotrope a-cobalt, and free carbon. This 

free carbon is apparently just as nonreactive as the free carbon formed by 

the carbon monoxide-cobalt reaction above 225°C. Two possibilities exist 



400 CATALYSIS 

for the mechanism of formation of free carbon by decomposition of the 

carbide. One possibility is that the carbon forms in intercrystalline spaces 

or on surfaces. The other is that the carbon forms within the crystallite 

itself and that its formation results in splitting of the crystallite. Both 

processes may be envisioned as nucleated reactions. In the former case, the 

nuclei form or already exist in intercrystalline spaces or on the crystal 

surfaces. In the latter case, the nuclei form or already exist in the interior 

of crystallites. No conclusive experimental data are available bearing on 

this point, although in the case of carbon deposition in iron catalysts a 

number of experiments have been conducted248. Thermal decomposition of 

cobalt carbide as it exists in the standard cobalt-thoria-kieselguhr catalyst 

shows no induction period in marked contrast to thermal decomposition of 

nickel carbide, Ni3C. This means that the nuclei must be formed before 

decomposition can occur in the case of nickel carbide, but the decomposition 

nuclei are already present in cobalt carbide. This distinction between cobalt 

carbide and nickel carbide may be more apparent than real, because the 

cobalt carbide being present in a matrix of promoter and support may have 

in its structure nuclei which would not be present in pure cobalt carbide. 

The thermal decomposition reaction may be written: 

Co2C —» 2Co + C (free carbon). (6) 

Fischer and Bahr have suggested that the formation of free carbon by 

the action of carbon monoxide on cobalt may proceed simply by the forma¬ 

tion and decomposition of bulk phase cobalt carbide, Co2C. To check this 

point the following experiment was made (see Figure 9). Two specimens of 

cobalt-thoria-kieselguhr were used. The catalysts were identical in all re¬ 

spects except that the cobalt in one had been converted to Co2C109 by car¬ 

burization with carbon monoxide, whereas cobalt in the other remained in 

the reduced disordered cobalt phase. These two specimens were then carbu¬ 

rized with carbon monoxide at 285°C for 22 hours, with the results shown 

in Figure 9. Carbon deposition initially is 20 times faster on the metallic 

catalyst than on the carbided catalyst. During the carburization process at 

285°C, the rate of carbon deposition on the metallic specimen decreased 

greatly, whereas the rate on the carbided specimen remained constant. X-ray 

diffraction analysis showed that the precarbided specimen contained only 

Co2C, showing that no net change in carbide content had occurred. The 

x-ray diffraction analysis of the initially metallic specimen showed the 

presence of the initial disordered cobalt and a small amount of Co2C. The 

results show that precarbided cobalt is distinctly inferior to metallic cobalt 

as a catalyst for the carbon deposition reaction. This difference in activity 

may be ascribed either to the chemical and structural difference between 

the cobalt surfaces or to the presence of traces of oxygen in the carbided sur- 
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face. Traces of oxygen in iron catalysts are known to exert enormous influ¬ 

ence on the activity of iron carbides143. The rate of carbon deposition on the 

precarbided catalyst was 0.0064 g carbon/g cobalt/hr and the rate of car¬ 

bide decomposition as calculated from the frequency factors and energies 

of activation previously determined on similar catalyst was 0.0015 g car¬ 

bon/ g cobalt/hr. The two values are sufficiently close together to suggest 

the possibility that all carbon in the precarburized specimen could have 

been formed by the alternate steps of carbide formation and carbide de¬ 

composition. There can be no doubt, however, that this mechanism is not 

Figure 9. Comparison of carbon deposition on a carbided catalyst with carbon 
deposition on an uncarbided one. (See Ref. 109) 

followed for the formation of free carbon from carbon monoxide on the 

metallic cobalt, since carbide decomposition is entirely too slow to fit into 

this reaction scheme. 

Kehrer and Leidheiser151 have found that carbon deposition occurs prefer- 

entialy on the 111 and associated faces (211, 311, 411) of face-centered 

cubic cobalt but not on the 0001 face of hexagonal close-packed cobalt. 

This is an amazing result when one considers that the arrangements of 

atoms in both these faces are exactly the same. Indeed if only the first two 

layers of atoms are considered, the arrangement of the face-centered cubic 

111 and hexagonal close-packed 0001 are still indistinguishable. Only in the 

third layer is there a difference. On the hexagonal close-packed cobalt, 

carbon deposition occurs preferentially on the 0113 and 1124 planes. 
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An electron microscope study111 of carbon deposited on cobalt reveals 

that it consists of filaments 0.1 to 0.01 n in diameter (see Figures 10a and 

10b). The larger filaments contain a dense nucleus near the middle. This 

nucleus appears on the electron micrograph as a tiny diamond-shaped area, 

which may be interpreted as the projection of an octahedron one of whose 

[001] axes coincides with the axis of the fiber. If the formation of free carbon 

results in the removal of cobalt atoms from single crystals, and since this 

process proceeds preferentially on the 111 faces of cubic cobalt as it does 

on cubic nickel, then the carbon-forming reaction will form just such 

octahedra as are observed. This electron microscope study suggests a rela- 

Figure 10a. Formation of carbon filaments by the action of carbon monoxide on 
cobalt. 

tionship between the independence of the carbon deposition rate on the 

amount of carbon laid down and the filamentous structure of the carbon. 

Any mechanism producing filaments will continue to extend those filaments 

at a uniform rate as long as reagents are supplied to the reaction site. Inter¬ 

ference of the filaments with the supply of carbon monoxide is not likely, 

since the filaments generally grow into open space. Attrition may gradually 

destroy the reaction sites, but this is probably a slow process. 

The Carbides of Cobalt 

Although the work of Bahr and Jessen demonstrated that cobalt and 

carbon would combine to the extent of 9.2 per cent carbon, they did not 

show how the carbon was combined with the cobalt. Since the Hagg rule84 
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favors a hexagonal close-packed structure for metal atoms for the com¬ 

pounds having the formulas M2X — M3X, and since the metallic cobalt 

already has this hexagonal close-packed arrangement, one might expect 

caibon to enter into the cobalt lattice with no structural change other than 

a gradual increase in lattice parameter until carbiding is complete. Such a 

situation would simply correspond to a high solubility of carbon in cobalt. 

Meyei166 examined cobalt carburized with illuminating gas at a range of 

temperatures by means of x-ray diffraction powder patterns. He concluded 

that the carbon produced by carburization in the 225 to 300°C range and 

capable of hydrogenation below 300°C was held in solid solution in the 

Figure 10b. Another view of specimen shown in Figure 10a. 

lattice of a-cobalt. Experimentally this meant that his x-ray powder pat¬ 

terns for specimens carburized in the 225 to 300°C range were indistinguish¬ 

able from the uncarburized cobalt. As we shall see, this is in direct contra¬ 

diction to the findings of other workers. By carburization in the 450 to 600°C 

range, Meyer produced a product whose diffraction pattern was nearly 

identical with that of cementite, Fe3C. This would indicate a carbide of the 

same structure and nearly the same lattice parameter as cementite. The 

writer has had occasion to perform experiments rather similar to those of 

Meyer, but neither he nor his associates have ever found a cementite-like 

cobalt carbide. Drain also questioned this carbide"16 recently. Nevertheless, 

Meyer’s carbide continues to be referred to in the literature76. 

Hofer and Peebles107 readily duplicated the essential features of Bahr and 



404 CATALYSIS 

Jessen’s carburization experiments on cobalt, and by x-ray powder diffrac¬ 

tion patterns demonstrated the presence of a hitherto unreported phase in 

those carburized specimens which contained an easily hydrogenated frac¬ 

tion of carbon (carbidic carbon). There was a one-to-one relationship be¬ 

tween the amount of the new phase and the amount of the carbidic carbon. 

Thus the new phase was definitely identified as a carbide with an approxi¬ 

mate formula of Co2C. Upon complete removal of the carbidic carbon by 

treatment with hydrogen, cobalt reverts to its original hexagonal close- 

packed form. At no stage either in carburization or hydrogenation did the 

lattice parameters increase above those of the pure metal. The possibility 

of any extensive amount of carbon in the form of a terminal solid solution 

of carbon in cobalt is small. It must be remembered that the lattice parame¬ 

ter is rather insensitive to composition. The carbide itself always had the 

same diffraction pattern in Avhich the interplanar spacings were constant 

within the precision of measurement. The carbide, therefore, has a narrow 

Table 7. The Lattice Parameters (A) of Cobalt Carbide as Determined by 

Various Investigators 

do 60 CO 

Clark and Jack36 2.8969 ± 0.0005 4.4465 ± 0.0010 4.3707 dr 0.0010 

Drain and Michel47 2.904 4.465 4.368 

Juza find Puff131 2.891 4.463 4.369 

Fitzwilliam68 2.898 4.452 4.360 

range of composition. Comparison of the diffraction pattern with that of 

cementite showed no resemblance. 
In 1951, three authors independently determined the crystal structure of 

this cobalt carbide, C02C. Clarke and Jack36 and Fitzwilliam63 agree that 

the space group is D2h-Pnnm, while Juza and Puff131 find D2ti . All three 

groups of investigators agreed that the structure is orthorhombic with 

lattice parameters, shown in Table 7. I11 addition, Drain and Michel16’47 

determined the structure by comparison of its powder pattern with those 

of Co2N evaluated by Juza and Sachse133. 

Jack placed the cobalt atoms in sites (g) at 0 y 2; 0 y 2; A-, A + y, — 2; 
A, A ~ Vi A + 2 and the carbon atoms in sites (a) at 000, and A> 

A- The values of y and 2 are 0.347 ± 0.001 and 0.258 ± 0.002, respec¬ 

tively. The cobalt positions in the Fitzwilliam structure are essentially the 

same, but this author places the carbons in the 2(c) positions. Juza and 

Puff place their 4 cobalt atoms in the 4(c) 0, y, A positions with y = 0.158. 

Nitrides of Cobalt 

Cobalt preparations containing combined nitrogen were prepared by 

Vournasos249 from cobalt cyanide and cobalt oxide at 2000°C. Beilby and 
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Henderson18 have shown that cobalt metal absorbs up to 10.33 per cent 

nitrogen from an ammonia stream at 470°C. By contrast, Hiigg81 found no 

structural modification of cobalt by the action of ammonia in the range 

300 to 1000°G. Juza and Sachse133 prepared Co2N by the reduction of 

C03O4 in hydrogen for 2 hours at 350°C and for 3 hours at 380°C. The 

metal was then nitrided for a total of 6 hours at 380°C. Only milligram 

quantities of the nitride could be prepared in this fashion. This same com¬ 

pound could be prepared by directly nitriding CoF2 • 2NH4F • 2H20 with 

ammonia at 360 C. It could also be formed from CoBr2 by direct nitriding. 

Juza and Sachse emphasize the difficulty of forming Co2N. Above optimum 

mtridmg temperatures, the presence of appreciable amounts of hydrogen 

in the nitriding gas favored the formation of Co3N. Clark and Jack36 found 

Figure 11. Cobalt-nitrogen system based on data of Juza and Sachse133. 

no trouble in preparing quantities of Co2N up to one gram. The widely 

varying success of investigators in preparing the nitrides of cobalt points 

to a variable in preparation which has not been adequately controlled. 

Possibly the presence of an impurity in either the nitriding gas or in the 

metal itself may serve to poison the ammonia cracking reaction. In some 

cases the hydrogen partial pressure is kept sufficiently low so that the 
nitriding reaction can proceed. 

The low-temperature existence diagram of the cobalt-nitrogen system as 

deduced from the data of Juza and Sachse133 is given in Figure 11. Co3N is 

isomorphous with Ni3C, Fe2C h.c.p., and e-Fe2N; Co2N is isomorphous 
with Co2C. 

The Borides of Cobalt 

DuJassonneix48 first demonstrated the existence of phases Co2B, CoB, 

and CoB2. Bjurstrom21 prepared the phases Co2B and CoB by melting the 



400 CATALYSIS 

elements together. The crystal structures were determined from powder 

patterns and are reproduced in this chapter. See Table V. 

Catalytic Activity in the Cobalt System 

The a-Co, disordered cobalt, and probably /3-Co phases are all active as 

Fischer-Tropsch catalysts. All the active catalysts which have been inves¬ 

tigated by x-ray diffraction contain one of these phases. Co2C catalysts252 

show a greatly depressed activity compared with a-Co, or disordered cobalt. 

Such activity as they retain may be due to traces of metal which tend to 

form due to the reducing action of synthesis gas. The oxides and oxide hy¬ 

drates appear to be quite inactive; otherwise less emphasis would be placed 

on the reduction of cobalt catalysts with hydrogen. The nitrides of cobalt 

are too unstable with respect to thermal decomposition to the elements to 

permit easy investigation. This difficulty is underlined by the preparatory 

difficulties. The carburizing action of synthesis gas should tend to form a 

carbonitride which will probably be intermediate in properties between 

Co2N and the isomorphous and catalyt.ically inactive Co2C. The borides of 

cobalt have hitherto been prepared only by melting together the elements. 

Such products have almost no surface area, and therefore are useless as 

catalysts. The boriding with boranes of finely-divided cobalt produced by 

the reduction of cobalt oxide or oxide hydrates, on the other hand, seems 

quite feasible, however, and since Co2B is ferromagnetic, it may well be an 

active catalyst. 

The Iron System 

Oxides, Oxide Hydrates, and Hydrous Oxides of Iron 

A voluminous literature exists on the oxides, oxide hydrates, and hydrous 

oxides of iron. To treat this literature in detail would be out of place. The 

excellent reviews of Weiser250, and Welo and Baudiseh256 should be referred 

to for details. The interrelations of the various oxidic phases are summa¬ 

rized in Figure 12, adapted from Welo and Baudiseh. 

Iron oxides are crystalline phases consisting of iron and oxygen. They 

may contain adsorbed water, but such water is not essential to their crystal 

structure, as it may be removed without altering the diffraction pattern. 

In general, the oxides contain relatively little water. The hydrous oxides 

are usually not well crystallized—the diffraction pattern in many cases is 

quite structureless. These amorphous masses may contain surprising quan¬ 

tities of water. As the water is removed by evacuation, heating, aging, or 

coagulation, the diffraction pattern tends to sharpen. The ease with which 

water is removed is a function of the amount of water remaining—thus the 

first fractions are removed very readily and the last water comes off with 

difficulty, while in between lies a complete intermediate spectrum of ease 



CRYSTALLINE PHASES 407 

of removability. In a sense, the hydrous oxide is only the oxide in an ex¬ 

ceedingly fine state of subdivision (about 10 A diameter crystallites) and 

holding a near maximum amount of water by adsorption. The oxide hy¬ 

drates are definite compounds of oxide and water with definite crystal 

structures of their own. The water which they contain is given up in a 

lathei narrow temperature range. In general, the oxides and hydrous oxides 

of iron m the ferric state are brown or red, while the oxide hydrates of ferric 
iron are yellow. 

The familiar, highly gelatinous, voluminous precipitate formed when a 

soluble base is added to a solution of a ferric salt in water is generally called 

ferric hydroxide, with the formula Fe(OH)3. By analogy to the aluminum 

Figure 12. Important reactions of iron oxides and oxide hydrates. 

system, this compound might be isomorphous with gibbsite, but actually 

it has no discernible structure—it is a typical hydrous oxide. As it ages 

under water at room temperature, the precipitate loses water—becomes 

more dense—and slowly, in the course of several months, the diffraction 

pattern sharpens into that of a-Fe203, hematite. This suggests that hema¬ 

tite is related to the brown hydrous ferric oxide and differs from it largely 

by the increased crystallite size and decreased amount of adsorbed water. 

Hematite, a-Fe203, is generally red, although in large natural crystals 

it often has a metallic gray luster. It can be formed by dehydration of 

brown gel, as mentioned above. Dehydration of a-Fe203 • H20 and /3-Fe203 • 

H20, which occurs around 200 to 300°C, yields a-Fe203. It is also formed 

by rearrangement of y-Fe203, which occurs at 100 to 400°C, and by cal¬ 

cination of Fe(N03)3 at 300°C. The structure of hematite has been deter¬ 
mined by Pauling and Hendricks183. 
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Maghemite, y-Fe203 or magnetic ferric oxide, can be formed by dehydra¬ 

tion of 7-Fe203-H20 at about 200°C or by oxidation of magnetite at 220°C 

with air. The compound is closely related to magnetite. The diffraction 

patterns are nearly the same, but the larger lattice parametei of magnetite 

results in a perceptible shift of the reflections to smaller Bragg angles. 

Maghemite, like hematite, is red, whereas magnetite is black. The crystal 

structure has been studied in detail by Hagg87, Venvey246, and others. 

7-Fe203 has been reported as a normal constituent of iron Fischer-Tropsch 

catalyst149, but this identification was based on an erroneous interpretation 

of thermomagnetic data. (See material on Hagg carbide (pp. 418-427); 

also the resume by Hofer189. 
Goethite, nadeleisenerz, or a-Fe203-H20 is a relatively common mineral 

that has also been produced synthetically in a number of ways. Following 

are the methods which have been used to make Fiseher-l ropsch catalysts. 

Meyer160 has made an extensive study of such an a-Fe203-H20 catalyst, pro¬ 

duced essentially by the method of Fricke and Ackermann72, as follows: 

A solution of one mole of iron nitrate in one liter of water was added, 

with violent agitation, to a solution containing 3Y2 moles of ammonia per 

liter of water. The precipitate was washed seven times, each time with 4 

liters of water. Separation of wash water from precipitate was accomplished 

with decantation and subsequent filtration. All operations were carried out 

at room temperature. Before drying, the amorphous precipitate was mixed 

with twice its volume of 2A7 KOH solution. Then the mixture was heated 

2 hours at 140 to 160°C in a silver-lined autoclave. The product was bright 

yellow. Meyer modified160 the method of Fricke and Ackermann as he found 

extensive washing unnecessary after precipitation with ammonia. Precipi¬ 

tation may be carried out with KOH or K2C03 instead of ammonia. The 

digestion, however, must be carried out with potassium hydroxide. Sodium 

hydroxide does not produce a-Fe203-H20. The silver lining of the autoclave 

is a catalyst; no a-Fe203-H20 is obtained in iron- or copper-lined auto¬ 

claves. 
Pressure is not essential in forming a goethite catalyst. Bureau of Mines 

catalyst 80-A228 was made by precipitating O.Gilf Fe(N03)3 with 9M KOH 

at 83°C in a simple borosilicate glass jar. The precipitate, while not con¬ 

taining pure a-Fe203-H20, contains a large percentage of it. The main 

crystalline phase is a-Fe203 . Both the a-Fe203 and a-Fe203-H20 were well 

crystallized. Weiser and Milligan have reported a method of synthesizing 

a-Fe203-H20 which differs from ours, largely in the greatly extended period 

of time (1G hours) during which the precipitate was digested in boiling 

KOH solution. 

The /3-Fe203-H20 is formed by slow hydrolysis of ferric chloride solu¬ 

tions. It has a distinct diffraction pattern different from those of o-Fe203- 
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H’°99and 7-Fe203-H20. Bohm believed this compound to be a basic chlo- 
lide . Weisei and Milligan-0- were able to show that the compound held one 

molecule of water per formula weight ol Fed);). They found the Fe:Cl 

latio varied from 4.S to 45 in samples prepared in various ways and sug¬ 

gested that the chloride stabilized /3-Fe20rH20. The /3-Fe203-H20, when 
ielati\ ely chloride-free, acts as an ion exchange agent when placed in dilute 
hydrochloric acid according to the reaction 

FeO(OH) + Cl- -> FeOCl + OH~ (7) 

When ferric ion is precipitated in the presence of chloride ion at about 

70°C with a K2C03 solution, /3-Fe203-H20 is the main product. If any 

appreciable amount of ferrous ion is present, Fe304 is formed instead. These 

relationships have important implications in the preparation of Fischer- 

Tropsch catalysts. The chloride that is retained in the catalyst by /3-Fe203- 

H20 is particularly troublesome in that the catalytic activity of the cat¬ 

alysts so formed is greatly reduced. Chloride does not appear to inhibit 

reduction, but seems to operate directly on the reaction sites in the reduced 
catalyst100’ u0. 

A third ferric oxide hydrate is y-Fe203-H20 or lepidocrocite. It occurs as 

a rare natural mineral. The methods of preparing it are few and involve 

oxidation of ferrous ion in aqueous solution under conditions which favor 

formation of a complex ion. Hahn and Hertrich88 showed that the oxida¬ 

tion of ferrous salt solutions with iodate in the presence of sodium thiosul¬ 

fate yields a granular precipitate, which Albrecht1 found to be 7-Fe203-H20. 

The obstacles of preparation seem to have discouraged investigators from 

using this hydrate as a catalyst. The crystal structure has been determined 
by Ewing61. 

Magnetite is an exceedingly well-known crystalline phase. As lodestone, 

its history goes back to mythology. It can be prepared by direct precipi¬ 

tation of ferrous and ferric ion with most of the common water soluble 

bases. Magnetite is also readily prepared by melting iron powder in a stream 

of oxygen or with an electric current. There are, of course, many other 

ways of preparing magnetite, but these methods are illustrative of those 

important in catalyst preparation. 

Magnetite is one of a large number of compounds known as spinels167, 

mixed oxides of bivalent and trivalent elements of the formula M++M2+++- 

04=. It will be recognized that magnetite is a spinel with a ferrous-to-ferric: 

ratio of 1 to 2. Other bivalent elements which may be substituted in the 

structure are Mg++, Co++, Ni++, Cu++, Zn++, Mn++; trivalent elements 

are A1+++, Fe+++, Co+++. This ability of spinel structure of magnetite to 

incorporate various other elements increases the possibilities of promoting 

the catalysts containing magnetite. Incorporation of these bivalent and 



410 CATALYSIS 

trivalent ions results in modification of the Curie point and the specific 

magnetization157, which are normally about 570°C and 80 c.g.s. units per 

gram. 
Some spinels can be made by coprecipitation of nitrates. CuFe204 is an 

important spinel because of the usefulness of copper in aiding reduction of 

iron oxide149. Coprecipitation of copper and ferric nitrates with alkali yields 

a precipitate with a structureless diffraction pattern under most condi¬ 

tions170. Only when the nitrates are precipitated with great rapidity is the 

spinel formed as can be shown by its ferromagnetism and its diffraction 

pattern165. 
Ferrous hydroxide, Fe(OH)2, is commonly obtained by precipitation of 

ferrous ion with alkali. Its color in the unoxidized state is white, although 

only a very slight amount of oxidation converts it to green. It is thought 

to be an intermediate in the corrosion of metallic iron and steel. Because 

of the difficulty of preparation, little has been done to make use of it as a 

catalyst. The compound is isomorphous with Co(OH)2, Mg(OH)2, 

Ca(OH)2, Cd(OH)2, Ni(OH)2, a-Zn(OH)2, and Mn(OH)273. 

Reduction of Iron Oxide and Oxide Hydrates 

Iron oxide catalysts in the raw unreduced state exist generally as a 

nearly amorphous gel-like material closely related to hematite, magnetite 

(Fe304), or maghemite (7-Fe203) which is closely related in structure to 

Fe304 . Wustite (FeO) probably because of its instability is rarely found in 

the raw catalysts. The iron oxide hydrates, goethite (a-Fe203-H20), lepi- 

docrocite (7-Fe203-H20), and /3-Fe203-H20 are also found in raw catalysts. 

The latter is, however, present only in poor catalysts. 

Several processes take place when these oxides and oxide hydrates are 

subjected to reducing conditions with hydrogen at the normal reducing 

temperature of 250 to 500°C. The oxide hydrates, on the basis of purely 

thermal decomposition, will be expected to dehydrate to form a-Fe203 in 

the case of a-Fe203-H20 and /3-Fe203-H20 and 7-Fe203 in the case of 

7-Fe203TI20. The hematite (a-Fe203) so formed, as well as the hematite 

and gel-type catalysts, reacts rapidly with pure hydrogen to form mag¬ 

netite. When the catalyst approximates the composition Fe304, the reduc¬ 

tion rate decreases sharply. Further reduction produces metallic a-Fe. This 

sharp difference in reaction rate between the reduction of hematite and 

magnetite with hydrogen is most pronounced with unpromoted catalysts1911. 

Promoters tend to smear out this difference. By saturating the hydrogen 

with'water vapor at room temperature, the reduction of hematite can be 

made to stop at magnetite. It can be shown that thermodynamically such 

a mixture of hydrogen and water is not capable of reducing iron oxide 
beyond magnetite. 
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Reduction data of promoted magnetite D3001 at 450°C and 1000 space 

velocity are given in Figure 53 (Chapter 2). It shows that the reduction 

slows down as complete reduction is approached. Unpublished data from 

the Bureau of Mines show that the rate of reduction of promoted magntite 

type catalysts at any given temperature decreases as the surface area of the 

reduced catalyst increases. In general, such increase in surface area is 

achieved by an increase in the amount of structural promoters. It is known 

Figure 13. Carburization of iron according to Bahr and Jessen at various tempera¬ 

tures as indicated. Samples A, B, and C were reduced at about 300°C. Sample D was 

reduced at 225°C. (See Ref. 17) 

that such magnetite catalysts containing structural promoters are thermo¬ 

dynamically more stable toward reduction than unpromoted magnetites. 

The Carburization of Iron and Iron Oxide 

As in the case of cobalt and nickel, treatment of iron with carbon mon¬ 

oxide results in two products—free carbon and iron carbides. Carburization 

of metallic iron below about 225°C leads to the formation of nearly pure 

iron carbide; above this temperature, free carbon and iron carbide are 

formed. The magnetite is thermodynamically more stable than the oxides 

of cobalt and nickel and conditions are often favorable to the formation of 

magnetite during carburization2. Bahr and Jessen1' have presented the 

data shown in Table 8 and in Figure 13. It is representative of the results 

obtained by other authors, such as Pichler and Merkel189' 190- 191, Kummer, 
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DeWitt, and Emmett143. Bahr and Jessen17 analyzed their products by 

treating them with hydrogen at about 290°C. Hydrogenation at this tem- 

nerature appeared to discriminate well between carbon in the form of car¬ 

bide and free carbon. 
The reaction of carbon monoxide with iron oxide is more obscure, because 

it is more difficult to follow by the usual analytical methods. Gluud, Otto, 

and Ritter75, in carburizing the oxide, found evidence for the formula Fe2C 

for the compound formed. By carbiding iron oxide with carbon monoxide 

Table 8. Carbide Formation on Reduced Iron 

Analysis, Per cent 

Reduction Carbon Monoxide Treatment 
Iron as FeaCL 

from— 

Temp. 
(°C) 

Carbon 
from— 

Residue 
(mg C) 

Time 
(hr) 

Temp. 
(°C) 

Time 
(hr) 

Temp. 
(°C) 

Liters 
(per 
hr) 

Composition 

Weight 
Loss 

Minus 
Carbon 

Water 

Meth¬ 
ane 
Ev¬ 

olved3 

Weight 
Loss Mi¬ 
nus Ox¬ 

ygen0 

497 292 994 240 0.8 1.4235 g Fe 0 291 7.43 

.1440 g C 322 7.62 
446 9.17 5.6 

486 290 350 273 .8 1.5181 g Fe 0 291 7.75 
.1993 g C 318 7.92 

401 11.66 4.1 
190 290 65 324 .8 . 9550 g Fe 0 291 7.65 

.2288 g C 322 8.08 
446 19.44 .4 

200 291 93 333 .5 1.5682 g Fe 4.45 2.04 287 8.23 8.02 
.6338 g C + O 316 8.23 8.10 

483 29.G 29.0 5.5 
143 291 1.6 354 1.5 1.458 g Fe .68 1.22 280 7.12 7.07 

.1234 g C + O 317 7.12 7.15 
483 8.05 7.92 .9 

206 290 41 362 .8 1.8080 g Fe 7.36 7.39 291 7.75 7.40 
1.1017 g C + O 322 7.72 ? 

450 38.7 38.7 3.1 

a Values are cumulative. 

at 275 to 320°C, Hofmann112 and co-workers produced a substance whose 

x-ray powder diffraction pattern contained, in addition to the reflections of 

Fe304 and cementite those of a phase which had previously been formed by 

Brill and Mark31 from the decomposition of Fe(CN)2. That these reflec¬ 

tions may be due to a carbide is made rather probable by Iiilpert and 

Dieckmann’s97 observation that if K4Fe(CN)6 is thermally decomposed and 

the resultant potassium cyanide leached out, the product will react with 

hydrochloric acid to form hydrocarbons. As this latter reaction is charac¬ 
teristic of carbides215, the product is probably a carbide. 

Bahr and Jessen1' have studied the carburization process in great detail 

from a chemical point of view. Their data on the carburization of oxides 
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are summarized in Table 9. They determined the weight loss of the reaction 

vessel during hydrogen treatment, weight of water evolved, and quantity 

of methane formed. From these, they determined the amount of iron oxide 

present (a) by the water formed and (b) by the weight loss minus the carbon 

converted to methane. Similarly, the carbide was measured (a) by the quan¬ 

tity of methane formed and (b) by the weight loss minus the oxygen con- 

Table 9. Carbide Formation on Iron Oxide 

Carbon Monoxide Treatment 

Analysis by Hydrogen treatment, Per cent 

Iron as Fea04 
from— 

Temp. 
(°cf 

Carbon from— 

Residue 
(mg C) 

Hours Temp. 
(°C) 

Liters 
per 

hour 
Composition 

Weight 
Loss 

Minus 
Carbon 

Water Methane 
Evolved® 

Weight 
Loss 

Minus 
Oxygen0 

1036 234 0.8 1.4361 g Fe 3.28 4.41 276 10.53 10.00 
.4252 g C + O 305 12.14 11.68 

401 23.1 23.0 1.7 
405 226 .8 1.9353 g Fe 3.87 257 9.64 

.9143 g C + O 282 11.61 
317 17.91 
481 32.2 3.9 

576 238 .8 1.3619 g Fe 3.57 257 9.17 
138 276 .6579 g C + O 282 10.67 

318 15.40 
478 33.0 2.7 

216 276 1.5 1.7168 g Fe 5.42 2.90 259 8.67 8.80 

.5890 g C + O 274 8.61 9.03 
324 13.99 14.42 
403 25.02 25.73 1.0 

57 275 1.5 1.8402 g Fe 7.97 9.19 257 9.35 9.47 

.3933 g C + O 274 9.44 9.57 
298 11.22 10.87 
356 16.73 16.53 4.2 

a Values are cumulative for each sample. 

verted to water. One of the striking results of the experiments on iron oxide, 

as compared with those on metallic iron, is the much higher rate of free 

carbon formation. For example, the carburization of iron oxide at 234°C 

for 1034 hours produced some 13 per cent free carbon, whereas a similar 

experiment on metallic iron at 240°C for 994 hours produced only 2 per 

cent. This situation also holds at higher temperatures. For example, car¬ 

burization of the oxide at 275°C for 57 hours produced 7.4 per cent free 

carbon, whereas carburization of metallic iron at 273°C for 350 hours 

yielded only 3.9 per cent free carbon. The iron oxide used by Bahr and 
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Jessen was prepared by calcination of ferric nitrate. This method of prepa¬ 

ration does not form a high surface area oxide so that it is questionable 

whether the high rate of free carbon deposition is attributable to the high 

surface area of the oxide. Analysis by hydrogenation for carbidic carbon 

laid down in iron oxide is not as reliable as it is for carbidic carbon laid 

down in metallic iron. Olmer178 studied the decomposition of carbon monox¬ 

ide on iron to see whether the Curie point affected the reaction in any way 

but with negative results. 
Hydrocarbons can apparently also be used for preparing iron carbides. 

This reaction can be achieved by passing such hydrocarbons as propane, 

butane, or pentane over the thoroughly reduced iron catalyst at 250 to 

350°C193. 
A number of advantages accrue from the use of hydrocarbons as carbid- 

ing agents. First, the reaction involves no appreciable temperature rise at 

275 to 325°C. Carbon monoxide on the other hand reacts with iron under 

these same conditions with temperature gradients of nearly 20°. As a pos¬ 

sible corollary to this effect, little or no free carbon is formed under these 

conditions. A second advantage is that the carbide resulting from carburiza¬ 

tion with hydrocarbons is entirely free of oxygen. Some 0.3 per cent oxygen 

is taken up during carburization to carbon contents ranging from 2 to 9.1 

per cent. This corresponded to about 2 layers of iron oxide on the particular 

catalyst studied. Carburization with hydrocarbons never leads to the in¬ 

corporation of more than 7.5 per cent carbon as carbide. This should be 

compared with the 9.1 per cent carbidic carbon which can be combined 

with iron by means of carbon monoxide. This difference is apparently not 

caused by a difference in composition of the carbide formed because the 

x-ray reflections of metallic iron in the diffraction pattern of the hydro¬ 

carbon carburized material (7.5 per cent carbon) are considerably more 

intense than the same reflections in the diffraction pattern of carbon mon¬ 

oxide carburized material. No satisfactory reason can be advanced to ex¬ 

plain why the carbiding process should stop short of complete conversion to 

Hagg iron carbide. As will be indicated later the thermal reactions of the 

carbides of iron formed by hydrocarbons are quite different from those 

formed by carbon monoxide. 

Tutiya241 -244 studied the carburization of iron catalysts with carbon 

monoxide, but his work, being prior to the establishment of the Hagg iron 

carbide, was not satisfactorily interpreted. 

Carburization studies of Eidus and co-workers62’53'56’67’59 on various 

iron catalysts, such as Fe:Cu, Fe:Cu:K20, Fe:Cu:Th02:K20, and 

Fe:Cu:Th02:K20:kieselguhr showed essentially that the more highly pro¬ 

moted catalysts carbide more rapidly, as might be expected from their 

greater surface area. Kodama et al. also studied the initial stages of the 
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carburization of iron without identification of the solid phases135. Carbiding 
of iron catalysts, unlike those of cobalt and nickel, can readily be achieved 
bjr synthesis gas of composition CO + 2H26'26 ■ 135 • 137 ■£55. 

The carbiding of iron must go through the same series of steps discussed 
in the case of the carbiding of cobalt and nickel (Figure 2), namely (a) 
chemisorbed carbon monoxide, (b) surface carbide, (c) solid solution of 
carbon in iron, (d) supersaturated solid solution of carbon in iron, (e) iron 
carbide (hexagonal close-packed)156. The supersaturated solution (d), which 
decomposes into carbide, is probably very similar in structure and thermo¬ 
dynamic stability to martensite (see pp. 418-427, the Carbides of Iron). 
It may differ from martensite in being cubic rather than tetragonal, but 
this is minor. By using special x-ray diffraction techniques, Roberts, Aver¬ 
bach, and Cohen198 and Lement, Averbach, and Cohen152 were able to 
determine the concentration of carbon in the martensite, 0.25 per cent, 
which is in equilibrium with the hexagonal close-packed iron carbide. This 
value should be compared with 0.03 per cent226, which is the concentration 
of carbon in a-iron in equilibrium with cementite. The concentration195 of 
carbon in a-iron which must be exceeded to produce Hagg iron carbide 
must lie at an intermediate concentration, since its free energy lies between 
those of cementite and the e-iron carbide2,32■1011142. 

Kummer, DeWitt, and Emmett143 have shown by C14 tracer experiments 
that carbon was not removed by hydrogenation in exactly the reverse order 
in which it was laid down. They suggested, therefore, that the carbide was 
laid down on nuclei throughout the mass of the iron crystallites. Mitchel171 
amplified and corroborated these studies. 

The equilibria of various gases with each other over iron group elements 
have been extensively studied by Schenck and his co-workers203'215. Such 
equilibria involve carbides in many cases, and the thermodynamic proper¬ 
ties of these carbides can be determined by the position of the equilibria. 
Unfortunately, the equilibria have been studied at too high temperatures 
to be of direct use in the conventional Fischer-Tropsch reaction. 

Trillat and Oketani235'239 have studied the carbiding of thin films of uni- 
and polvcrystalline iron by electron diffraction transmission patterns. 
Carburization with carbon monoxide leads only to magnetite, cementite, 
and graphite, the relative amounts depending on temperature of treatment. 
Carburization with synthesis gas yielded varying amounts of Hagg carbide 
and cementite, depending on time and temperature. Hydrogen accelerated 
the rate of carburization. Unicrystalline films of iron were made by evapo¬ 
rating iron onto a hot sodium chloride crystal and annealing it in a hydrogen 
atmosphere at GOO to 700°C after the salt had been dissolved. Treatment 
with 4CO + Id2 synthesis gas at 500°C for one hour produced a small 
amount of cementite crystals, the (111) plane of which was parallel to the 
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(001) plane of iron (film surface) and the (1 2 1) plane of cementite was par¬ 

allel to the (110) plane of iron. 

Free Carbon Deposition on Iron 

The reaction of carbon monoxide with iron to form free carbon and car¬ 

bon dioxide proceeds between 240 and 900°C. Von Wangenheim247’248 has 

made a detailed study of the behavior of the reaction between 350 and 500°, 

with special attention to the carbon phase produced. The carbon could 

never be produced free of iron regardless of the form in which the iron 

catalyst was introduced. The reaction ceased when the carbon iron ratio 

became approximately 100 to 1 by weight. Fischer and Bahr63 were able to 

show that an iron-copper catalyst, when heated with carbon monoxide at 

500°C, forms a carbon which contains copper as well as iron, well separated 

from the mass of the catalyst. If the iron were carried into the carbon 

phase as volatile carbonyls of iron, the copper, which forms no carbonyl, 

would be left behind. The copper and presumably the iron must therefore 

be carried into the carbon phase by some other method, probably mechan¬ 

ical. Hofer98 suggested that this mechanical action might come from the 

formation of deposits of carbon within the catalyst which grow until frag¬ 

ments of the catalyst are split off. The electron microscopy of these carbon 

deposits, as described below, is enlightening in this connection. 

The structure of carbon formed by decomposition of carbon monoxide 

on an iron catalyst was described by Radushkevich and Luk’yanovich in 

1952194. They reported that carbon particles formed at 600°C had elongated, 

thread-like shapes. They postulated that thread-like nuclei, apparently 

consisting of iron carbides, were formed first and that these grew trans¬ 

versely by deposition of carbon. They also noted the presence of twisted 
multiple threads. 

Davis, Slawson, and Rigby42 published electron micrographs of fila¬ 

mentous carbon growths formed by the interaction of carbon monoxide 

and iron oxide in blast furnace brickwork. They observed that these struc¬ 

tures were formed at temperatures of 450°C on different forms of iron oxide. 

X-ray examination showed the presence of amorphous carbon, cementite 

(Fe3C), and an iron percarbide (Fe2oCg) (referred to here as Flagg carbide). 

They postulated that the catalyst for the reaction, either iron or iron 

carbide, formed on the surface of the oxide as a speck, which in turn gave 

rise to a thread of carbon. Threads from a collection of specks became 

twisted together and probably coalesced to form the characteristic vermi- 

cule. They suggested that, after carbon deposition began, the catalyst 
particles were located on the growing ends of the threads. 

Hofer, Sterling, and McCartney111 essentially corroborated these findings, 

but in addition found nuclei in the middle (see Figure 14; also the discus¬ 
sion of the carbon deposits on cobalt and nickel.) 
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Figure 14a. Carbon deposited on iron reduced from an oxide prepared by precipi¬ 

tation from the nitrate with ammonia. Note filaments extending in two directions 

from centra] nuclei. 

Figure 14b. Another view of specimen shown in Figure 14a. 
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The Carbides of Iron 

Cementite is the best known and most stable carbide of iron. It occurs 

in steels as a component of pearlite (0.9 per cent carbon), the eutectoid 

mixture of a-iron and cementite; as a component of ledeburite (4.2 per cent 

carbon), the eutectic mixture of 7-iron and cementite; and as primary and 

secondary cementite. Pure cementite is difficult to form by quenching a 

stoichiometric melt of iron and carbon because of the high rate of graphiti- 

zation. 
Mixtures of cementite and a-iron are also formed by carburizing iron at 

above the eutectoid temperatures (723°C) and cooling the resultant solid 

solution of carbon in 7-iron to room temperature. When cooling is rapid, 

retained austenite or martensite or both may be formed. Martensite may 

be regarded as a deformed, supersaturated solid solution of carbon in a-iron 

in which the carbon atoms occupy preferred positions85’ U9’153. 

Cementite may also be formed by the action of Hagg carbide on a-iron 

at 300°C and above. Hagg carbide, in relatively pure form, does not de¬ 

compose at appreciable rates to form cementite and free carbon below 

450°C. Pingault192 has prepared pure massive cementite. 

The crystal structure of cementite has been thoroughly established by 

numerous authors93’ 118■ 154■ 182•185■ 186■222■257•258■259• 26°. 
Like many other transition elements, iron also forms a carbide in which 

the metal occupies hexagonal close-packed positions and the carbon atoms 

occupy the interstices. Heidenreich, Sturkey, and Woods91 ■92 probably 

found this carbide by electron diffraction methods in a specimen of tem¬ 

pered steel, but they interpreted their diffraction patterns as those of 

e-iron nitride. The formula is roughly Fe2C. This phase was first- found in 

used Fischer-Tropsch catalysts by Herbst and Halle96 ■96 and Scheuer¬ 

mann216. This carbide was later shown by Hofer, Cohn, and Peebles104 to 

have a Curie point at 380°C and to be identical with one of the carbides 

previously found by Merkel159 and Pichler and Merkel189. At one time, the 

presence of copper was thought to be essential to the formation of this 

carbide by carburization of iron with carbon monoxide. It has, however, 

since been formed in iron preparations containing no copper156. The function 

of the copper appears to be a lowering of the reduction temperature of the 

iron oxide resulting in finer crystallite size of the reduced iron, which in 

turn permits carburization at lower temperatures115. (Carburization at 

these low temperatures of larger crystallite sizes of iron takes too much 

time to be practical.) Carburization at higher temperatures results in 

products appreciably contaminated with Hagg carbide or even cementite114’ 

156. To obtain a product 99 per cent pure, the iron specimen must be carbu¬ 

rized at 170°C or below (see Figure 15). It is conceivable that stabilizers or 

catalytic agents of various sorts may change the stability of the hexagonal 

close-packed carbide so that it may vary considerably. 
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The hexagonal close-packed iron carbide decomposes into Hagg carbide 

at about 250°C and Hagg carbide, in turn, reacts with a-iron to form 

cementite in the range 300 to 400°C37' 103 ■ 193. This suggests that the h.c.p. 

carbide may be a precursor of Hagg carbide in the carburizing process and 

that both h.c.p. and Hagg carbide are precursors of cementite, where ce¬ 

mentite is the final product. In order to check this possibility, specimens of 

reduced iron synthetic ammonia catalysts were carburized for very short 

periods of time at temperatures up to 325°C, and in every case significant 

amounts of h.c.p. carbide were found166. Carburization carried out on similar 

catalysts for longer periods of time in this same temperature range gave no 

Figure 15. Thermomagnetic curve of iron catalyst carburized at 170°C. 

evidence of this carbide. Therefore, h.c.p. carbide is an intermediate in the 

carburization process. The data are summarized in Table 10. 

The diffraction pattern of Hagg carbide was first reported by Gunnar 

Hagg—hence the name86. The powder pattern is quite complex. Jack125 has 

attempted to index the pattern, but since the indexing involves an ortho¬ 

rhombic unit cell and relatively large lattice parameters, there is a serious 

question concerning this indexing. The powder diffraction pattern, however, 

remains as a trustworthy method of identifying this carbide. 

This diffraction pattern has been found for used Fischer-Tropsch cat¬ 

alysts, in specimens of metallic iron carburized with carbon monoxide, and 

hydrocarbons between about 200 and 300°C. Above this temperature range, 

cementite becomes an important constituent and below this temperature 

range h.c.p. carbide becomes important. The studies of Hagg86, Jack126’ 

127, Rummer, DeWitt, and Emmett143, and Hofer, Cohn and Peebles104 

have well established the conditions under which this carbide forms. The 
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experiments of Bahr and Jessen17 and Fischer and Bahr63 must have led 

to the formation of this carbide, even though they did not identify it. 

The Curie point of Hagg carbide is 247°C as compared with 210°C for 

cementite and 380°C for h.c.p. carbide. The difference between the Curie 

points of cementite and Hagg carbide is sufficient that they may be readily 

separated. The so-called stabilized cubic iron oxide of LeFebvre and 

LeClerc145’ 148 > I49, with its Curie point at 250°C, appears to be Hagg car- 

Table 10. Higher Iron Carbides in Carbided Iron Catalysts 

Carbiding Subsequent Tempering Magnetic Analysis (%)° 

Temp. (°C) Duration (min.) Temp. (°C) Duration 
(min.) «-carbide X-carbide 

Catalyst A-1008 

250 15 None 25 0 

250 300 16 11 

275 6 None 21 7 

275 30 12 14 

300 3 None 9 9 

325 m None 8 13 

350 None b 6 

Catalyst D-3001 

190 60 None 25 0 
250 3 None 34 0 
275 1 None 26 6 

a Carbide + iron = 100 per cent. 

b Hagg carbide and cementite present. 

bide. Unfortunately these authors did not examine their product by x-ray 
diffraction. 

Brill and Mark31 found evidence of a new diffraction pattern in the 

thermal decomposition products of iron cyanides. Previously, this thermal 

decomposition had been investigated by Mittasch, Kuss, and Emert172. 

Brill and Mark interpreted the strange pattern as that of an unknown 
carbide. 

The carbides of Brill and Mark31, Hofmann112 and Groll113, and Tu- 

tiya-41 ’ 24~ •243 ’244 all produce diffraction patterns which bear a superficial 

resemblance to the h.c.p. carbide. They are all formed by direct carburiza¬ 

tion of the iron oxide in the temperature range 200 to 400°C. In this group, 

the carbides produced by Pichler and Merkel189, with a Curie point of 265°’ 

and the carbide of Bahr and Jessen17, produced by direct carburization of 
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oxide, may also be mentioned. Preliminary data at the Bureau of Mines 

suggest that these carbides are related to but differ from the Hagg carbide 
in some as yet undetermined way. 

The results obtained by Antheaume9 suggests the presence of Hagg car¬ 
bide in his used catalysts. 

The carbide of Durand49, produced by the action of acetylene on ferrous 

chloride solutions, might be related to the well-known copper acetylide. Its 

preparation though attempted at the Bureau of Mines has never been dupli¬ 
cated. 

Eckstrom and Adcock50 have reported a carbide phase formed in Fischer- 

Tropsch catalysts operated in fluidized bed converters. A period of several 

months appears to be necessary to develop this phase. Efforts to make 

this crystalline phase by direct carburization with carbon monoxide have 
so far failed. 

Steel shot, iron turnings, steel wool; recently proposed as Fischer-Tropsch 

catalysts, have introduced the possibility of finding martensite and aus¬ 

tenite in catalysts. Since such catalysts must first be oxidized, reduced, 

and carburized or inducted before they have sufficient activity and because 

martensite and austenite are generally labile during this treatment, the 

phases present in the activated portion of such catalysts are probably the 

same as found in those prepared from precipitated or fused oxide, namely, 

h.c.p. carbide, Hagg carbide, cementite, magnetite, and a-iron. Austenite 

and martensite, if present at all, will be confined to the nonporous portions 

of the catalyst. 

Austenite187 is a solid solution of carbon in the face-centered cubic form 

of iron, which can contain as much as 1.7 per cent carbon at 1,150°C. With 

proper cooling, austenite can be retained at room temperature, especially 

when stabilized by traces of chromium or nickel. 

In a certain temperature range, austenite undergoes a diffusionless transi¬ 

tion in which the face-centered iron lattice is distorted into a body-centered 

cubic martensite lattice similar to that of a-iron, but differing from it by 

the fact that one of the axes of the unit cell is longer than the others. It is 

thus tetragonal. The axial ratio is a function of carbon content177’ 180• 195. 

Martensite may therefore be regarded as a deformed supersaturated 

solid solution of carbon in a-iron. 
McCartney et al. have found that the electron diffraction patterns of the 

interstitial compounds of iron frequently are atypical in that they do not 

possess all the reflections found in the x-ray diffraction pattern158. 

Podgurski et al.m and Anderson and co-workers6 have reported on the 

stability and adsorptive properties of various carbides of iron in catalytic 

preparations. Such studies are essential to intelligent use of carbide cat¬ 

alysts and also to the interpretation of results. 
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The Thermal Reactions of Iron Carbides 

The carbides of iron found in Fischer-Tropsch catalysts are all metas¬ 

table with respect to the elements. The most unstable carbide is e-Fe2C. Its 

thermal decomposition into Hagg iron carbide has been studied thermo- 

magnetically39'102 •104. The reaction can be studied in the temperature range 

200 to 350°C (see Figure 16-a and lG-b). The apparent order of the reac¬ 

tion is 5/3 in the amount of remaining e-iron carbide. The energy of activa- 

Figure 16a. Therniomagnetic curves showing the rearrangement from hexagonal 

to Hagg iron carbide upon heating. 

tion obtained by using this law is 50 kcal/mole, and the pre-exponential 

factor is 1 X 1015 (sec.)-1 (per cent e-Fe2C)~2/3. No detectable change in 

the composition of either e-Fe2C or x-Fe2C as indicated by a shift in Curie 

point occurs as the reaction proceeds. 

Hagg carbide (x-carbide) reacts with a-iron to form cementite if the 

mixture is formed by partly carbiding a reduced iron catalyst37 -103 -193. The 

reaction becomes measurable at 300°C, and is completed in about an hour 

at 450°C. It lends itself to the preparation of finely-divided cementite of 

high surface area and devoid of free carbon. The kinetics are difficult to 

analyze, and the order of the reaction could not be established. The energy 

of activation appears to be about 80 kcal./mole. 
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Hagg carbide in the absence of a-iron does not undergo any reactions up 

to about 440°C, at which temperature it decomposes to form cementite and 

free carbon38. The reaction is discontinuous, that is, no detectable changes 

in composition of either the Hagg carbide or of the cementite, as revealed 

by changes in the Curie point, take place during the reaction (see Figures 

17-a and 17-b). This reaction does not lend itself to a ready determination 

of the kinetics. Some preliminary results indicate an activation energy of 

Figure 16b. Differential thermomagnetic curves showing the discontinuous tran¬ 

sition from hexagonal to Hagg iron carbide. 

325 kcals/mole, and an order which varies from 0.8 at 473° to 6.4 at 506°C. 

The decomposition of cementite to form free carbon and a-iron has been 

reported over a wide range of temperatures. Podgurski, Rummer, DeWitt, 

and Emmett193 found that Hagg carbide formed by carburization with 

butane at 275 to 325°C yielded an unusually unstable cementite when 

heated to 400 or 450°C. Cementite so formed decomposed readily in a few 

hours at 500°C. On the other hand, cementite from Hagg carbide produced 

from carbon monoxide will not decompose until higher temperatures are 

employed. Drain'16 showed that normal cementite decomposes in vacuum 

at 645°C. Pingault192 describing a pure cementite of very large particle size 

found that it decomposed only after long periods of time at 760°C. 
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If a specimen of e-Fe2C containing no a-iron is slowly heated, one may 

expect the following reactions to proceed in the order indicated. 

e-Fe2C 250° ; x-Fe2C (8) 

x-Fe2C 450° Fe3C + C (9) 

Fe3C >500° 3a-Fe + C (10) 

If, on the other hand, the specimen of «-Fe2C contains a-iron, the reac- 

Figure 17a. Thermomagnetic curve showing discontinuous transition from x iron 

carbide to cementite. The Roman numerals refer to tempering for 0, 10, 20, 40, 70, 

130, 250 and 490 minutes at 525°C, respectively. 

tions will proceed 

e-Fe2C 250 ^ x-Fe2C 

X-Fe2C + «-Fe 350° Fe3C 

Fe3C >500° 3a-Fe + C 

It should be noted that reactions (10) and (13) are identical. 

(ID 

(12) 

(13) 
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The series of reactions indicated here is very similar to the reactions 

involved in the tempering oi carbon steel10, 11 ■ 12■ 13■ 101 with one difference. 

Up to the present, there have been indications40, 177a" 177b'197, but no definite 

evidence, that Hagg carbide is involved in the tempering of steel. Diffrac¬ 

tion patterns of tempered steel have often contained reflections which have 

been attributed to unknown carbides116. The fact that most of these transi- 

Figure 17b. Differential curve derived from Figure 18. 

tions are discontinuous indicated that they proceed by a mechanism of 

nucleation and growth. The reactions indicated above may require modifi¬ 

cation as more precise stoichiometric information is obtained. 

Impurities affect the stability and probably the kinetics of the reactions. 

In all likelihood, other factors, such as the state of subdivision and previous 

history, affect the kinetics, but no evidence on this point has yet been col¬ 

lected. 
The effect of sulfur is of special interest because of the well-known 

poisoning action of sulfur on iron, cobalt, and nickel catalysts used in 
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Fischer-Tropsch and related reactions. Sulfur can be introduced into ce- 

mentite by directly sulfiding the pure cementite with sulfur in a vacuum at 

450°C or by the simultaneous carburization and sulfiding of iron oxide at 

550°C with synthesis gas (2H2 + ICO) and H2S. Sulfided cementite pre¬ 

pared by these methods has a Curie point about 10°C higher than normal. 

The outstanding effect, however, is the increase in stability produced by 

very small quantities (0.1 to 1 per cent) of sulfur. Sulfur-bearing cementite 

in some cases did not decompose in vacuum up to 900°C. Decomposition 

at 900 to 1050°C led to austenite stabilized by sulfur. Such austenite was 

readily retained on cooling47a. 
By carburization of sulfided cementite at 550°C, a phase was obtained 

whose x-ray diffraction pattern corresponded to that of the Hagg carbide. 

Its Curie point was 260°C, about 10°C higher than the Curie point of pure 

Hagg carbide. While ordinary Hagg carbide begins to decompose at 450°C 

and decomposes rapidly at 550°C, the sulfided Hagg carbide did not de¬ 

compose up to 700°C, and complete transformation was attained only by 

heating to 900°C. The very fact that it was produced by carburization at 

550°C is an indication of its stability. An interesting technique of desul¬ 

furizing the sulfocarbides by heating with powdered magnesium was men¬ 

tioned. This treatment restored the properties of the carbides to their 

original state47a. 

It has been said that copper promoters stabilize the h.c.p. carbide of 

iron. Copper facilitates its formation by increasing the ease of reduction of 

the oxide149, but no definite proof exists to indicate that copper stabilizes 

the h.c.p. carbide. 

Bernier20, in addition to studying the nickel and iron carbides themselves, 

has endeavored to produce mixed iron-nickel carbides. In this he may 
have been partly successful. 

Hydrogenation of Iron Carbides 

Bahr and Jessen17 have shown that the iron carbide reacts readily with 

hydrogen at 300°C to form methane and metallic iron. Hummer, DeWitt, 

and Emmett143 have published data on the stepwise hydrogenation of iron 

catalyst previously carbided to 66.1 per cent conversion to Fe2C. The re¬ 

action of hydrogen with a fully carbided specimen of iron accelerates with 

time in the initial stages of the reaction. Unpublished data at the Bureau 

of Mines show similar characteristics, although the self-accelerating feature 

is not as marked. Eidus52'63 •64 ■56 ■67 •69 and his co-workers have accumu¬ 

lated a large amount of data on the hydrogenation of iron carbide and have 

used the data to support the theory that iron carbide is an intermediate in 

the reaction. However, they did not discriminate adequately between sur¬ 

face carbide and bulk carbide. Thus they mistook the kinetics of converting 
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the massive catalyst to crystalline carbides for the rate of activated adsorp¬ 

tion; Craxford and Rideal have probably made a similar mistake41. Their 

work would have had much greater utility had they accompanied their 

studies with x-ray powder diffraction analysis or thermomagnetic analysis. 

Reactions of Iron Carbides with Acids 

Carbides ol iron react readily with acids to form hydrocarbons, free car¬ 

bon, and ferrous iron in solution. The reaction has been used for analyzing 

carbides in iron catalysts. Also, iron catalysts in operation are exposed to 

acidic conditions which may result in catalyst deterioration. Unlike the 

carbides of strongly electropositive elements, the carbides of iron, cobalt, 

and nickel are nearly nonionic. The hydrolysis of these carbides probably 

proceeds by forming a highly reactive form of a surface carbide, which then 

may or may not be attacked by chemisorbed hydrogen, depending on 

such factors as acidity of the solution, inhibition by reaction products, and 

effectiveness of the metal for hydrogenation. Thus cementite, a carbide of 

iron, a weak hydrogenation catalyst, produces free carbon when hydrolyzed 

in the presence of the reaction product, ferrous iron. A high hydrogen ion 

concentration, on the other hand, favors nearly quantitative formation of 

methane and higher hydrocarbons215. In contrast to iron the carbide of 

nickel, a strong hydrogenation catalyst, yields almost exclusively methane 

on hydrolysis15. Numerous studies of these reactions have been made, es¬ 

pecially by Schenck and Stenkhoff215 and Stamme226. 

The Nitriding of Iron and the Iron Nitrides 

Nitriding with ammonia is carried out on metallic iron. Attempts to 

nitride the oxides directly have yielded only magnetite. The nitrides so far 

have been prepared using anhydrous ammonia without further purification. 

High space velocities must be employed so that hydrogen does not build up 

within the bed. Similarly, to retard the catalytic decomposition of ammonia, 

relatively low temperatures are preferred. Thus, for nitriding the reduced, 

fused catalyst (Bureau of Mines No. 3001, FesCh-MgO-IUO), hourly space 

velocities between 750 and 5000 and temperatures between 250 and 450°C 

were employed. 

At atmospheric pressure, the nitrides of iron are metastable. Hendricks, 

Brunauer and Emmett93a have investigated the dissociation pressure of 

Fe4N indirectly by a study of the ammonia-hydrogen-nitrogen equilibrium 

over this phase. The equilibrium constant for the reaction 

2Fe4N —► N2 + SFe 

K = PN2 (14j 

varies from 4,250 atmospheres at 420°C to 5,600 atmospheres at 525°C. 
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Nitrogen austenite, 7-phase (see below) was prepared by treating pure 

iron powder, 300 mesh, with ammonia at 700 to 750°C and rapidly quench¬ 

ing to room temperature in a nitriding atmosphere. However, decomposi¬ 

tion to the nitrogen martensite a'-phase could only be completely inhibited 

by using a 15 per cent manganese iron alloy129. 
Since the iron nitrides are metastable at atmospheric pressure34'9311' 184 

phase diagrams which have been published are in reality existence diagrams 

which show the crystalline phases which can be prepared at various com¬ 

positions and temperatures. Discrepancies in the various diagrams60’ 150■ 159a 

which have been proposed cannot, at present, be resolved. However, since 

the differences are minor, we have selected the diagram of Jack121 because 

Figure 18. Iron nitrogen phase diagram according to Jack. (See Ref. 25) 

his methods of preparation and analysis most closely approximate those 

used in catalytic preparations (Figure 18). 

Five phases are indicated in Jack’s121 diagram and studies, the a-, the 

7-, the y'-, the e-, and ("-phases. Lehrer150, Eisenhut and Kaupp60, and 

Hagg79'80 ■82 also find these phases. The a-phase is simply the solid solution 

of nitrogen in a-iron. As in the case of carbon, the solubility of nitrogen is 

very low. The 7-phase represents the solubility range of nitrogen in the 

face-centered cubic 7-iron. The existence of this phase makes possible the 

formation of a nitrogen martensite analog cd-phase, which cannot be repre¬ 

sented in the iron-nitrogen diagram, just as martensite cannot be repre¬ 

sented in the iron carbon diagram126' 128• 129. By tempering the cd-phase, the 

nitrogen in the phase becomes completely ordered so that the nitrogen 

atoms achieve maximum separation and the tetragonality of the unit cell 

becomes increased. This phase has been designated the a"-phase. It also 
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has^no place in the standard phase diagram. Tempering the a"-phase at 
160 C leads eventually to a-iron and y^-iron nitride. 

The y -iron nitride has a face-centered cubic close-packing of iron atoms, 

with the nitrogen atoms equidistant from each other and occupying one- 

fourth of the octahedral interstices in a completely ordered way29 •30 •93a. 123. 

It differs from the y-phase or nitrogen austenite only in that the latter has 

a random arrangement of nitrogen atoms, while the former has an ordered 

arrangement (Jack has found eight superlattice reflections). Since the 

y'-phase can be formed from the y-phase by tempering at 160°C, it is ob¬ 

viously less stable than the y-phase under these conditions. The y'-phase 

can also be formed by the direct nitriding of iron. The homogeneity range 
at 450°C lies between 5.7 and 6.1 per cent N. 

In the 6-iron nitride, the iron atoms have a hexagonal close-packed ar¬ 

rangement, and the nitrogen atoms are believed to be in the octahedral 

interstices122 -123 - 179. This structure is therefore isomorphous with the h.c.p. 

iron carbide. The homogeneity range is wride, extending from 7.3 to 11.1 

per cent N. It thus includes the composition Fe3N, but not quite the com¬ 

position Fe2N. This phase is by far the most important under Fischer- 

Tropsch conditions, since the catalysts tend to approach and remain in this 

structure and the closely-related e-carbonitride structure. 

The f-phase is an orthorhombic structure closely related to the e-phase, 
crystallographically. By nitriding below 450°C and using very high space 

velocities, this nitride which has a narrow range of composition is formed. 

The Carbonitrides of Iron 

Carbon monoxide (and possibly other carburizing agents) reacts with 

the nitrides of iron in three ways. First, carbidic carbon may replace nitro¬ 

gen with carbon; the crystal structure of the original nitride is maintained, 

with only a possible modification of the lattice parameters. This substitution 

reaction occurs in the case of the y'-, 6-, and f-nitrides. Secondly, carbidic 

carbon may be added to (instead of replacing) the interstitial nitrogen in 

the nitride crystals without modification of the crystal structure, other 

than a change in lattice parameter. This can occur only if the nitride phase 

has a wide range of composition, which is usually not the case. Thus the 

only phase for which this completion reaction is important is the 6-nitride, 

with a composition (see above) ranging from Fe3N to Fe2N. Both of these 

reactions result in iron carbonitrides that are crystals composed of three 

elements: iron, carbon, and nitrogen. Finally, the substitution reaction 

may proceed so far and the carbon-nitrogen ratio may become so large that 

the carbonitride phase becomes unstable and a phase change reaction takes 

place. Jack has studied these reactions on pure iron124, while Hall, Dieter, 

Ilofer, and Anderson89 have studied them in reduced synthetic ammonia 

catalysts. 
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The completion reaction is relatively rapid and is completed in 5 to 10 

hours at 300°C. On the other hand, the substitution reaction is considerably 

slower, becoming appreciable in 5 to 10 hours at 400°C. Jack1-4 and Goodeve 

and Jack77 proposed the hypothesis that the rate of the substitution reaction 

in the completely nitrided e-nitride was dependent on the rate of removal 

of nitrogen, and to support this hypothesis, they were able to demonstrate 

that the rate of elimination of nitrogen was the same in carbon monoxide, 

nitrogen, and in vacuo. They also showed that the substitution reaction was 

proportional to the square of the nitrogen concentration, which suggests 

that the formation of nitrogen molecules is the rate-determining step. Thus 

the substitution reaction may essentially be regarded as a slow nitrogen 

elimination step, producing vacant positions, followed by the fast comple¬ 

tion step as a result of which those positions are occupied. According to 

this mechanism, elimination of nitrogen becomes slower as the nitrogen 

concentration drops. This is in accordance with the facts observed by 

Emmett and Love51a. The presence of hydrogen with carbon monoxide 

accelerates the elimination of nitrogen, probably by a new mechanism, 

namely, formation of ammonia, which deposits from the gaseous products 

as ammonium carbonate. When the synthesis gas mixture contains less than 

50 per cent hydrogen, the completion reaction can keep pace with the nitro¬ 

gen elimination. However, at higher hydrogen concentrations, the ratio of 

combined nitrogen and carbon to iron drops below the value 0.5 in the 

steady state. Although elimination of nitrogen in the presence of synthesis 

gas is more rapid than in the presence of pure carbon monoxide, it is slower 

than the elimination of nitrogen by pure hydrogen. This inhibiting effect of 

carbon monoxide may be attributed to its strong chemisorption and is the 

reason why nitrides can be used in the Fiseher-Tropsch reaction. 

As e-iron nitride and e-iron carbide are isomorphous, they might be ex¬ 

pected to form a continuous series of solid solutions or e-iron carbonitrides. 

This may indeed be the case, but efforts to prepare the series through the 

carburization of e-iron nitride have failed, because the temperature at which 

substitution takes place, about 350°C is well above the temperature at 

which pure e-iron carbide decomposes, about 200°C. Thus, as the substitu¬ 

tion reaction proceeds at any given temperature above the upper limit of 

metastability of e-iron carbide, a composition of the e-iron carbonitride 

eventually is reached which is unstable. At 350°C this occurs when the 

nitrogen iron ratio becomes less than 0.14. The product which is then 

formed depends approximately on the kinetics of the decomposition of pure 

e-iron carbide39 into Hagg carbide (Fe2C) and cementite. All that is required 

is a knowledge of the carbidie carbon-iron ratio and the temperature. If the 

carbidic carbon-iron ratio is about 0.5, which will be true if the phase de¬ 

composition takes place under carburizing conditions, Hagg carbide will 
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be found from 200 to about 500°C (see Table 11). Above this temperature, 

Hagg carbide decomposes thermally to produce free carbon and cementite. 

If, conversely, the decomposition of the e-carbonitride takes place under 

decarburizing conditions, then free iron will be formed. Since free iron 

Table 11. Carburization of €-Iron Nitride with Carbon Monoxide0 

Temp. 
(°C) 

Time 
(hr) 

C 
Fe 

N 

Fe 
c + N 

Fe 
Phases6 

Space velocity = 80 hr"1 

Original nitride 0 0.00 0.46 0.46 e 

250 1 .02 .47 .49 € 

5 .02 .46 

OO e 

10 .03 .45 .48 e 

350 1 .04 .45 .49 € 

5 .06 .44 .50 € 

10 .08 .43 .51 e 

400 1 .03 .46 .49 e 

5 .14 .36 .50 € 

10 .30 .18 .48 r 

450 1 .18 .20 C
O

 
0

0
 

e, M 

5 .41 .02 .43 X, M, a? 

10 .46 .01 .47 X, a?, M? 

Space velocity 2500 hr 1 

450 1 .32 .27 .59 e 

5 .42 .16 .58 e 

10 .53 .08 .61 X 

“ See Ref. 89. 
f> e = e-iron nitride or carbonitride, f = f-iron nitride or carbonitride, M = 

magnetite, x = Hagg iron carbide, a = a-iron. 

reacts with Hagg carbide to form cementite at about 300°C, cementite will 

be found in carbonitride specimens decomposed under decarburizing con¬ 

ditions above 300°C, and Hagg carbide in carbonitride specimens decom¬ 

posed under decarburizing conditions below this temperature. Table 12 

shows diffraction analyses and chemical compositions of e-carbonitrides 

treated with pure hydrogen for varying periods of time. 

Carburization of a mixture of 7'-iron nitride plus a-iron indicated in 

Table 13 shows that 7'-iron nitride can undergo the substitution reaction. 
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Table 12. Hydrogenation of c-Carbo nitrides0 

Temp. (°C) 
Time 
(hr) 

C 
Fe 

N 
Fe 

N 4- C 

Fe 
Phases6 

Carbonitride formed by nitriding 

followed by carburizing 

0 0.36 0.14 0.50 e, X 

250 i .35 .15 .50 X 

10 .36 .13 .49 «, X 

300 l .35 .14 .49 

5 .34 .07 .41 X, C 

10 .35 .02 .37 C, x 

350 1 .36 .07 .43 X, « 

5.3 .35 .02 .37 «, X, C? 

10 .28 .004 .28 a, X, C? 

400 1 .36 .01 .37 X, a, C? 

° See Ref. 89. 

b t = «-iron nitride or carbonitride, x = Hagg iron carbide, C = cementite, a — 

a-iron. 

Table 13. Carburization of «-Iron and t'-Nitride0 

Space velocity = 80 hr 1 

Temp. (°C) Time (hr) 
C 

Fe 
N 
Fe 

N + C 
Fe 

Phases6 

Original nitride 0 0.00 o.os 0.08 a, y' 

250 i .07 .06 .13 a, y' 

4 .19 .06 .25 a, y' 

5 .25 .04 .29 a, y' 

300 1 .11 .07 .18 oc, y' 

5 .27 .05 .32 oc, y' 

10 .29 .08 C
O

 
-4

 

y', « 

350 1 .24 .07 .31 a, y', M 
5 .33 .07 .40 e, X, M, oc 

10 .36 .08 .44 X, a 

“ See Ref. 89. 

b oc = a-iron, y' — x'-iron nitride-nitrogen austenite, M = magnetite, x = Hagg 
carbide. 
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Furthermore, since the amount of y'-phase can be increased by carburiza¬ 
tion after 10 hours at 300°C, y' is the primary phase. 

Another way of preparing carbonitrides is by nitriding the carbides. This 

has been studied in the case of cementite and Hagg iron carbide, but not 

with €-iron carbide. In every case, the final product was e-iron carbonitride. 
Results of such nitriding are illustrated in Table 14. 

Bridelle and Michel28 made additional studies on the carbonitrides of 

Table 14. Ammonia Treatment of Cementite and Hagg Carbide0 

Space velocity = 1000 hr-1 

Temp. (°C) Time (hr) C 
Fe 

N 
Fe 

N + C 
Fe 

Phases6 

Cementite 0.00 0.35 0.00 0.35 c 

300 1 .30 .07 .37 C, e 

6.25 .31 .09 .40 C, e 

9 .30 .10 .40 C, e 

350 15 .27 .20 .47 € 

Mixture of a-iron and Hagg 0.00 .48 0.00 .48 X, oc 

carbide 

350 8 .46 .06 .52 X, « 

24.2 .44 .12 .56 X, e 

48.2 .37 .21 .58 X, « 

72.2 .33 .25 .58 X, « 

120.2 .26 .34 .60 X, « 

158.2 .18 .42 .60 e 

° See Ref. 89. 

b C = cementite, e = e-iron nitride or carbonitride, x = Hagg iron carbide, a = 

a-iron. 

iron. In particular they followed the thermal evolution of nitrogen from a 

high nitrogen e-iron carbonitride with a Curie point of — 90°C and lattice 

parameters a0 — 2.762 and c0 — 4.414. Loss of nitrogen with heat treat¬ 

ment eventually produced a high carbon carbonitride with a Curie point of 

388°C and lattice parameters a0 = 2.693 and c0 = 4.370. These physical 

changes with composition suggest the possibility of chemical analysis by 

Curie point determination or lattice parameter measurement. 

The Borides of Iron 

Beyond the basic phase rule studies of Wever and Muller261, and Bjur- 

strom21 determined that Fe2B and FeB are isomorphous with corresponding 
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cobalt and nickel compounds. Du Jassoneix48 and Weiss and Forrer203 found 

Fe2B to be ferromagnetic, but the ferromagnetism of FeB is uncertain. No 

methods have been described for producing the borides with sufficient sur¬ 

face area to be useful as catalysts. 

Borocarbides of Iron 

Recently a borocarbide of iron has been reported by Carrol, Darkin, 

Filer, and Zwell34a. This compound seems to be isomorphous with the 

complex cubic chromium carbide, Cr23C6, reported by Westgren256a and to 

have nearly the same lattice parameter 10.62 A. The composition of the 

borocarbide ranges from I3d> to 2% per cent boron and from 2^2 to 4^ 
per cent carbon. The compound was prepared by heating —100 mesh pow¬ 

ders of an iron carbon alloy (4.4 per cent carbon) and an iron boron alloy 

(5.7 or 8.9 per cent boron) or elemental boron in vacuo at 850° for several 

days. This method of preparation will probably yield a material with in- 

ufficient surface area to be useful as a catalyst, 
s 

Catalytic Activity of the Iron System 

The iron system is endowed with a much greater number of catalytically 

active phases than either the nickel or the cobalt system. This is under¬ 

standable in terms of the electronic structure of iron metal, which lacks 

three electrons of a completed “3d” shell. It can therefore form compounds 

involving donation of electrons into its “3d” shell without completely filling 

that shell, and as a result many iron compounds are catalytically active. 

On the other hand, iron because it lies to the left of most of the other Fis- 

cher-Tropsch catalysts in the periodic table, is particularly sensitive to 

oxidation. Fortunately, the oxide generally formed, magnetite, is catalyti¬ 

cally active and reducible with either hydrogen or carbon monoxide, and 

therefore oxidation is not too serious a matter. 

Iron phases, the surfaces of which are catalytically active, are the metal 

a-Fe6, the carbides, e-Fe2C189, x-Fe2C1S9, Fe3C223, FeC50, the nitrides e-Fe2N2, 

y-Fe4N, the carbonitrides, e-Fe2X2, y-Fe4X2, and the oxide, Fe3046. The 

well-known operational flexibility of iron Fischer-Tropsch catalysts must 

be attributed to these relationships. The possibilities of this system are far 

from explored. Other phases, such as y-Fe and FeO (wustite), are so un¬ 

stable thermally at Fischer-Tropsch temperatures that it is doubtful 

whether adequate activity data on these phases will ever be obtained using 

the present methods. The borides of iron have so far not been investigated. 

Ternary and quaternary compounds such as the sulfocarbides, the boro¬ 

carbides, compounds with mixed metallic elements, present many oppor¬ 

tunities for tailoring catalysts. 

Almost as important as the specific activity of the catalyst surface is the 
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manner in which the formation oi crystalline phases affects the accessibility 
of the catalyst. This is a function of the specific volume or density of the 

pertinent phases and the manner in which they develop from their matrix. 

Ihese relations are particularly important in synthetic ammonia catalysts. 

Thus ill these catalysts, oxidation chokes the pores of the catalyst while 
carbiding does not90’90a. 
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CHAPTER 5 

THE ISOSYNTHESIS 

Ernst M. Cohn 

Physical Chemist, Synthetic Fuels Research Branch, Bureau of 

Mines, Bruceton, Pa. 

Purpose and History of the Synthesis 

The isosynthesis was developed during World War II at the Kaiser 

Wilhelm Institut fur Kohlenforschung in Miilheim, Ruhr, Germany, by 

H. Pichler and K. H. Ziesecke in collaboration with F. Fischer and other 

members of the Institut. Details of the project, which was first suggested 

by Fischer in 19409 and was actually begun in October 19416, were kept 

secret because its primary goal was the catalytic production of isobutane 

and isobutene, raw materials for high-octane gasoline. Allied technical 

missions to Germany made the main results available in 19453' 6; detailed 

papers were later published in German9' 10■ 12 ■ 13 and English11. That develop¬ 

ment of the isosynthesis was rapid is shown by the fact that four German 

patent applications had already been made in November and December 

of 19424. The only other original papers on the subject appear to be notes 

of a meeting, held in June of 1943, in which Fischer and Pichler of the K. 

W. I. and Martin, Roelen, and Neweling of Ruhrchemie participated17. 

Large-scale utilization of the synthesis was considered at that time; as far 

as is known, it has never been in commercial use, although at least two 

American firms have obtained patents on modifications of it2' 5’ u. 

Description of the Synthesis 

The passage of synthesis gas, a mixture of hydrogen and carbon mon¬ 

oxide, over certain difficultly reducible oxide catalysts under given operat¬ 

ing conditions results in products consisting predominantly of saturated, 

branched-chain, aliphatic hydrocarbons containing four to eight carbon 

atoms. Best results were obtained at K. W. I. with a durable catalyst con¬ 

sisting of 100 parts thoria promoted by 20 parts alumina and, in certain 

cases, 1 part alkali, operated at 300 to GOO atmospheres, 400 to 450°C, 

and with a synthesis gas the composition of which corresponded to its usage 

ratio. Figure 1 shows the temperature and pressure ranges as given in the 

basic German patent application St 61,125. A cheaper alumina-zinc oxide 
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catalyst was reasonably satisfactory. To avoid undesirable products, such 

as methane and free carbon, the walls of the reactor had to be inert and 

traces of iron carbonyl had to be eliminated. The presence of sulfur was 

not deleterious to the catalyst, and temperature control did not have to be 

as rigorous as for the Fischer-Tropsch synthesis. The conditions and mecha¬ 

nism of the reaction were more closely related to those for the synthesis of 

higher alcohols than those for the Fischer-Tropsch reaction18■ ,6. 

Figure 1. Temperature and pressure ranges of the isosynthesis (adapted from 

German Patent application St 61,125). 

Preparation and Reactivation of Catalysts 

All catalysts were prepared by precipitation from aqueous solution, 

usually by quickly adding boiling sodium carbonate solution to boiling 

metal nitrate solution (Table 1). Variation of the conditions of preparation 

resulted in large changes of the properties of the catalysts; for example, the 

bulk density ot thoria ranged from 0.7 to 2.3. Typical preparations were 
as follows: 

(a) “Normal” thoria catalysts were made by quickly adding boiling 

sodium carbonate solution to boiling thorium nitrate solution. When 2 

liters of water containing 2-10 grams of thorium nitrate and 2 liters of water 

containing a slight excess of sodium carbonate were used, the bulk density 

of the hard granular catalyst was 1.3 after it had been washed free of alkali 

and dried at 110°C. More concentrated solutions yielded lower bulk densi- 
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Table 1. Catalysts Prepared for Isosynthesis at K.-W.-I. 

Catalyst Remarks 

A. One-component catalysts 

Th02 “Normal” method used, also precipitation from cold solu¬ 

tions and addition of hot nitrate to hot Na2C03 solution, 

usually washed free of alkali, dried at 110° and then at 300°C 

in stream of air; NH4OH also used as precipitant. 

A120 3 Precipitated by H2S04 or C02 from solution of NaA102 , 

or prepared from A1(N03)3 4- Na2C03 , washed, sintered in 

air at 300°C. 

w2o6 Precipitated by HN03 from Na2W04 solution. 

uo2 Precipitated by H202 from U02(N03)2 solution. 

ZnO Precipitated by addition of alkali to nitrate and vice versa. 

Other catalysts included Cr203 , Ti02 , BeO, Zr02 , Ce02 , 

MnO, MgO, La, Pr, and Nd. They were usually prepared 

from nitrates. 

B. Multi-component catalysts 

Th02 + H3PO4 

Th02 4“ K2C03 

Th02 ~t~ A1203 

Th02 4" A1203 

k2co3 

Th02 4~ AI2O3 

kguhr. 

Th02 4- ZnO 

Th02 4- ZnO 

A1203 

Th02 + Cr203 

Th02 4- Fe 

Th02 4- Cu 

4- 

+ 

4- 

To 100 g Th02 , dried at 300°C and powdered, 27 cc of cold 

89% H3PO4 was added and the paste dried at 250°C. 

To a slurry of washed Th02 , sufficient aqueous K2C03 was 

added to yield preparations containing 0.6, 1, 5, and 25% 

K2C03 . The mixture was dried on a steam bath at 110° and 

then at 300°C. 

(a) Slowly coprecipitated (5, 10, or 20% A1203) from boiling 

solutions, slurry boiled briefly, filtered, washed, dried at 

110° and 300°C in stream of air. 

(b) Separate layers of Th02 and A1203 (29% of weight of first 

layer) used in this order. 

(c) Separately precipitated, hot slurries mixed (20% A1203), 

dried on steam bath, then at 110 and at 300°C in air. In (b) 

and (c) H2S04 was used with solution of NaA102 . 

(a) Oxides precipitated separately (see above), K2C03 (1 or 

3% based on A1203) added to washed A1203 , then mixed 

(Th02:Al,03 = 100:20). 
(b) As (a) but K2C03 (0.6% based on Th02) added to washed 

Th02 , then mixed (Th02:Al203 = 100:20). 

Oxides precipitated separately, mixed wet with kieselguhr 

(Th02:Al203: kguhr. = 100:20:10). 

Coprecipitated from boiling solutions by adding Na2C03 to 

nitrate solution or preferably vice versa, washed, dried at 

110 and 300°C. (Th02:ZnO = 75:25 or 87:13). 

Th02 and ZnO coprecipitated, slurried with A1203 precipi¬ 

tate, and dried (Th02:ZnO: A1203 = 2:1:0.4). 

Coprecipitated, dried at 110 and 300°C. 

Coprecipitated (Th02:Fe = 100:0.25or 100:1.25). 

Th02:Cu = 100:0.25 or 1:1. 
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Table 1 (Continued) 

Catalyst Remarks 

A1203 + KoCOs 

AI2O3 + Cr 2O3 

ZnO -f- AI2O3 

Precipitated with H2S04 from NaA102(Al203:K2C03 = 100:3). 

Al203:Cr203 = 100:10. 

Coprecipitated (bulk density 0.84) or precipitated separately 

(bulk density 0.32), washed, dried at 110 and 300°C.; also 

used in separate layers in order Zn0-Al203 (Zn0:Al203 = 

61:39 or 44:56). 

Other catalysts used were ThSi04 , Th3(B03)4 , Th3(P04)4 , 

and A1203 -b M0O3 . 

ties; for example, a three-fold increase in concentration resulted in a bulk 

density of 0.76 and a crumbly, soft preparation. Slow precipitation (say, 

one hour) gave especially dense, glass-like catalysts (bulk density 2.3); 

sodium hydroxide or ammonia precipitants gave dense catalysts upon 

rapid precipitation similar to those from sodium carbonate with slow precipi¬ 

tation. Sintering of the dried catalysts in a stream of air at 300°C increased 

their bulk density. Thus, the density of the “normal” thoria was increased 

from 1.3 to 2.0, while the dull, hard appearance persisted. The original pre¬ 

cipitate, ThO(C03) -2H20, was transformed at 240°C to 3Th02-ThO(C03) • 

H20 and at 300°C to 4Th02-H20. At still higher temperatures, especially 

above 400°C, Th02 was formed. The loss of carbonate resulted in shrink¬ 

age of the catalyst. Since such reactions also occurred during synthesis, 

pretreatment at 300°C made possible the use of maximum amounts of 

catalyst in the reactors. Pretreatment at temperatures up to 1000°C fur¬ 

ther increased the activity of thoria but also shifted its selectivity so that 

more methane was formed; hence, pretreatment at 300°C was usually 
used. 

(b) A 100Th02:20Al203 coprecipitated catalyst was made by slowly add¬ 

ing boiling carbonate solution (167 grams Na2C03 in 2 liters H20) to boiling 

nitrate solution (240 grams thorium nitrate and 169 grams aluminum 

nitrate in 2 liters H20), briefly boiling the precipitate, filtering, washing 15 

times each with 400 cc boiling distilled water, drying at 110° and then at 
300°C in streaming air. 

(c) A similar catalyst, the components of which were precipitated sepa¬ 

rately, however, was made as follows: To boiling thorium nitrate solution 

(240 grams in 2 liters H20), boiling carbonate solution (95 grams Na2C03 

in 2 liters H20) was added. The precipitate was filtered and washed as 

above. In a separate operation, 169 grams of aluminum nitrate in 1 liter 

of boiling water was treated with 77 grams of sodium hydroxide in 500 cc 

of water; aluminum hydroxide was first precipitated and then almost 

completely dissolved again. The boiling solution of sodium aluminate was 
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then treated with a solution of 17.2 cc of concentrated sulfuric acid in 350 

cc of distilled water, and the precipitated aluminum hydroxide was slurried 

and washed by decantation 12 times each with 1 liter of water. After being 

filtered with suction, it was washed 3 times each with 400 cc of boiling water. 

Finally, both precipitates were slurried in hot water, mixed, evaporated on 

a water bath with constant stirring, dried at 110° and at 300°C in a current 
of air. 

(d) A coprecipitated 3Th02:lZn0 catalyst was made by inverse precipi¬ 

tation as follows: The boiling nitrate solution (120 grams Th(N03)4-4H20 

and 74 grams Zn(N'03)2-6H20 in 2 liters H20) was added to boiling carbo¬ 

nate (8G grams Na2C03 in 1 liter H20) with stirring; the precipitate was 

filtered under suction, washed 15 times each with 400 cc water, and dried 

at 11Q°C. The granules were 2 to 4 mm in diameter and had a bulk density 
of 0.75 before and 1.15 after drying in air at 300°C. 

(e) A coprecipitated lZnO: 1A1203 catalyst was made by combining boil¬ 

ing carbonate (117 grams Na2C03 in 2 liters H20) with boiling nitrate 

(187.5 grams Al(N03)r 9H20 and 74.5 grams Zn(N03)2-GH20 in 2 liters 
H20) wdiile stirring, boiling the slurry, filtering it with suction, washing the 

filter cake 13 times each with 400 cc of boiling water, and drying it at 

110° and then for 3 hours at 300°C in flowing air. The bulk density of the 

48-gram yield of 2- to 4-mm granules was 0.84. A catalyst that was similar, 

except for being prepared by separate precipitation, had a density of only 
0.32. 

Unlike catalysts of the iron group, thoria was not poisoned by sulfur com¬ 

pounds. Thoria pretreated with hydrogen sulfide or carbon disulfide and 

thoria precipitated with ammonium sulfide showed particularly good ac¬ 
tivity, a fact which is not yet explained17. 

Carbon that was deposited on thoria during synthesis reduced the ac¬ 

tivity of the catalyst. Used thoria containing excessive amounts of carbon 

was reactivated by passing air over it at synthesis temperature until no 

more carbon dioxide was detected in the exit gas. This method of reactiva¬ 

tion was possible because thoria did not lose its activity even after having 

been heated to red heat. Longer periods of constant activity and higher 

yields of liquid hydrocarbons were realized with thoria-zinc oxide catalysts. 

No carbon was deposited on these mixed catalysts; they retained their 

white or light gray color even after prolonged use. 

Apparatus for Activity Tests 

The basic assembly for synthesis experiments, partly shown in Figure 2, 

contained a 1000-atmosphere reservoir (1); a high-pressure charcoal trap 

(2); a high-pressure converter tube (12 mm I.D.) inside an aluminum block 

furnace (3); a high-pressure receiver (4), kept at 31°C to avoid condensation 
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of carbon dioxide, ior collecting most of the liquid product; a low-pressure 

charcoal trap (5) for removing the remaining C3 products; and a flow 

Figure 2. Schematic diagram of isosynthesis apparatus. 

Figure 3. Pressure apparatus for recycling experiments. 

meter (6). The modified apparatus, used for recycling experiments, is shown 
in Figure 3. 

In preliminary experiments, the passage of water gas at 30 atmospheres 

and 450°C through an ordinary steel tube of 12 mm I.D. yielded largely free 

carbon, carbon dioxide, and methane—all undesirable products. To avoid 

their formation, inert reactor walls had to be chosen. An aluminum lining 
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was unsuitable, especially above 150 atmospheres, since it was destroyed 

by oxygenated reaction products. Copper-clad high-pressure pipes and pipes 

made of, or lined with, highly alloyed steel (at least 17.5 per cent chromium) 

were satisfactory. A detailed study of this subject has been published by 
Ziesecke18. 

Synthesis Experiments 

Most of the experiments were carried out on a small scale with about 25 

cc ot catalyst spread in a layer 30 cm long. Gas flows ranged from 0.3 to 

(usually) 10 liters (S.T.P.) of exit gas per hour per amount of catalyst 

(expressed either as 25 cc or as 28 grams of thoria), temperatures from 375 

to 500°C, pressures from 1 to 1000 atmospheres (usually 30, 150, and 300), 

and input ratios of hydrogen to carbon monoxide from about 0.77 to 1.3 

with small admixtures of nitrogen and carbon dioxide. The total gas input 

was determined by metering the depressurized exit gas and correcting for 

the contraction that was calculated from the difference of concentrations 

of nitrogen in the feed and exit gases. 

The usage ratio of hydrogen-carbon monoxide in a single-pass operation 

usually was 0.85 to 0.90 at 450°C and about 1 at 475°C. Thus, at 450°C 

higher conversion was obtained with gas rich in carbon monoxide than with 

normal water gas. Generally, carbon monoxide-rich gas led to more carbon 

deposition, while hydrogen-rich gas yielded more gaseous hydrocarbons. 

Of the products that were removed from the exit gas by cooling or sorp¬ 

tion on activated carbon, the C3-C4 fraction (“gasol”) was analyzed by low- 

temperature distillation. In certain cases fractional distillation, sometimes 

after hydrogenation over nickel, served to separate the liquid hydrocarbons 

into their components which were identified by their physical constants. 

In other instances, the products in the aqueous layer were fractionated and 

identified. Motor octane ratings of some gasolines also were determined. 

Survey of One-Component Catalysts 

Table 2 contains a summary of the results obtained with various one- 

component catalysts and some quantitative data for the best of these, which 

were, in order of their effectiveness, thoria, zirconia, ceria, and alumina. 

The relatively high carbon number (2.5-2.8) of the hydrocarbon gases 

obtained with thoria is remarkable; the “gasol” hydrocarbons (mainly C3 

and C4) included large amounts of isobutane. 
Alumina used at 30 and 150 atmospheres produced principally methane 

and carbon, together with small amounts of “gasol” and liquid compounds. 

Only traces of fso-C4 hydrocarbons were present in the “gasol” formed at 

30 atmospheres, while somewhat larger amounts were found in the product 

obtained at 150 atmospheres. Alumina prepared from the nitrate and used 

at 300 atmospheres showed little activity. 
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Zinc oxide produced no liquid hydrocarbons but chiefly methane and 

alcohols at 300 atmospheres and 450°C. 

Table 2. Results Obtained with One-Component Catalysts in the 

Isosynthesis 

(450°C, 25 cc catalyst, 10 liter exit gas/hour) 

Catalyst Starting Material 

Water Gas 
Conversion at 

Hydro¬ 
carbons 
in End 

Gas 
(%) 

C-No. Oil 

i-Ct , 
Per 
cent 
of Cr 
Frac¬ 
tion 

G/M3 Inert-Free 
Gas (S.T.P.) 

30 
atm. 

(vol 

150 
atm. 

-per c 

300 
atm. 

ent) 

i-Ci 
C6+ 

Hydro¬ 
carbons 

Th02 Nitrate 19 — — 2.1 2.5 + 

Th02 Nitrate — 46 — 5.1 2.6 + 88 16 40 

Th02 Nitrate — — 66 6.4 2.8 + 

AI2O3 Na aluminate 54 — — 11.0 1.4 + 

AI2O3 Na aluminate — 53 — 10.5 1.5 + 59 2.8 5 

AI2O3 A1 nitrate — — 21 3.1 2.0 + 

W205 Na tungstate + 58 — — 12.9 1.3 + 

HNOs 

Cr203 Nitrate 19 — — 3.0 1.5 Traces 

Ti02 — 0 — — — — 0 

BeO — 0 — — — — 0 

ZrO-2 Nitrate 9 — — 1.0 — + 

Zr02 Nitrate — 31 — 3.5 2.1 + 82 9 — 

Zr02 Nitrate — — 36 3.5 2.3 + 

uo2 Nitrate and — — — 3.7 1.4 + 

H,02“ 

ZnO Nitrate 10 — — 1.2 1.3 Traces 

ZnO Nitrate'1 ■— — 44 10.0 1.1 + 

MnO Nitrate 15 — — 0.8 1.2 Little 

MgO Nitrate 12 — — 3.0 1.3 Traces 

Ce02 Nitrate 7 — — 0.5 2.0 + 
Ce02 Nitrate 

O 

10 — 1.0 2.4 Traces 81 1.3 — 

IjcL 

Pr — 

O 

— 12 1.3 2.0 + 
Nd — — 8 0.8 >9 Traces 

a 21 per cent at 75 atmospheres. 

b Inverse precipitation: Nitrate added to sodium carbonate solution. 

Effect of Operating Variables on Products from Thoria 

Temperature. Figure 4 shows the effect of temperature on the types of 

reaction products obtained by passing water gas over thoria at 150 atmos¬ 

pheres. Alcohol formation predominated below 375°C; methane, ethane, 

and propane were the principal products above 475°C. The temperature 

region for the isosynthesis lies between these two limits. 
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Pressure. Figure 5 shows the effect of pressure (at an hourly flow rate 

of 10 liters of exit gas per 28 grams of thoria) upon the liquid and “gasol” 

TEMPERATURE, *C. 

Figure 4. Effect of temperature upon product distribution in the isosynthesis 

(TI1O2 catalyst, 150 atmospheres). 

Figure 5. Effect of pressure upon product distribution in the isosynthesis (Th02 

catalyst, 450°C). 

yields at 450°C in a single-pass operation. Best results were obtained be¬ 

tween 300 to 600 atmospheres. Below 300 atmospheres gas conversion was 

relatively small. Above 600 atmospheres methane and dimethyl ether were 
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the principal products. At 1000 atmospheres the yield of isobutane de¬ 

creased and that of dimethyl ether increased greatly. Pressures of 1000 at¬ 

mospheres and above were too high lor this catalyst, e\en at othei tem¬ 

peratures. At 400°C, for example, 200 grams of dimethyl ether were formed 

per cubic meter of gas; at 450°C production ol methane was excessi\e. The 

yields, including methane and ethane, per unit volume of synthesis gas in¬ 

creased with increasing pressure. Between 30 and GOO atmospheres, the 

relative distribution of the reaction products did not change radically, but 

at 1000 atmospheres GO per cent of the total yield consisted of Ci and C2 

hydrocarbons and dimethyl ether. 
Rate of Flow of Gas. To separate the effect of gas flow from that of 

pressure on conversion, two series of experiments were made. In the first 

series at 150 atmospheres, the rate of flow was varied. I11 the second series, 

the flow was constant while the pressure was increased. The results, given 

Table 3. Effects of Pressure and Rate of Flow of Gas on the 

Isosynthesis 

Pressure, (atm) 
Calculated Flow 

of Feed Gas, 
(1/hr) 

Flow of Exit 
Gas (1/hr) 

Contraction (%) 
CO Conversion 

(%) 

1 150 13.4 10 25 46 

2 150 7.0 5 28 53 

3 150 3.6 2.5 30 58 

4 300 15.9 10 37 65 

5 600 20.4 10 51 83 

in Table 3, indicate that the effect of pressure was much greater than that 

of the rate of flow: Experiments 3 and 5 show that a fourfold increase in 

pressure was eight times as effective as a fourfold reduction of gas flow in 

increasing the conversion of carbon monoxide. The conclusions are further 

substantiated by the fact that almost no gas was converted at atmospheric 

pressure, even when the throughput of synthesis gas was only ’ i0 of the 

usual rate. 
Two-Stage and Recycling Operations. Figure 6 shows the results 

obtained when two converters were operated in a single stage with standard 

thoria catalyst at 150 atmospheres and 450°C (columns 1 and 2) and when 

the two converters were operated in series (column 3). Comparison of the 

data in columns 1 and 2 with row 1 of Table 3 shows that the catalysts 

used for the two-stage experiments were somewhat more active under simi¬ 

lar conditions. 

In the two-stage operation, liquid products were removed between stages 

I and II at a pressure of 150 atmospheres and at — 25°C. Conversion of 

carbon monoxide in this and other two-stage experiments was consider- 
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ably higher than in otherwise comparable single-pass experiments. As was 

to be expected from the increased hydrogen consumption, formation of 

hydrocarbon gases was somewhat higher in the two-stage than in the single- 

stage operation. For approximately the same contact time, operation in 

two stages at 150 atmospheres produced about the same total yield as 

1 2 3 4 5 

Reactor 

I 

Reactor 

n 
Reactor 

I + H 

(2-stage 
operation) 

No 

recycling 

Recycling 

Temperature, #C. 450 450 450 475 475 

Pressure, otmos. 

Spoce velocity, 

1 50 150 150 30 30 

1. in-gas/28 g. 

Th02 / hr. 

11.4 13.7 6.0 11.4 12.4 

Fresh gas rotio, 
H2 : CO 

1.13 1.13 1.13 1.11 1.11 
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Figure 6. Effect of mode of operation with Th02 on product distribution from 

isosynthesis. 

operation in a single stage at 300 atmospheres. However, the space velocity 

of synthesis gas at 150 atmospheres was half that used at 300 atmospheres. 

When, in a similar experiment, the temperature of stage I was adjusted 

to 430°C and that of stage II to 470°C, conversion was distributed more 

equally between the reactors, and the yield of hydrocarbons was increased 

to 125.7 grams (37.6 per cent liquids, 26.8 per cent iso-C4 hydrocarbons) 

per cubic meter of inert-free feed gas. 
In recycle experiments (for apparatus see Figure 3), the liquid products 
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and less volatile hydrocarbons were removed after each pass in a pressure 

separator at — 25°C. Fresh gas was continuously added and a portion of 

the total gas removed at the hourly rate of 10 liters per 28 grams of 

thoria. The ratio of fresh to recycled gas was 1:6. The results from a single¬ 

pass and a recycle test are compared in columns 4 and 5 of Figure 6. Re¬ 

cycling decreased the consumption of carbon monoxide and increased that 

of hydrogen. More water and liquid hydrocarbons were obtained, although 

the total hydrocarbon yields were approximately the same for both methods 

of operation. Recycling thus offered a means of varying the usage ratio 

over a relatively wide range. 

Multicomponent Catalysts 

Experiments with catalysts consisting of more than one component were 

made to determine which compounds were suitable promoters for thoria 

and whether multicomponent catalysts could be substituted for thoria. 

Phosphoric Acid-, Iron-, and Copper-Thoria. Thorium phosphate 

(like silicate and borate) was inactive, but powdered thoria impregnated 

with phosphoric acid gave a small yield of liquid hydrocarbons. Methane 

production was high. 

Yields of liquid hydrocarbons and alcohols decreased with increasing 

iron contents of thoria. The amounts of C3 and C4 hydrocarbons remained 

unchanged, whereas formation of Ci and C2 hydrocarbons (principally 

methane) increased. Thus, even small amounts of iron were undesirable. 

Results obtained with 100Th02-0.25Cu at 75 atmospheres and 450 or 

475°C were essentially the same as those obtained in the absence of copper. 

Experiments with lTh02-lCu at 30 atmospheres and the same tempera¬ 

tures produced hydrocarbon mixtures of low molecular weight, higher 

yields of water-soluble products, and free carbon. 

Thoria- and Alumina-Chromia. A chromia-thoria catalyst, operated 

at 450°C and 300 atmospheres, yielded more iso-C4 hydrocarbons (34.2 

g,/m3 of inert-free feed gas) than a straight thoria catalyst (22.7), but 

considerably less than a 100Th02-20Al203 catalyst (47.2). 

A temperature of 500°C was apparently necessary for synthesis at 30 

atmospheres with a chromia-alumina catalyst because of its low activity, 

and possible because of the slow rate of formation of carbon. The yields 

of liquid hydrocarbons were small (5 to 10 g/m3 of inert-free synthesis 

gas), but these hydrocarbons were almost entirely aromatic, containing 

benzene, toluene, xylene, and probably mesitylene. The aromaticity may 
be due in part to the high temperature. 

Thoria-Alumina. The first ten columns of Figure 7 show the results 

obtained with coprecipitated thoria-alumina catalysts. The presence of up 

to 40 per cent of alumina had no appreciable effect on the conversion of 
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caroon monoxide, yields of water-soluble alcohols (chiefly methanol), and 

amount of branching of the C4 fraction at a given temperature. Alumina 

did, however, increase the usage ratio because of the higher conversion of 

hydiogen. Higher yields of methane and C4-hydrocarbons and decreased 

yields of C2, C3, and liquid hydrocarbons and of oil-soluble alcohols were 

observed. More unsaturates were produced at lower temperatures: The 

isobutene content of the C4 fraction was 6 per cent at 475°C, 18 per cent 
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Figure 7. Effect of alumina on thoria in isosynthesis (catalyst sintered in air at 

300°C; 10 liters of outlet gas per 28 grams of Th02 per hour). 

at 450°C, and 46 per cent at 425°C. Increased temperature and pressure 

increased the conversion of carbon monoxide and (up to 600 atmospheres) 

the iso-C4 yield. The optimum pressures ranged between 300 and 600 at¬ 

mospheres and optimum temperatures between 450 and 475°C. Under 

otherwise identical conditions, addition of up to 20 per cent of alumina 

(the optimum amount for maximum formation of iso-C4) more than doubled 

the yield of iso-C4 hydrocarbons. 

An experiment made with a separate layer of alumina, which was placed 

immediately after a layer of thoria, gave total yields of z'so-C4 and liquid 

hydrocarbons similar to those obtained with an alumina-free thoria cata- 



45G CATALYSIS 

lyst; the alcohol yield was small and methane yield large. Thus, no ad¬ 

vantage was gained from using successive layers of thoria and alumina. 

A catalyst containing 100 parts of thoria, 20 alumina, and 10 kieselguhr 

formed excessive amounts of methane at 300 atmospheres and 425°C; 

little liquid and “gasol” product was formed, and about one-third of the 

total (A hydrocarbon fraction was straight-chain product. Kieselguhr is 

therefore not a desirable catalyst constituent for the isosynthesis. 

Catalysts in which the separate thoria and alumina precipitates were 

mixed while wet produced exceptionally good yields of iso-C^ hydrocarbons 

Figure 8. Life test of 100ThO'2-20Al2O3 at 300 atmospheres with 1H2:1C0 (205 liters 

of exit gas per hour except as shown). 

and only very small amounts of alcohols when operated at 450 to 475°C 

and 300 to 600 atmospheres (Figure 7, columns 11-14), proving that 

simultaneous precipitation of the oxides was not necessary. 

A durability test with UK: ICO, at 300 atmospheres and various tem¬ 

peratures was made with 684 grams of 100:20 thoria-alumina, prepared 

by separate precipitation and mixing. The converter was 165 cm long and 

2.2 cm in diameter. The usual gas throughput was 205 liters of outlet gas 

per hour. The recorded temperatures are those of the aluminum furnace 

surrounding the converter tube. Allowing for the difference in heat re¬ 

moval, the initial temperature of 425°C corresponded to 450-475°C in 

the small-scale experiments. The results are summarized in Figure 8; de¬ 
tailed analyses are given later. 

During the first 13 days the activity was high. Relatively large amounts 
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of hydrocarbon gas were formed but no dimethyl ether. By the 14th day 

the conversion of carbon monoxide had dropped from 82 to 70 per cent 

and hydrogen from 74 to 05 per cent. The increased pressure drop across 

the catalyst bed indicated that reactivation was necessary. 100 liters of 

air per hour were passed over the catalyst at 425°C for 24 hours, until no 

more carbon dioxide was in the exit air. After treatment the pressure drop 

across the bed was again small. When operation was resumed at 425°C, 

conversion of carbon monoxide was approximately the same as initially. 

However, little hydrocarbon gas was being formed, and the conversion of 

hydrogen showed a corresponding drop from 65 to 60 per cent. On the 

Figure 9. Effect of alkali in thoria on the isosynthesis (30 atmospheres, 10 liters of 

exit gas per hour per 28 grams of ThCE , various temperatures). 

17th day the temperature was decreased to 375°C to obtain sufficient 

liquid product at that temperature for detailed characterization. Conver¬ 

sion of both hydrogen and carbon monoxide was 38 per cent. Beginning 

with the 42nd day, the temperature was gradually increased to 425°C again. 

Simultaneously, contraction increased and the dimethyl ether content de¬ 

creased. At 425°C conversion was approximately the same as that observed 

on the 18th day. The gas throughput was temporarily increased from 205 

to 300 liters from the 63rd to the 65th day. The 55 per cent conversion of 

hydrogen and carbon monoxide during that period indicated that the gas 

throughput can be increased considerably when heat removal is good. 

The experiment was terminated after 122 days. 
Thoria-(Alumina-) Alkali. A series of experiments with thoria con¬ 

taining potassium carbonate showed that the activity decreased with 

increasing alkali content, especially at lower temperatures (Figure 9, the 
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abscissa of this figure10' 11 appears to be in error). The yields of low-boiling 

liquid and gaseous hydrocarbons decreased more rapidly than those of 

higher hydrocarbons. This finding was probably the basis for patent ap¬ 

plication St 62,438 which indicates that formation of gas can be greatly 

diminished by operating at temperatures lower by as much as 50 to 100°C 

than those given in application St 61,125. The increased activity necessary 

for this modification of the process may have been gained by (1) thorough 

removal of alkali by washing of the thoria with boiling water and (2) 

drying the catalyst in air at 300°C before use. 

On the other hand, the presence of alkali may be desirable for shifting 

the product distribution. In the presence of 1 per cent of alkali, the ac¬ 

tivity was lower but synthesis at 30 atmospheres and 500°C became pos¬ 

sible without excessive formation of methane. The liquid hydrocarbons 

from one such test contained 42 per cent naphthenes, 8 aromatics (prin¬ 

cipally toluene), and 3 phenols, i.e., more than 50 per cent of cyclic com¬ 

pounds. Again, the high temperature may have had a considerable effect 

on the aromaticity of the product. 

The first two columns of Figure 10 indicate that addition of only 0.6 

per cent of potassium carbonate increased the yields of liquid hydrocarbons 

and higher alcohols (principally isobutanol), while decreasing the yields of 

lower hydrocarbons (Ci-C4) and methanol. The effect of small amounts of 

alkali was thus similar to that obtained in the Fischer-Tropsch synthesis. 

Columns, 3, 4, 5 and 6 of Figure 10 summarize the experiments con¬ 

ducted with thoria-alumina catalysts containing potassium carbonate. 

Column 5 shows the highest fso-C4 hydrocarbon yield; 2-methylbutane 

comprised 30 to 50 per cent of the liquid reaction products. Thus, about 

100 grams of tso-C4 and -C5 hydrocarbons were produced per cubic meter 

of inert-free synthesis gas. When the alkali was added to thoria (column 

6), higher liquid and much lower gas yields were observed. Thoria-free 

alumina with and without alkali (columns 7 and 8) was a very poor cata¬ 
lyst. 

Thoria- and Alumina-Zinc Oxide. Columns 1 to 4 of Figure 11 show 

that raising the temperature from 425 to 450°C and the pressure from 150 

to 300 atmospheres increased the conversion of synthesis gas by inversely 

coprecipitated thoria-zinc oxide catalysts (see p. 460). Experiments 3 and 

4, run with duplicate catalysts and about 0.DIE: ICO, permit an estimate 

of the reproducibility of the activity tests. In an otherwise identical ex¬ 

periment with 1.25H2:1C0, i.e., a hydrogen-rich gas, less hydrogen was 

used and less liquid product and saturated fso-C4 were produced. A cata¬ 

lyst made by normal coprecipitation (test 5) also gave poor liquid yields. 

Similar results were obtained with a preparation that was inversely pre¬ 

cipitated from more dilute alkali solution (86 grams Na2C03 in 2 instead 
of 1 liter of H20); the durability of this catalyst was poor. 
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Important advantages of the thoria-ziijc oxide catalysts were their 
tendency to form liquid products and lack of carbon deposits. Even after 

piolonged operation, their color remained white or pale grey. Catalysts 
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Figure 10. Effect of alkali on Th02 , A1203 , and ThOa-AhCh in isosynthesis with 

41H2:49CO at 300 atmospheres and 450°C (10 liters of outlet gas per 28 grams of Th02 

or 25 cubic centimeters of catalyst per hour).. 

prepared by inverse coprecipitation (nitrate added to precipitant) pro¬ 

duced exceptionally high yields of liquid hydrocarbons. 

Although neither alumina nor zinc oxide alone was satisfactory for the 

isosynthesis, each was a promoter for thoria. Alumina increased the pro¬ 

duction of gases (particularly isobutane) and zinc oxide increased liquid 

hydrocarbons. Hence alumina-zinc oxide preparations were thought to be 

possible substitutes for thoria. Tests 6 to 9 of Figure 11 contain data on 

experiments with such inversely precipitated catalysts, the space-time 

yields of which were inferior to those of thoria preparations. The specific 
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yield at 150 atmospheres was increased by reducing the hourly gas through¬ 

put by 50 per cent, but this lowered the space-time yield still further. Com- 

parison of experiments 8 and 9 shows that a fairly high alumina content 
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Figure 11. Effect of zinc oxide on thoria, alumina, and thoria-alumina in iso¬ 

synthesis (10 liters of outlet gas per 28 grams of ThCK or 25 cubic centimeters of 

catalyst per hour). 

was necessary to lower the production of alcohol. Alumina-zinc oxide 

(mole-ratio 1:1), prepared by separate precipitation of the oxides with 

sodium carbonate, had a very low bulk density and would probably have 

given even lower space-time yields. However, availability and low cost 

of these catalytic materials might make them attractive for a large-scale 

process, even though the specific yields of iso-C4 plus liquid hydrocarbons 



THE ISOSYNTHESIS 461 

were only one-third to one-half of those obtained with thoria-alumina- 

(alkali) catalysts. Patent application St 62,589 mentions that part or all 

of the thoria may be replaced by oxides of elements from groups III to 

VI of the periodic table to which a smaller amount of zinc oxide should be 

added; the only example given is an experiment with an alumina-zinc 

oxide preparation. Separate, successive layers of zinc oxide and alumina 
produced principally methane. 

A catalyst containing thoria, alumina, and zinc oxide, tested at 300 

atmospheres and 450°C, produced 59.2 grams of C5+ and 31.7 grams of 

iso-C4 hydrocarbons per cubic meter of inert-free feed gas (test 10, Figure 

11). These yields were similar to those obtained with thoria-zinc oxide 

catalysts (test 4). The Cd+ yield was larger and the iso-C4 yield smaller 

than in most tests of thoria-alumina catalysts (see Figure 7). 

Conversion of Dimethyl Ether 

The amounts of dimethyl ether obtained in the isosynthesis were quite 

small below 300 atmospheres but increased with pressure, until, in some 

cases, dimethyl ether was the principal product at 1000 atmospheres. At 

high temperatures, or in the presence of particularly active catalysts, the 

yield of dimethyl ether decreased and that of hydrocarbons increased. 

Since dimethyl ether was believed to be a possible intermediate product 

of the isosynthesis, some experiments were made at 450°C to determine 

the nature of the compounds obtained by passing dimethyl ether over 

thoria. In all cases, the carrier gas—nitrogen or hydrogen—was saturated 

with dimethyl ether at various temperatures by passing it through liquid 

dimethyl ether under pressure. The results are summarized in Figure 12. 

With dimethyl ether and nitrogen, no fso-C4 hydrocarbons were pro¬ 

duced at 1 atmosphere. At 30 atmospheres, iso-C4 hydrocarbons were 

obtained in the first few hours of the test, but none could be detected sub¬ 

sequently. Furthermore, the carbon number of the products decreased 

with time, and the activity of the catalyst diminished rapidly. Pichler 

stated that insufficient hydrogenation of the products led to clogging of 

the catalyst and loss of activity17. The decrease of conversion with time 

is compared in Figure 13 with the constant conversion obtained when 

nitrogen was replaced by hydrogen. Under these conditions, the fraction 

of iso-C4 produced remained constant throughout the duration of the runs. 

With zirconium oxide, 19.3 per cent of dimethyl ether was converted to 

iso-C4 hydrocarbons at 150 atmospheres and 450°C. Under the same con¬ 

ditions, the reaction over cerium oxide produced 6.5 per cent conversion. 

No iso-C4 hydrocarbons were obtained with zinc oxide or alumina. With 

diethyl ether and hydrogen, C2 , C3 , and liquid hydrocarbons but neither 

isobutane nor isobutene were obtained over thoria. 
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Thus, in the presence of hydrogen under pressure, the catalytic de¬ 

composition of dimethyl ether but not of diethyl ether results in products 

obtained in the isosynthesis. Patent application St 62,439 covers this 

process which offers a potential saving in the cost of the catalyst. Cheaper 

Figure 12. Products from conversion of ethers over thoria at 450°C (Ci through 
C6+ are hydrocarbons). 

catalysts may be used to prepare methanol and dimethyl ether, thus re¬ 

lieving the load on the expensive thoria. An experiment with a 1:5 mixture 

of ether and hydrogen at 450°C and 300 atmospheres is cited, in which 35 

per cent ether was converted to fso-C4 and 25 per cent to liquid hydrocar¬ 
bons. 

Detailed Characterization of Products 

In addition to the summary analyses already reported, detailed analyses 

of gases and liquids were made in a number of tests where sufficient product 
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was collected lor this purpose. The liquids generally, though not always, 

formed an oil and an aqueous layer. The former contained virtually all of 

the hydrocarbons; the oxygenates were distributed between the two layers 

according to their solubilities. Only the final analytical results are given 

Figure 13. Effect of carrier gas on conversion of dimethylether at 30 atmospheres. 

Table 4. Analysis of Product from Durability Test 

Synthesis Temp. (°C) 425 375 

Yields, g/m3 of inert-free feed gas 

Methane 19.5 0.7 
Ethylene 1.0 0.5 
Ethane 6.2 0.3 
Propene 1.3 0 

Propane 5.5 0 

z'-Butene 7.8 5.2 

z-Butane 60.7 4.5 
n-Butene 3.5 1.0 
n-Butane 6.7 0.3 

C6+ hydrocarbons 20.0 11.6 
Alcohols (mainly methanol) 2.5 6.7 

Dimethyl ether 65.7 

here; particulars of the techniques may be found in References 11, 12 and 

13. 

Hydrocarbons 

An analysis of light hydrocarbons is shown in Table 4. These were col¬ 

lected at 425°C during the first 13 days and at 375°C from the 18th to the 

42nd day of the durability test described on pp. 464 and 465. Particularly 
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noteworthy is the fact that almost fifteen times as much isobutane was 

obtained at 425° as at 375 C. 
The olefinic and aromatic contents of the same products were determined 

by distillation of the unhydrogenated liquids. No attempt was made to 

isolate individual hydrocarbons. Table 5 indicates that the average olefin 

content of the 425°C product was 39 per cent; calculated for an average 

carbon number, it was 34 per cent. The total olefin content of the 425°C 

product was lower than that of the 375°C product (76 per cent). This 

temperature effect is the opposite of that observed in the Fischer-Tropsch 

synthesis. Except for the lowest-boiling fraction, the olefinic and aromatic 

contents increased with increasing boiling points of the fractions. The 

Table 5. Olefins and Aromatics in Liquid Products from 
Durability Test 

Product Collected at: 

Boiling range (°C) 
425°C 375°C 

Olefins Aromatics Olefins Aromatics 

Vol.-per cent 
Average 
C-No. 

(wt-per cent) (wt-per cent) 

21-65 46.0 5.33 39 0 — — 

65-95 15.2 6.87 25 0 51 0 

95-125 10.9 7.72 31 0 89 0 

125-150 10.9 8.89 50 5 91 0 

150-175 5.4 ,~9.9 55 3 — — 

175-195 5.0 ~11 62 31 

trend of the olefin content is also opposed to that, in the Fischer-Tropsch 

process. 
Results obtained with the hydrogenated liquid products of four ex¬ 

periments are summarized in Figure 14; product C is probably from 

the durability test11, although it is stated to have been obtained with 

100ThO2: IOAI2O312. In all cases, the extent of branching of paraffins and 

naphthenes increased with increasing molecular weight. A similar effect, 

though not as great, has been observed in Fischer-Tropsch products. 

Furthermore, alumina appeared to favor multiple branching and formation 

of products containing quaternary carbon atoms. The abundance of such 

compounds also increased with higher molecular weight. 

The thoria-containing catalysts, especially the one with alkali, produced 

more naphthenes than the others, probably from branched paraffins by 

secondary reactions. The naphthenic content increased with increasing 

boiling points of the distillate fractions: While the low-boiling fractions 
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of product C contained no naphthenes, the 64-86°C fraction contained 
about 13 volume-per cent, the 86-103°C fraction 46 per cent, and the 103- 
140°C fraction 74 per cent. More precise fractionation showed the fraction 
boiling at 104-106°C to be 100 per cent naphthenic; between 108 and 114°C 
the naphthene content dropped to 30 per cent, then rose again to 100 per 
cent at 134°C. The low naphthene content in the middle of this temperature 
region was caused by the presence of octanes. 

The 150 to 200°C fraction of the 375°C product from the life test had a 

A B C 0 

Figure 14. Distribution of hydrogenated liquid hydrocarbon products from sev¬ 

eral isosynthesis experiments at 300 atmospheres (Naphthenic compounds are indi¬ 

cated by ////// ). 

strong terpene odor and reacted violently with bromine. Six grams of 
hexamethylbenzene were recovered from the 200-275°C fraction of the 
same product. 

Oxygenated Products 

Ten analyses of oxygenated products are given in Figure 15. Traces of 
isopropanol, 2-methylpropanol-2, and tertiary butanol were also found in 
some of these samples. The C5 group contained mostly 2-methylbutanol-l, 
C6 mostly 2-methylpentanol-l, and C7 mostly 2,4-dimethylpentanol-l; 
the ethers were methylisobutyl and some di-isobutyl ether. Aldehydes 
plus ketones were calculated as isobutyraldehyde, esters as isobutyric- 
isobutyl ester, and acids as isobutyric acid. Comparison of Columns A, 
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E, and C indicates that up to 1 per cent of potassium carbonate in these, 

as in alcohol catalysts, increased the yield of higher alcohols. However, 

Figure 15. Oxygenated products from various isosynthesis experiments with 

1.2H2:1C0. 

the same effect was also obtained by adding zinc oxide to thoria (G), even 

though zinc oxide by itself is a catalyst for the synthesis of methanol; in 

this experiment, the methanol content was actually smaller than in that 

with a pure thoria catalyst (A). Alumina performed according to expecta¬ 

tion: Although the methanol content of the product from experiment (I) 
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\\ as high compared with that of experiment (A), most of the higher alcohols 

were dehydrated, and the amounts of water and ethers had been increased 
accordingly. 

Higher temperatures caused decreases in the alcohol yields and corre¬ 

sponding increases in water yields, probably because of greater dehydro¬ 

genation activity of the catalysts (compare E and B; H, I, and J). The 

ether contents also decreased with increasing temperature. A pressure in¬ 

crease from 300 to 1000 atmospheres (C and D) effected a large increase 

in the relative yields of methanol, ethanol, and propanol, virtually no 

change in isobutanol, and a decrease of alcohol yield with increasing car¬ 

bon number from C5 on. At 300 atmospheres, the C6 to C7 alcohol yield 
either increased or at least did not change with increasing carbon number. 

Determination of Motor Octane Number 

The most abundant constituents of hydrocarbon product C (Figure 14), 

2-methylbutane, 2-methylpentane, and 2,3-dimethylbutane had motor 

octane numbers of 89, 73, and 95. Simple calculation—disregarding devi¬ 

ations due to mixing—showed octane numbers of about 80 for the 72 per 

cent of total liquid boiling below 130°C, 82.5 for the 62 per cent below 

100°C, and 84 for the 47 per cent below 75°C. Actual tests made on mix¬ 

tures obtained with thoria and thoria-alumina catalysts gave motor octane 

numbers of 77.3 to 80.5 before and (in one case) 89.9 after addition of 0.08 

per cent of TEL. Addition of the same amount of TEL to a mixture, con¬ 

taining 6 parts of alkylation gasoline as commercially available and 1 part 

of primary product boiling below 180°C, should result in a calculated oc¬ 

tane number of 99.2. 

Mechanism of Synthesis and Function of Catalyst 

During the time of the laboratory-scale development of the isosynthesis 

in Germany, large-scale industrial expansion of catalytic cracking of 

petroleum took place in the United States, the primary purpose of both 

processes being the production of aviation gasoline7. About the mechanism 

of the latter process, Oblad, Milliken, and Mills8 said that: 

“For the most part, the suggestions concerning the gross aspects of the 

mechanisms involved in catalytic cracking have been deduced from the 

distribution of the products obtained. The cracking of pure compounds 

has shown that many of the secondary reactions occur very rapidly. The 

primary reactions are, therefore, obscure and any conclusions regarding 

the nature of the primary products obtained in catalytic cracking which 

are based on extrapolation of the product composition to zero time are, 

therefore, highly uncertain. . . . Catalytically cracked products . . . contain 

hydrocarbons with a high ratio of isoparaffins to normal paraffins (exceeding 
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the ratio calculated for the thermodynamic equilibrium at cracking tem¬ 

perature), and have a high content of aromatic compounds in the higher¬ 

boiling fractions.” 
Such deductions have also been made concerning the mechanism of the 

isosynthesis, the hydrocarbon distribution of which bears a certain simi¬ 

larity to that obtained with cracking catalysts. 
As in the synthesis of methanol or of higher alcohols, formaldehyde may 

be assumed to have been a first reaction product. This compound may grow 

(by a variety of postulated mechanisms13' 16) to yield methanol and alpha- 

branched alcohols, especially isobutanol, which were the first identifiable 

reaction products found under conditions of synthesis (low temperature 

- Minor products b = + C2H5OH-H2O 

-Troces c « + n - proponol-H20 

£_I] Not present d = + isobutonol -H20 

Figure 16. Chain growth in the alcohol syntheses1. 

and high pressure) under which further secondary reactions were largely 

suppressed. Anderson, Feldman, and Storch have pictured (Figure 16) a 

growth mechanism for alcohols, based on isosynthesis data and involving 

addition of carbon principally at the beta-carbon of the alcohol, that may 

apply equally well to the alcohol- and the isosyntheses, at least up to C4h 

According to these authors, the over-all reactions of synthesis gas to form 

alcohol may be represented in two ways, depending on whether water or 

carbon dioxide is the main by-product: 

2nH2 + nC.O -> C„H2n+1OH + (n - 1)H20 (1) 

(n + 1)H2 T- (2n — l)CO —■> CnH2n+iOH -f- (n — 1)C02. (2) 

They drew the following conclusions from the thermodynamics of these 

reactions: 

“The thermodynamics of these reactions have not been completely in- 
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vestigated. . . . The equilibrium constants of Eqs. (1) and (2) decrease 

rapidly with increasing temperature, and the temperatures at which the 

equilibrium constants equal 1 may be taken as the upper limits at which 

sizable yields of alcohols may be obtained at low operating pressures. For 

reactions (1) and (2), respectively, these temperatures are 238 and 318°C 

for ethyl alcohol, 316 and 358°C for 1-propanol, and 330 and 378°C for 

1-butanol. For methanol, Eqs. (1) and (2) are identical and the equilibrium 

constant is unity at 146°C. Thus, at any given temperature, reactions of 

the second type are thermodynamically favored over corresponding reac¬ 

tions of the first type and the synthesis of alcohols of higher molecular 

weight is more likely thermodynamically than alcohols of lower molecular 

weight in both cases. However, the production of paraffins and olefins is 

thermodynamically favored over that of alcohols under sjmthesis condi¬ 

tions. In addition, dehydration of alcohols to olefins and their subsequent 

hydrogenation to paraffins are thermodynamically possible under most 

synthesis conditions. Hence, the production of alcohols depends upon the 

selectivity of the catalyst as well as upon thermodynamics.” 

At higher temperatures, catalytic dehydration of alcohols led to the 

formation of ethers and, under more severe conditions, of hydrocarbons 

and water. Similarly, reaction of dimethyl ether with two moles of form¬ 

aldehyde to yield isobutanol and two moles of water, or dehydration of 

dimethyl ether to ethylene and water, and reaction of ethylene with another 

molecule of dimethyl ether to yield isobutene and water have been assumed 

to account for the product distribution obtained in the experiments with 

dimethyl ether11. The tendency of alcohols toward dehydration increased 

with molecular weight and extent of branching. The occurrence of cyclic 

hydrocarbons and lack of cyclic alcohols indicate that ring formation took 

place during or after dehydration of the alcohols. Paraffins were presum¬ 

ably produced by hydrogenation of olefins. 
Concerning the higher (presumably C&+) olefins, Pichler and Ziesecke 

stated that their formation by dehydration of higher alcohols over thoria 

is accompanied by equilibration of isomers. Whether synthesis gas might 

inhibit isomerization during the synthesis appears not to be known, how¬ 

ever. They suggested that lack of isomeric equilibrium of olefins produced 

in the isosynthesis and the virtual absence of C5+ alcohols below 300 at¬ 

mospheres indicate that the bulk of the olefins was not formed by direct 

dehydration of the corresponding alcohols11. Instead, these olefins were 

probably formed by dehydration ol alcohols of lower moleculai \\ eight 

and polymerization of the resulting olefins. Since thoria piomotes isom¬ 

erization of olefins more than their hydrogenation at the temperatures ol 

the isosynthesis, isomerization may have proceeded faster than hydrogen- 

ation in some cases. II, furthermore, isomerization of paraffins ovei thoiia 
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is assumed to be negligible, their composition must correspond to that of 

the olefins. 
A mechanism of growth of straight chains and subsequent isomerization 

of paraffins is ruled out from consideration of Figure 17, which shows the 

isomerization equilibrium of butane as a function of temperature. While 

the Fischer-Tropsch reaction at atmospheric pressure resulted in less than 

10 per cent of isobutane at 190°C, indicating that growth of straight chains 

predominated, the isosynthesis yielded less than 10 per cent of normal 

butane at 450°C, an isomer ratio that would have been impossible to attain 

by isomerization of n-butane in the whole range of temperatures shown in 

this figure. The same reasoning applies to the pentane and hexane fractions. 

Since by far the largest portion of the higher hydrocarbons could not 

have been formed by isomerization of normal paraffins nor by dehydration 

Figure 17. Isomerization equilibrium of butane (columns indicate distribution of 

product from Fischer-Tropsch synthesis at 190°C and from isosynthesis at 450°C). 

of the corresponding alcohols, they must have resulted from polymeriza¬ 

tion, alkylation, and cyclization, mainly of C2 to C4 hydrocarbons. Also, 

because of the low concentration of olefins, alkylation probably occurred 

more rapidly than polymerization. Chromia, a dehydrogenation catalyst, 

was most active in cyclization; thoria was intermediate; and alumina, a 

dehydration catalyst, was poorest. Equilibrium between paraffinic and 

cyclic compounds and between naphthenes and aromatics appears to have 

been closely approached in the isosynthesis, at least at the higher tempera¬ 

tures. Below 400°C high-boiling, viscous polymers were formed. 

Aldehydes and acids may have been formed as primary products, or the 

former by dehydration of the alcohols and the latter by addition of carbon 

monoxide to aldehyde. The large amounts of esters (formed from the acids) 

present at high pressure may indicate that high pressure favors their 

formation or—if they are formed at high temperatures and low pressures 

—that they can be dehydrated to yield ketones and unsaturated hydro¬ 
carbons. 
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Thus,, the isosynthesis process appears to involve the formation of alco¬ 

hols (primarily methanol and isobutanol) and their dehydration, followed 

by or concurrent with hydrogenation, polymerization, and alkylation. Al¬ 

though the functions of the catalyst are reasonably well established, the 

choice of the best catalytic components is still an empirical one. 

Thorium, aluminum, and tungsten oxides are known to be very effective 

in dehydrating ethyl alcohol. These are the same oxides that were most ac¬ 

tive in the isosynthesis. However, aluminum and tungsten oxides per se 

were undesirable because of their tendency to form carbon and methane. 

The oxides from chromium to vanadium are not suitable catalysts for de¬ 

hydration and showed little activity in the isosynthesis. The oxides from 

zinc to copper (the latter prepared at low temperatures) were suitable 

neither as catalysts for dehydration of ethanol nor as one-component cata¬ 

lysts for isosynthesis. In thoria-alumina catalysts, which are best for the 

isosynthesis, the dehydrating action of thoria is promoted by alumina. 

Under conditions of the synthesis, thoria is far more active than the other 

oxides in hydrogenating carbon monoxide to alcohol and in dehydrating 

the alcohol. That thoria has two primary functions in the isosynthesis is 

proved by the fact that it can be replaced by a two-component catalyst, 

zinc oxide-alumina, in which one component is a hydrogenating and the 

other a dehydrating agent. To obtain increased isomerization and cracking 

activity, Bloch and Schaad2, as well as Grahame5 have added silica to the 
catalyst. 
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CHAPTER 6 

METHANATION 

Murray Greyson 

Physical Chemist, Bureau of Mines, Pittsburgh, Pa. 

Introduction 

Since 1902, when Sabatier and Senderens1’2 first produced methane by 

passing mixtures of carbon monoxide, carbon dioxide, and hydrogen over 

finely divided metals, the catalytic synthesis of methane has been the sub¬ 

ject of a large amount of experimental work. In many geographical areas 

where natural gas reserves are small or nonexistent, the catalytic synthesis 

of methane is looked upon as a possible method for obtaining large supplies 

of high-heating value fuel gases from coal. Methanation reactions have also 

been used for purifying hydrogen of undesired oxides of carbon. Another 

field of study has been the investigation of techniques that will prevent the 

methanation reactions from occurring; an experimental direction that is 

illustrated by the work in Fischer-Tropsch syntheses, in which methane 

and other low molecular-weight saturated hydrocarbons are undesirable 

products of the reactions of hydrogen and carbon monoxide. 
Although the catalytic hydrogenation of the oxides of carbon is actually 

a part of the more generalized reaction systems associated with the Fischer- 

Tropsch syntheses, and is normally treated as such, the growing industrial 

interest in methanation in the LTnited States suggests that this subject be 

treated as a separate and distinct entity. This chapter will, therefore, at¬ 

tempt to bring together some important facts concerning the reactions of 

hydrogen and the oxides of carbon that produce methane, the catalysts 

that are used to bring about these reactions, and the conditions of synthesis 

that appear to be best for the production of methane. 
Most of the chapter emphasizes work done in the hydrogenation of car¬ 

bon monoxide, and very little of the material deals with the reactions of 

carbon dioxide; a situation that has arisen because of the meager amount 

of information that is available on the latter system. This is not too serious 

a problem, however, since it is generally found that the catalysts which are 

active for the former system are also active tor the latter one. 

Since the subject has been actively studied for a period exceeding fifty 

years, the reference material is somewhat voluminous, and a selection of 

473 
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references had to be made. Enough reference material is included, however, 

to allow detailed literature searches to be made by individuals who are in¬ 

terested. 

Chemistry and Thermodynamics of Methanation 

Chemistry of Methanation 

The catalytic production of methane from carbon monoxide and carbon 

dioxide can be described by the following reactions: 

3H2 + CO CH4 + H20 (1) 

2H2 + 2CO CH4 + C02 (2) 

4H2 + C02 CH4 + 2H20 (3) 

For all practical purposes, it can be assumed that reaction (2) 

nation of reaction (1) and the water-gas-shift reaction, 

is a combi- 

CO + HoO ^ C02 + H2 (4) 

Some credence is lent to this assumption by the fact that the carbon di¬ 

oxide concentrations of a product gas are observed to fall off rapidly with 

increases in hydrogen-carbon monoxide ratio of the synthesis gas in reac¬ 

tion systems that are not at equilibrium3'4i 6’ 6, a phenomenon that is illus¬ 

trated in Figure 1. If reaction (2) were a primary reaction, it would be 

necessary to postulate some mechanism by which the carbon dioxide is 

removed from the product gas. Only two reactions in the system can pos¬ 

sibly serve as vehicles for the removal of carbon dioxide. The first reac¬ 

tion is the hydrogenation of carbon dioxide via reaction (3). Experimental 

evidence has shown, however, that carbon dioxide will not hydrogenate in 

the presence of carbon monoxide6'7’ 8. The second way in which this com¬ 

ponent can be removed from the system is through the reverse of reaction 

(4). Examination of the free energy changes for this reaction, which are 

shown in Figure 2, reveals that it is extremely unlikely that carbon dioxide 

would be consumed in the temperature range from 200 to 400°C, the tem¬ 

perature range in which most previous experimental work has been done. 

These, plus the additional observations that the water-gas-shift equilibrium 

is easily satisfied over nickel catalysts9, a phenomenon that would make 

the carbon dioxide concentration extremely sensitive to the concentration 

of carbon monoxide in the system, indicate that reaction (2) is not a pri¬ 
mary reaction. 

Another reaction that occurs to a varying extent during the catalytic 

synthesis of methane is a decomposition of carbon monoxide to carbon and 
carbon dioxide, 

2CO ^ C + C02. (5) 
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This reaction is of interest because it tends to reduce the efficiency of a 

process by consuming carbon monoxide, and because the deposition of 

Figure 1. Water vapor and carbon dioxide as function of H2/CO ratio at 350°C 

and 1 atmosphere. (From Ref. 6) 

Figure 2. Free energy changes as functions of temperature. (From Ref. 10) 

carbon can plug a reactor and prevent the free passage of reactant gases 

through the reactor tube. The problem of carbon deposition is one that 
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appears in a great deal of the published experimental work and is, perhaps, 

one of the most serious problems that must be dealt with in both small- 

and large-scale experimental work. 

Thermodynamics 

One of the most important thermodynamic factors in this type of reac¬ 

tion system, with respect to catalyst life and process design, is the heats of 

reaction, which are shown as functions of temperature from 0 to 1500°K in 

Figure 3, and tabular form from 0 to 726.8°C (Table l10). All of the reactions 

are exothermic and, except for reaction (4), the heats of reactions are very 

high and only slightly dependent on temperature. These high heats of re- 

Figure 3. Heats of reactions as functions of temperature. (From Ref. 10) 

action, although creating few serious operating problems in small laboratory 

experiments, have proved to be the source of severe operating difficulties 

in large-scale process equipment because of the problem of removing large 

quantities of heat from large catalyst beds. Unless the heat is successfully 

removed from the catalyst bed, high feed-gas throughputs can produce 

excessive catalyst-bed temperatures that can, in addition to destroying the 

activity of the catalyst, cause poor methane yields. An idea of the effect 

of temperature on the reaction system may be obtained from Figure 4, 

which shows the equilibrium constants for the various reactions associated 

with the methanation system as functions of temperature. 

Calculations of the theoretical equilibrium compositions of the hydrogen- 

carbon monoxide system have been made by Dent et al.4 of the British Gas 

Research Board. However, since the equilibrium constant used in these 
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calculations differed appreciably from those published by the United States 

Bureau of Standards10, the compositions of the system were recalculated 

by Greyson et dl.h, who used the data published by the Bureau of Standards. 

Compositions were determined for the temperature range 500-900°K, 

which range is of most practical interest for industrial processing, for pres- 

Figure 4. Equilibrium constants as functions of temperature. (From Ref. 10) 

Table 1. Heats of Reaction1 

Reac- 
AH° (Kcal) 

tion 
0°C 126.8°C 226.8°C 326.8°C 426.8°C 526.8°C 626.8°C 726.8°C 

1 -49.271 -50.353 -51.283 -52.062 -52.703 -53.214 -53.610 -53.903 

2 -59.109 -60.063 -60.803 -61.356 -61.754 -62.016 -62.162 -62.214 

3 -39.433 -40.643 -41.763 -42.768 -43.652 -44.412 -45.058 -45.592 

4 -9.838 -9.710 -9.520 -9.294 -9.051 -8.802 -8.552 -8.331 

5 -41.220 -41.226 -41.435 -41.501 -41.463 -41.353 -41.193 -40.997 

sures of 1, 10, and 25 atmospheres, and for hydrogen-carbon monoxide 

ratios from 0.5 to the limiting ratio above which carbon deposition does not 

occur, assuming that complete equilibrium is realized for reaction (1), (4) 

and (5), simultaneously. The results of these calculations are summarized 

in Figures 5, 6, and 7. 
Methane yields, which are summarized in Figure 5, are most critically 

affected by temperature and synthesis-gas ratio, the methane yields being 

highest at the lower temperatures and higher synthesis-gas ratios. Owing 
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Figure 5. Equilibrium methane yields. (From Ref. 5) 

Figure 6. Equilibrium carbon dioxide and water yields. (From Ref. 5) 
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to the high conversion of synthesis gas at the lower temperatures, pressure 

does not appreciably affect methane yields until temperatures of approxi¬ 

mately 700°K are exceeded. Above this temperature, increases in pressure 
produce increased methane yields. 

Water-vapor yields, which are shown in Figure G, respond to variations 

in temperature in a manner similar to that of methane, except that the 

pressure effect is not as pronounced. The effects of synthesis-gas ratio are 

not as great, and a peak yield is reached at all pressures at a ratio of ap- 

FIGURE 7 — DEGREE OF CARBON DEPOSITION 

FROM REFERENCE 5 

Figure 7. Degree of carbon deposition. (From Ref. 5) 

proximatelv 1.0. Pressure increases, although tending to increase the yields 

of water, do not have appreciable effects on the system and, except at the 

highest temperatures, may be ignored. 
Figure 6 also summarizes the theoretical yields of carbon dioxide. The 

yield of this particular component appears to be, primarily, a function of 

synthesis-gas ratio. A very small temperature effect can be observed, but 

in general, it, as well as the pressure effects, may be ignored. 
The effects of temperature, pressure, and synthesis-gas ratio on the de¬ 

gree of carbon deposition are shown in Figure 7. Below ratios of 1.5 to 2.0, 

temperature increases tend to favor decreased carbon deposition; however, 
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above these ratios, temperature increases above approximately 600°K 

tend to favor increased deposition. Despite these temperature effects, the 

degree of carbon deposition is, primarily, a function of synthesis-gas ratio. 

As with other components of the system, pressure exerts a maximum in¬ 

fluence at the highest temperatures, and may, for all practical purposes, be 

ignored at the lower temperatures. 

The carbon deposition boundaries, or limiting synthesis-gas ratios above 

which carbon will not deposit, are shown in Figure 8 for the temperature 

range 500 to 1400°K, and for pressures of 1, 10, and 25 atmospheres. The 

largest effect of pressure is exerted on this characteristic of the reaction 

system, increases in pressure tending to decrease the minimum ratio re- 

Figure 8. Carbon deposition boundaries. (From Ref. 5) 

quired for the prevention of carbon deposition. Maximum pressure effects 

are observed, as with system components, in the temperature range 800 
to 1000°K. 

It can be concluded from the preceding data that catalyst beds should 

be operated at the lowest temperatures that are consistent with catalyst 

activity, and with synthesis gases having hydrogen-carbon monoxide 

ratios at or above the limiting boundary ratio. Pressure conditions are, as 

a genet al rule, not too important under these conditions. If, however, syn¬ 

thesis gases having ratios appreciably less than the boundary values are 

used, the reactions should be carried out at elevated pressures of the order 

of 10 to 25 atmospheres. This method of operation would tend to reduce 

the quantity of carbon that is deposited on the catalyst particles. Unfor¬ 

tunately, operation of reaction equipment at elevated pressures, and/or 
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high feed-gas throughputs produces excessive quantities of heat, which, 

unless adequate means for removal are available, tend to increase catalyst- 

bed temperatures and decrease methane yields. High catalyst-bed tem¬ 

peratures also require higher boundary synthesis-gas ratios and can result 
in excessive carbon deposition on the catalyst. 

A problem that has arisen in connection with heat transfer in catalyst 

beds is the interpretation of much of the experimental data that has been 

published in connection with methanation. In most instances, either initial 

feed-gas temperatures, or final exit-gas temperatures, or both, are reported. 

In very few instances have actual catalyst-bed temperatures been reported. 

As a result, it is extremely difficult to determine temperature effects on 

yields of components and carbon deposition. Owing to this lack of informa¬ 

tion, the reader is cautioned about attempting to interpret the tempera¬ 

tures reported here until a full evaluation of the experimental techniques 

and the heat-transfer limitations of the equipment have been made. 

Catalysts 

Work Prior to 1940 

Some of the materials that were tested for methanation activity during 

the years between the initial discovery of the synthesis in 1902 and 1939 

are listed in Tables 2 and 3. Most of these studies have been well sum¬ 

marized by Berkman, Morell, and Egloff45, and by Lazier46, and need not 

be repeated here. Some of these experiments, however, give insight into 

some of the more recent studies, and a brief discussion of these works is in 

order. It must be recognized, however, that much of the early work was 

limited by a lack of understanding of the effects of sulfur poisoning, and, 

as has been discussed previously, by an ignorance of operating temperatures. 

Sabatier and Senderens2, extending their work on synthesis, found that 

copper, iron, palladium, and platinum were not active methanation cata¬ 

lysts. Vignon11, on the other hand, found that methane could be produced 

by passing mixtures of carbon monoxide and steam over iron at 950°C. 

These observations, in contrast with those of Sabatier and Senderens, and 

later to those of Tropsch and Schellenberg47, could only be explained on the 

basis of a water-gas-shift reaction followed by the hydrogenation of carbon 

monoxide to methane. This situation, involving what appeared to be con¬ 

tradictory data, was clarified some months later when Fischer and 

Tropsch15, working with iron catalysts at elevated pressures, found that, 

although negligible quantities of methane formed at 400 to 430 C and 

atmospheric pressure, considerable quantities of the gas formed in the same 

temperature range at pressures of 40 to 45 atmospheres. 
In general, most of the very early work on methanation catalysts was 

done with metallic nickel catalysts. In 1914, Jochum12 described the metha- 
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nation of mixtures of hydrogen and carbon monoxide with hydrogen-carbon 

monoxide ratios ranging from 1 to 5 over nickel supported on unglazed 

Table 2. Catalysts for the Methanation of Carbon Monoxide 

and Hydrogen 

Catalyst Ref. Catalyst Ref. 

Ag 18, 37 Ni3C 27 
Co 2, 9, 18, 33 Ni with alkali 20 
Cu 11 Ni with ceria 44 
Fe 11, 15, 18 Ni with chromium acetate 44 
Fe from Fe(CO)5 35 Ni with ammonium vana- 44 

date 
Ir 18 Raney alloy 34 
Mo 18, 37, 42 Si02 11 
Ni 1, 2, 7, 9, 11, 16, Co + Zn + Mn + clay + 30 

18, 20, 33, 36, alkali 
42 

Ni-Mn 36 Fe + Ni + Cr on activated 32 
carbon 

Os 18 Ni on AI2O3 32 
Pci 18 Ni-Mn with A1203 36 
I’d sponge 13 Ni with A1 and Mn on kie- 38 

selguhr 
Pt 18 Ni on activated carbon 38 
Rh 18 Ni on activated C with 18% 28 

Th02 
Ru 18 Ni + FeC03 with A1 and 38 

Mg on kieselguhr 
AI2O3 11 Ni + MgO 29 
Fe activated by A1203 35 Ni, Mn, Mg, Zn, V, Cr, Al, 

Pb 
Fe activated by MeOH 35 as hydroxides, molybdates 23 
Fe activated by NHjOH 35 Vanadates on asbestos—to- 

gether or alone 
Fe oxide 35 Ni on granules of MgO 17 
MgC03 37 Ni on porcelain 12, 26 
MgO 11 Ni on pumice 19 
MoS2 42 Ni + promoters on pumice 14 
Ni—sugar charcoal— 22 Ni on sugar charcoal 21 

pumice 
Ni with silica gel 42 Ni with thoria and ceria on 43 

carbon 
Mo with silica gel 42 MoS2 with silica gel 42 

porcelain, and in 1923, Medsforth14 reported that the activity of supported 

nickel catalysts could be enhanced if dehydrating agents such as alumina 

were incorporated into the catalysts. An interesting sidelight of the effects 
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of promoters is illustrated by the work of Kiister41 who observed that the 

addition of copper and cobalt to nickel catalysts decreased the activity of 

these catalysts, whereas the addition of these same materials enhanced the 

activity of iron catalysts, an effect that can be partially explained by the 

fact that copper, when added to iron catalysts, reduces the temperature 
that is required for the reduction of the oxides of iron63. 

Materials other than nickel were tested for methanation characteristics, 

but in most instances the work was extremely limited. Ruthenium was 

found to produce large quantities of methane18’ 39, but the scarcity of the 

metal did not appear to encourage a great deal of experimental work. Se¬ 

bastian42, in 193G, reported that molybdenum sulfide catalysts supported 

Table 3. Catalysts for the Methanation of Carbon Dioxide and 

Hydrogen 

Catalyst Ref. 

Co 2, 23 
Fe 41 
Fe with Cu and Co 41 
Ni 1, 2, 33, 7 
C0SO4 with CuO and MnO 40 
Ni on MgO granules 17 
Ni on porcelain 12, 24, 25 
Ni on porcelain with ceria 25 
Ni on pumice 31 
Ni -f- promoters on pumice 14 
Ni with thoria and ceria on C 43 

Ru on asbestos 39 

Ru-Th on asbestos 39 

on silica gel, although less active than nickel catalysts, were resistant to 

the poisoning effects of sulfur. Some aspects of this work were repeated by 

the British Fuel Research Board48 in 1938, and it was observed that, in 

addition to activities that were appreciably lower than nickel catalysts, 

molybdenum sulfide catalysts produced excessive quantities of carbon depo¬ 

sition. 
Work of British Fuel Research Board. Major developments in metha¬ 

nation technology actually began with the ivork of the British Fuel Re¬ 

search Board49 on supported-nickel and cobalt catalysts in 1939. This work 

initiated a six-year program on the development of catalysts and processes 

for the industrial production of methane. The catalysts used in this work 

were prepared by precipitating the metals and promoters onto acid-ex¬ 

tracted kieselguhr from solutions of the nitrate salts of these elements. 

Catalysts were then reduced with hydrogen, and tested under various con- 
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ditions of synthesis, which included tests to determine the sulfur resistivity 

of catalysts. 
The composition of the catalysts materially affected both the relative 

ease of reducing the catalysts, which is illustrated in Table 4, and the sulfur 

resistance of these materials. The later effect of composition of three of the 

catalysts is shown in Figure 9. The activity of the four catalysts, however, 

was reported to be approximately the same, although the thorium-pro- 

Table 4. Conditions of Reduction, Fuel Research Board Catalysts49 

Catalyst Conditions of Reduction 

No. Composition (pts. by wt.) Duration (hrs.) Temp. (°C) 

I 100 Co:18ThO2:100 Kieselguhr 24 375 

II 100 Ni:18ThO2'-100 Kieselguhr 3 450 

III 90 Ni: lOCu: 18Th02:100 Kieselguhr 3 350 

IV 90 Ni:10Cr203:18Th02:100 Kieselguhr 3 450 

Sulfur 
Curve Catalyst Temperature “C. g/m3 h2/co 

1 I 350 625 3.4 
2 H 350 265 36 
3 m 450 265 36 

Figure 9. Effects of sulfur on catalyst activity. (From Ref. 49) 

moted-nickel catalyst, catalyst II, appeared to have a slightly higher initial 
activity than the rest. 

At 350°C, the temperature at which most of these tests were reported to 

have been performed, increases in hydrogen-carbon monoxide ratios of the 

reactant gas resulted in decreased concentrations of carbon dioxide in the 

effluent gas. Space-velocity effects were more complex, however, and could 

not be defined as clearly as the effects of hydrogen-carbon monoxide ratio. 

It was found, however, that the carbon dioxide-methane ratios in the 

effluent gas increased, whereas the concentration of saturated hydrocarbons 

in the effluent gas decreased with increases in space velocity. 
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One observation that was made during these tests appears to throw a 

little more light on the question of which reactions occur during the syn¬ 

thesis of methane. Figure 10 shows both the volume contraction and the 

carbon dioxide concentration of the effluent gas as functions of time after 

initiation of synthesis with a sulfur-containing reactant gas. The increase 

in carbon dioxide concentration that is shown here, as contrasted with the 

decrease in volume contraction, would indicate that, although the metha- 

nation centers in the catalysts are poisoned by sulfur, the sites upon which 

the water-gas-shift reaction occurs are not materially affected. A conclusion 

Catalyst I - IOO CO: 18 Th02:100 kieselguhr 
Reoctant gas- H2/CO • 3.4 
Sulfur content of reoctont gas — 0-5 6 days 0 

5.6- 16 days 2.10g/m’ 
Temperature of operation-350°C. 
Space velocity-200c.c. per hour per g cotolyst 

Figure 10. Effect of sulfur on catalyst activity. (From Ref. 49) 

that might be drawn from these results is that the water-gas-shift reaction 

takes place on catalyst sites that are independent and of a different nature 

than those on which the methanation reactions occur. Another conclusion 

is that the same sites are utilized for both reactions, but that the relative 

rates of reaction are so affected that the chance of an adsorbed carbon 

monoxide molecule undergoing a shift reaction is greater than the chance of 

it undergoing a hydrogenation. 

Work Since 1940 

The work after 1940 can be considered to have been done in two phases. 

The first phase was the continuation of the work of the British Fuel Re¬ 

search Board that was done by the Fuel Research Station6 in conjunction 
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with the British Gas Research Board4-60-61 and which was completed in 

1945. The second phase was initiated by the United States Bureau of 

Mines with the work of Cooperman et al.b2 in 1951, and has continued to 

the present with the work of Wainwright et al,53 and Greyson et al.K In 

general, both phases of work have been concerned with finding catalysts 

and developing processes for the industrial production of methane, and as 

a result, the more academic aspects of the catalyst studies have been ig¬ 

nored or neglected. However, sufficient data exists to present a fairly clear 

picture of the problems that exist and the advances that have been made 

in methane technology. 
Since most of the work has been directed toward practical development, 

rather than fundamental catalyst research, it would be best to describe, 

briefly, the aspects of catalyst studies that have been emphasized, and the 

underlying motivation for these studies. The discussion is extremely im¬ 

portant, since no study has led to the successful solution of any of the prob¬ 

lems that have proved to be obstacles in the development of a successful 

commercial-scale operation. 
Although many of the materials studied for use as methanation catalysts 

have been found to be of limited initial methanation activity, and/or of 

poor methane specificity, most nickel and supported-nickel catalysts ini¬ 

tially produce relatively high yields of methane, and little or no yields of 

higher molecular-weight hydrocarbons. All methanation catalysts, how¬ 

ever, including nickel, suffer from slow losses of activity during synthesis, 

and these activity losses can prove to be more critical than the initial 

activity and specificity of the catalysts, with respect to catalyst cost and 

equipment maintenance time. Losses in activity can result from high operat¬ 

ing temperatures, which appear to cause destruction of the active structure 

of the catalyst, from normal operating temperatures, for which no good 

explanation can be given, and from exposure to sulfur compounds, which 

produce permanent losses of activity in the catalyst. 

In addition to loss of activity, most catalysts that have been tested ap¬ 

pear to be subject to some degree of carbon deposition, the extent of which 

is determined by the synthesis-gas ratio, the conditions of synthesis, and 

the particular catalyst that is used. Carbon deposition, in any appreciable 

degree, although appearing to have no effect on catalyst activity, results 

in poor process efficiency, and unit operating difficulties, which arise from 

the plugging of reaction tubes with carbon. 

Catalyst-Testing Equipment. Most equipment used for fixed-bed 

catalyst testing is similar in design. Figure 11 shows a type of unit used by 

the British Gas Research Board4. The unit consists of a vertical silica tube, 

^IQ-ineh. in diameter and 8-inches long, enclosed in a steel shell, which serves 

to reinforce the reactor tube during operations at elevated pressures. The 

reaction tube is heated by an electrically heated furnace. 
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Similar equipment was used by the United States Bureau of Mines5, 

and diagrams of the reactor tube and gas-flow s}^stem are shown in Figures 

12 and 13. This unit consists of a vertical seamless steel reaction tube, 

3/2-inch in diameter, surrounded by a steel jacket containing a boiling liquid 

coolant. The unit is heated by electrical coils wound around the coolant- 
jacket wall. 

In addition to the fixed-bed equipment, the Bureau of Mines also con¬ 

ducted catalyst-evaluation studies in bench-scale fluidized-catalyst equip¬ 

ment, a type of which is shown, together with the gas-flow system, in Fig¬ 

ures 14 and 15. The unit shown in Figure 14, which utilizes a multiple-feed 

Figure 11. Typical catalyst-testing apparatus used by British Gas Research 

Board. (From Ref. 4) 

type of gas-inlet arrangement, is fabricated from a 1-inch diameter seam¬ 

less steel tube, 6-feet high, enclosed in a 3-inch diameter heat-exchange 

jacket containing a boiling liquid coolant. The gas-flow system, which is 

shown in Figure 15, allows the reactant gas, with or without the addition 

of recycled product gases, to be fed into the bottom of the tube. Product 

gases are taken off the top of the unit after the gas passes through two 

stainless steel porous filters. The unit was heated by electrical coils wound 

around the outside wall of the heat-exchange jacket. 

The additional feed-gas inlet points that are placed in the sides of the 

reaction tube allow for better temperature control of the catalyst bed by 

providing means for distributing reactant- and recycle-gas flows over the 

length of the catalyst bed. 
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Catalysts. The Group VIII transition elements, mainly iron, nickel, and 

cobalt, appear to be the most suitable for use as methanation catalysts; 

although other materials, in raw or modified forms, have been used to 

catalyze the methanation reactions. Some idea of the variety of materials 

that have been tested may be obtained from the qualitative catalyst-ac¬ 

tivity tests performed by the British Gas Research Board4. Working with a 

sulfur-free reactant gas having a synthesis-gas ratio of 2.5 at a pressure of 

50 atmospheres, in the temperature range from 600 to 1000°C, and at a 

space velocity* of 10,000 hr-1, they found that calcium oxide, porous pot 

Figure 12. Fixed-bed catalyst reactor. (From Ref. 5) 

(a type of sintered clay), and porous pot with added alkali all produced 

excessive quantities of carbon and very little methane. Iron and molyb¬ 

denum, although also subject to heavy carbon deposition, produced con¬ 

siderable quantities of methane; nickel and cobalt, in contrast to iron and 

molybdenum, produced high yields of methane and very little carbon. 

It is of interest to note here, as well as throughout this chapter, that any 

one of the reactions in this system can take place preferentially. In this 

instance, there is evidence that reaction (5) occurred preferentially in a 

synthesis-gas ratio region, in which the equilibrium formation of carbon 
would have been negligible. 

Materials, such as molybdenum sulfide4, stainless steel54, and thorium- 

promoted copper55 have also been studied. The molybdenum-sulfide studies, 

* Space velocity—volumes of reactant gas per hour (N.T.P.) per catalyst-bed 
volume. 
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which were, in effect, repeated studies of the work of Sebastian42, and the 

Fuel Research Board48 were made at 50 atmospheres of pressure, and at 

60s sompler 

Figure 13. Flow diagram of fixed-bed catalyst testing apparatus. (From Ref. 5) 

Figure 14. Multiple-feed fluidized-catalyst reactor. (From Ref. 5) 

temperatures of 500, 600, and 700°C, with reactant gases having hydrogen- 

carbon monoxide ratios of 3.0, and containing from 200 to 2000 grains of 

sulfur, as carbon disulfide, per thousand cubic feet, ihis catalyst proved to 

be resistant to the effects of sulfur but was much less active than nickel, 
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a conclusion that had been arrived at by the previous investigators. It was 
also observed that the resistance of this catalyst to thermal effects was 
very poor, the activity of the material at (i00°C being greatly reduced after 
a short period of synthesis at 700°C. 

Limited studies of the effects of the various promoters and supports 
used with various catalysts have also been made. Alkali materials when 
used as catalyst promoters were found to poison the ability of a catalyst to 
produce methane66’ 67, although the types of alkali used to precipitate the 
catalysts from solution had little effect on the initial activity of these ma¬ 
terials56. Russell and Miller57 also found that cerium-promoted cobalt cata¬ 
lysts supported on natural kieselguhr produced only methane from carbon 

Figure 15. Multiple-feed fluidized-catalyst reactor flow diagram. (From Ref. 5) 

dioxide and hydrogen, in contrast to the same catalyst supported on a flux- 
calcined kieselguhr, which produced high yields of liquid hydrocarbons. A 
further discussion of the effects on catalysts of calcining kieselguhr ap¬ 
pears on pages 498-49963. 

Despite the variety of materials that have been studied, the most in¬ 
formative work to date has been done on iron and nickel catalysts of various 
compositions, and as a result, the discussion of catalyst and process vari¬ 
ables, which follows, must be limited, primarily, to these materials. 

Iron Catalysts. Iron catalysts, in general, produce small yields of 
methane, and are subject to heavy carbon deposition even at high hydro¬ 
gen-carbon monoxide ratios. I he over-all synthesis charcteristics of a 
number of iron catalysts tested by the United States Bureau of Mines have 
been summarized in Table 55. 

The United States Bureau of Mines, in particular, made a fairly com- 
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plete variable study of a reduced and nitrided steel-shot catalyst, which 

contained, in the raw state, approximately GO per cent iron, 6.58 per cent 

silicon, 0.47 per cent carbon, and 0.23 per cent sulfur; the remainder of the 

catalyst probably consisted of oxygen, the concentration of which was not 
determined analytically. 

The effects of temperature on the activity and specificity of this catalyst 

in a fluidized catalyst-bed type of reactor, which are shown in Figure 16, 

are typical of those observed with other iron catalysts in the same type of 

Table 5. Bureau of Mines Fixed-Bed Iron-Catalyst Tests5 

Material Pretreatmenta H2/CO Temp. 
(°C) 

Pressure 
(psig) 

Space Velo¬ 
city (hr-1) 

Per cent& 
CH4 

Life (hrs.) 

Cuban iron ore Reduced 1.0 250-320 0-300 100-300 4-37 942c 
Cuban iron ore Reduced 2.0 320-380 300 300 13-36 750+ 
Fused iron Reduced 2.0 240-400 300 100-300 4-31 1012c 

and ni¬ 

trided 

Fused iron and Reduced 2.0 240-312 0-300 100-300 4-28 726c 
ball clay and ni¬ 

trided 

Iron and alu- Reduced 2.5 340-360 300 300 12 245c 
miria precipi¬ 

tated on kaolin 

Iron, nickel, Reduced 1.0 240-270 300 300 27-40 1460* 
magnesia, and and ni- 

silica trided 

a Reduction with hydrogen, 375-400°C, 100 psig. 

Nitrided with anhydrous ammonia, 375°C, 0 psig, until e-phase iron nitride was 

obtained. 

6 Based on product gas that is free of water and carbon dioxide. 

c Reaction tube blocked with carbon. 

* Some carbon deposition. 

equipment. It would appear from these data, that temperatures must be 

increased above 335°C to increase the yields of methane and reduce the 

yields of hydrocarbons with chain lengths having more than 3 carbon atoms. 

At these high temperatures, however, the degree of carbon deposition on 

the catalyst, which is not shown in the figure, becomes excessive. Although 

the addition of steam to the reactant gas inhibits the formation of carbon, 

the activity of the catalyst is materially reduced by this technique, as is 

shown in Table 6, and increased recycle ratios are required to obtain con¬ 

versions of reactant gas equivalent to those obtained without the addition 

of steam. 

Space-velocity effects on methane yields, which are shown in Figure 17, 
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are much greater than the temperature effects. The increase in methane 

concentration, is also accompanied by initial increases in the yields of 

C3+ hydrocarbons and carbon dioxide; the C3+ hydrocarbon yield reaches 

o 

Figure 16. Effect of temperature on products; 100 psig. (From Ref. 5) 

Table 6. Effect of Steam Addition on Iron Catalysts6 

Catalyst: steel-shot fines; reduced and nitrided 

H2/CO: 2.5 

Total space velocity (reactant gas plus recycled product gas): 7200 hr-1 

Temperature, 340 °C 

Pressure, 300 psig 

Steam addition, % reactant gas 0 0 0 2.6 2.6 

Recycle ratio (product gas: reactant gas) 1:1 2:1 3:1 3:1 4:1 

Conversion of CO + H2 

Product gas analysis, % by vol. 

57.3 67.9 74.7 69.1 79.5 

ch4 12.7 18.2 24.1 19.6 26.7 

c2h6 2.92 3.85 4.67 3.75 5.49 

co2 9.70 10.6 11.0 11.8 12.1 

h2 61.3 55.8 50.1 55.2 48.6 
CO 11.4 9.14 7.66 7.59 3.97 

C4 and higher hydrocarbon yield, grams 

per cubic meter reactant gas 

12.3 8.97 12.0 8.06 9.03 

a peak, however, and the rate of increase of the carbon dioxide yield falls 
below that of methane. 

Conversions of synthesis gas over iron catalysts are typified by the curves 

in Figure 18, which show the effects of space velocity and temperature on 

the conversion of synthesis gas over a nitrided steel-shot catalyst. These 

conversions generally are not high ancj usually lie in the range between 40 
and 50 per cent. 
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As a result of low conversion, excessive carbon deposition, and high yields 

of C3"1" hydrocarbons, iron catalysts cannot be considered as good methana- 

tion catalysts; unless one thinks in terms of processes producing both liquid 

and gaseous hydrocarbons, in which case, iron may prove to be a more 

suitable catalyst than the more active nickel and cobalt materials. In a 

combined process, however, the high temperatures required for the produc¬ 

tion of appreciable quantities of methane would probably also result in a 

laige amount of carbon deposition. The addition of steam to the reactant 

gas, although limited by the activity effects, might be a partial solution 

OTHERS-J x~ 

RECIPROCAL .REACTANT-GAS SPACE VELOCITY, 

HOURxIO'4 

Figure 17. Effect of space velocity on products; 340°C., 300 psig. (From Ref. 5) 

to the problem. A more practical one, however, would be to develop iron 

catalysts that are less subject to carbon deposition. 
The resistance of iron catalysts to sulfur poisoning appears to be much 

greater than nickel materials. The Bureau of Mines5, as well as other 

groups4'53, found that sulfur in concentrations ranging from 0.1 to 1.0 

grain per thousand cubic feet did not appear to materially affect the ac¬ 

tivity of these iron materials, whereas the same amount of sulfur appeared 

to reduce the activity of nickel catalysts very rapidly. These conclusions 

are not based on very reliable data, however, and much more work must 

be done before they can be considered valid. 
Nickel Catalysts. Reduced nickel catalysts are, in general, more active 

than iron catalysts, more specific than iron catalysts in that they produce 

only small yields of higher molecular-weight hydrocarbons, and are less 
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subject to carbon deposition than iron catalysts6. In particular, it has been 

observed that the better types of nickel catalysts are those in which the 

nickel is supported on a carrier with or without a promoter. A number of 

these materials are illustrated in Table 7, together with the best methana- 

tion operating conditions for each catalyst. 
Supported-nickel catalysts have been studied by a number of individuals 

with a view toward improving certain of the operating characteristics of 

the catalysts4’5' 6, the most important of which are the carbon-deposition 

characteristics of these catalysts with low-ratio synthesis gases, the loss of 

Figure 18. Effects cl temperature and space velocity on conversion. 

catalyst activity with use, and the poor resistance of these materials to 

thermal sintering, which usually results in a loss of catalyst activity. 

Carbon Deposition. The carbon-deposition characteristics of the thorium- 

promoted supported-nickel catalyst that was reported by the British Fuel 

Research Board49, may be appreciably improved by replacing a portion of 

the thoria in the catalyst with magnesia6. The improvement in the deposi¬ 

tion characteristics of the catalyst, which is illustrated by the data in Table 

8, is extremely difficult to explain on a structural basis because the magnesia 

is added to the catalyst in the form of a water-suspension during the pre¬ 

cipitation of the nickel and thorium with potassium carbonate solution, 

whereas the thorium, in both the initial and modified forms of the catalyst 

is coprecipitated with the nickel onto the kieselguhr support. If the mag- 
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nesia does not act as a structural promoter and plays the role of additional 

carrier for the nickel and thorium, it is possible to explain the effects of 

Table 7. Fixed-Bed Nickel-Catalyst Tests—U. S. Bureau of Mines6 

Variable Range Studied*1 Best Operating Conditions 

Catalyst Composition and Treatment Feed Gas 
H./CO 

Operating 
Temp. 

Range (°C) 

Temp. 
(°C) 

Space 
Velocity 

(hr-*) 

cm5 
(%) 

5% Ni ppt. on cracking-catalyst 2.5 390-406 400 300 61.5 
base with alkali, reduced 

10% Ni ppt. on silica, reduced 1 319-379 355 100 48.3 
NiO-AhCh ppt. on kaolin, reduced 2.5 213-410 351 300 96.9 
NiO-MgO ppt. on kaolin, reduced 2.5 209-350 264 300 97.3 
Ni0-Al203-Mn02 ppt. on kaolin, re- 2.5 274-332 274 300 94.4 

duced 

Ni0-Al203 impregnated on Norton 2.5 298-354 346 500 96.7 
cylinders 

Ni0-Mn02-Al20 ppt. and slurried 2.5 300-324 300 300 94.8 

with Na2C03 and zirconia ce¬ 

ment, reduced 

° All tests conducted at 300 psig. 

5 Based on H»0- and C02-free product gas. 

Table 8. Effects of Catalyst Composition on Carbon Deposition6 

Catalyst charge: 8 cc, 6-8 mesh (B.S.S.) catalyst particles 

H2/CO: 1.5 

Space velocity: 3700 hr-1 

Exit gas temperature: 350°C 

Pressure: 1 atm. 

(Duration of test not known) 

Composition 
(pts. by wt.) Per cent of Ingoing 

Carbon Deposited 

Ni Th02 MgO Kieselguhr 

100 _ — 100 0.688 

100 — 18 100 0.028 

100 18 — 100 0.317 

100 6 12 100 0.0072 

magnesia on carbon deposition in terms of the distance between active sites 

on the catalyst surface. 
It has been argued by the British Gas Research Board4 that the deposi¬ 

tion of carbon on a catalyst is, in part, controlled by the ability of adsorbed 

carbon atoms to form interatomic linkages, and that any technique that 
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increases the distances between active catalyst sites, such as the dilution 

of the catalyst with additional carrier, or the poisoning of a fraction of the 

available sites by sulfur impregnation, would tend to reduce the quantity 

of carbon that is deposited. Experimental data to support this argument are 

illustrated in Figures 19 and 20 which show the back pressure of the reac¬ 

tion tube, or more precisely, the pressure drop along the reaction tube as a 

function of time and hydrogen-carbon monoxide ratio for manganese- and 

alumina-promoted catalysts containing various concentrations of alumina 

support and nickel sulfate, which was added to the catalyst by impregnat- 

h2/co ratio 

Figure 19. Effect of composition on carbon deposition. (From Ref. 5) 

ing the precipitated filter cake of the catalyst with a solution of nickel sul¬ 

fate. It is assumed, in interpreting these data, that the pressure drop along 

the reaction tube is a function of the quantity of carbon that has deposited 

in the tube. 
Some question arises as to the interpretation of these data, however, if 

a study of the data that were reported by the Fuel Research Station6 is 

examined. These data, some of which are summarized in Table 9, indicate 

that, although increases in the concentration of support tend to decrease 

the tendency for a reaction tube to plug with carbon, no systematic de¬ 

crease in the quantity of carbon that is deposited on a thorium-promoted 

nickel catalyst results from increasing the proportion of kieselguhr in the 

catalyst. The decreases in the tendency for the reaction tube to block are 
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explained by the fact that the dilution of the catalyst and the poisoning of 

the catalyst surface effectively act to decrease the number of active sites in 

Figure 20. The effect of sulfur on carbon deposition with a nickel catalyst. (From 
Ref. 4) 

Table 9. Effects of Support Concentration 

Catalyst charge: 8 cc, 6-8 mesh (B.S.S.) catalyst particles 

H2/CO: 1.5 

Space velocity: 3700 hr-1 

Exit gas temp.: 350°C 

Pressure: 1 atm. 

Catalyst Composition 
(pts. by wt.) Maximum 

Bed 
Temp. (°C) 

Initial CO 
Conversion 

(%) 

Life 
(hrs.) 

Per cent of 
Ingoing 
Carbon 

Deposited 
Ni ThOi MgO Kieselguhr 

100 6 12 100 540 99.9 — 0.0072" 

100 6 12 200 540 99.2 — O.OSIO'’ 
100 6 12 400 545 99.6 960 0.0143 

100 6 12 soo 550 98.9 560 0.0280 

100 6 12 1600 505 97.7 312 0.0159 

° Blocked with carbon 600 hours. 

h Blocked with carbon 480 hours. 

a fixed volume of catalyst. As a result of the decreased number of catalyst 

sites, carbon, which deposits at approximately the same rate per active 
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site as in the initial catalyst, tends to deposit more evenly through the 

catalyst bed. 
Another explanation of the data of the British Gas Board can be made 

from observations of the United States Bureau of Mines6, which show that 

during synthesis operations in fluidized beds, supported-nickel catalysts 

tended to shatter into smaller particles. In a fixed bed, these small particles 

would tend to fill spaces and channels within the catalyst bed and would 

result in increases in pressure drop along the bed. All of the data, however, 

are insufficient in quantity and scope to permit valid descriptions of either 

the effects or the causes of increased pressure drop. 
The carbon-deposition characteristics of nickel catalysts are also ma¬ 

terially affected by the types of carrier materials used to prepare the cata- 

Table 10. Effect of Kieselguhr Calcination Temperatures6 

Catalyst charge: 8 cc, 6-8 mesh (B.S.S.) catalyst particles 

H2/CO: 1.5 

Space velocity: 3700 hr-1 

Exit gas temp.: 350°C 

Pressure: 1 atm. 

(Duration of tests unknown) 

Treatment of Raw Kieselguhr Per cent of Ingoing Carbon Deposited 

1 hr. at 500°C 0.054 

24 hr. at 600°C 0.113 

24 hr. at 700°C 0.011 
24 hr. at 800°C 0.011 
24 hr. at 900°C 0.417 

24 hr. at 1000°C 1.228 

lysts, both thorium-promoted and manganese-promoted catalysts showing 

increases in carbon deposition upon substitution of china clay for kieselguhr 

in the catalysts4-6. The pretreatment of support materials also appears to 

be a factor in determining the deposition characteristics of the catalyst. 

An example of the effects of heat-treating a kieselguhr support prior to the 

catalyst preparation is shown in Table 10. Although no surface-area meas¬ 

urements were made on these particular supports, it has been demonstrated 

by others that the heat treatment of kieselguhr can result in sintering of the 

particle structure, with a resulting decrease in the surface area of the 
particle5*. 

The presence ol impurities in catalysts, such as iron and alumina, do not 

appear to affect the deposition characteristics of the catalysts6. Other types 

of impurities, however, particularly phosphates, materially reduce the 

quantity of carbon that deposits on a catalyst surface. Table 11, which sum- 
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marizes data from the work of the Fuel Research Station6, shows, the re¬ 
sults of including various phosphate compounds with the catalyst. 

Two other factors which are critical in determining the deposition char¬ 
acteristics of a catalyst are the manner in which it is prepared and the 

Table 11. Effect of Phosphate Addition on Process Life and 

Deposition of Carbon6 

Catalyst: 100 Ni:22 ThO2:100 kieselguhr 

Catalyst charge: 8 cc, 6-8 mesh (B.S.S.) catalyst particles 
H-i/CO: 1.5 

Space velocity: 3700 hr-1 
Exit gas temp.: 350°C 

Pressure: 1 atm. 

Phosphate Added 
% of K2CO3 

Per cent of Ingoing 
Carbon Deposited Life (hrs.) 

None 0.477 Blocked with carbon prior to activity loss 

k2hpo3 

0.25 0.361 Blocked with carbon prior to activity loss 
0.50 0.192 Blocked with carbon prior to activity loss 
0.75 0.046 300 
0.80 0.029 300 
0.90 0.027 180 
1.00 0.024 141 
1.25 0.019 119 
1.50 0.011 No activity 

K4P 2O7 
0.5 0.155 Blocked with carbon prior to activity loss 
0.8 0.051 69 
1.0 0.055 16 

NaPOj 

0.25 0.235 Blocked with carbon prior to activity loss 
0.50 0.110 Blocked with carbon prior to activity loss 
0.60 0.043 260 

0.80 0.036 90 

treatment to which it is subjected prior to synthesis. Precipitated catalysts, 

for example, are generally less subject to carbon deposition than correspond¬ 

ing impregnated catalysts6. However, if the precipitation and subsequent 

preparation techniques are not carried out in exactly the same manner 

each time a catalyst is prepared, large variations in deposition characteris¬ 

tics can result. Examples of this phenomenon are shown in Table 12, which 

gives the deposition characteristics of a group of identical catalysts, each 
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of which was boiled at a different temperature immediately after precipita¬ 

tion, and in Table 13, which shows the carbon-deposition characteristics of 

a group of catalysts that were subjected to different heat treatments, pre¬ 

sumably in a hydrogen atmosphere, immediately after being reduced with 

hydrogen at 400°C. 

Table 12. Effects of Catalyst-Preparation Conditions61 

Catalyst: 100 Ni:6Th02:12 MgO:100 Kieselguhr 

Per cent of Ingoing Carbon Deposited 

Catalyst Heated for 2 
Minutes at: Temp. (°C) 

Bulk Density of Granules 
(lbs/ft3) 

Jacket Temp. 204°C Exit Gas Temp., 350°C 

95.0 35.6 0.0156 0.1489 

100.0 45.0 0.0087 0.111 

103.6 48.7 0.0113 0.0082 

108.4 50.6 0.0275 0.0066 

115.2 56.2 0.0210 0.0045 

Table 13. Effects of Thermal Treatment of Catalysts6 

Catalyst: 100 Ni:6ThO2:12MgO:100 kieselguhr 

Catalyst charge: 8 cc, 6-8 mesh (B.S.S.) catalyst particles 

II2/CO: 3.00 

Space velocity: 3700 hr-1 

Exit gas temp.: 350°C 

Pressure: 1 atm. 

Catalyst Reduced for 2 hrs. at 
400°C Followed by: 

Initial CO 
Conversion (%) 

Final CO Conversion, 
(% at hrs.) 

Per cent of Ingoing 
Carbon Deposited 

No treatment 98.3 90.8 at 1750 0.0051 

(97.5 at 1070) 

100 hr. at 500°C 99.3 97.5 at 1000 0.0054 

100 hr. at 600°C 99.4 95.8 at 670 0.0103 

100 hr. at 700CC 99.1 93.7 at 480 0.0211 
1000 hr. at 700°C 97.9 88.9 at 290 0.0294 

100 hr. at 800°C 95.3 85.7 at 120 0.0370 

100 hr. at 900°C Low activity Not determined 

It is interesting to note in Table 12 that systematic changes in carbon- 

deposition characteristics were obtained only when the tests were run at a 

constant exit-gas temperature. This phenomenon is more clearly explained 

by the data that are shown in Figure 21, in which the catalyst-bed tem¬ 

perature profiles of a reaction unit that was operated at a constant coolant- 

bath temperature of approximately 300°C are plotted. It is obvious from 

these data that jacket temperatures are not necessarily representative of 

the synthesis temperatures within a catalyst bed. 
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Catalyst Life. The activity of most methanation catalysts is not constant 

and usually decreases with time. The relative lengths of time during which 

catalysts maintain an activity level above a specific value, normally referred 

to as the process life of a catalyst, become an important factor in the evalu¬ 

ation of the catalysts, and much effort has been directed at improving this 
characteristic of supported-nickel catalysts. 

The pioblem of determining the process life of a catalyst is a complex one 
and is not simply a matter of determining the number of hours that a par¬ 

ticular catalyst will run under a specified set of conditions. As shown in 

lable 14, which is a summary of the process lives of a number of catalysts 

of different compositions, catalysts vary in nickel, promoter, and support 

Figure 21. Effect of space velocity on temperature profile. (From Ref. 5) 

concentrations, and if process lives are considered only in terms of total 

catalyst charge, a variable involving the concentration of the active material 

in the catalyst, nickel, is lost. This fact can be illustrated by conclusions 

drawn by the Fuel Research Station from the data given in Table 9, which 

show a progressive loss in catalyst life with increases in the concentration 

of support material. These tests were run, however, with a constant 8-cc 

volume of catalyst, each catalyst volume containing a quantity of nickel, 

thorium, and magnesia that was inversely related to the concentrations of 

support in the catalyst. In view of the fact that these materials, and not 

the carrier, are the active components of the catalyst, and the fact that we 

are primarily interested in knowing what effects the support concentrations 

have on a particular characteristic of active material, it would appear that 

the more correct way of reporting catalyst life would be on the basis of the 
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quantity of active materials in the catalyst. If the data in iable 9 aie re¬ 

ferred to the relative weights of nickel, thoria, and magnesia in each cata¬ 

lyst, and are based on the life of the catalyst containing 400 paits of kiesel- 

guhr, the relative lives of the last three catalysts would be 960, 990, and 

1030 hours, respectively. Although this calculation is based on the assump¬ 

tion that the densities of the various catalyst compositions are approxi¬ 

mately equal and is, admittedly, approximate, the evidence indicates that 

Table 14. Fluidized-Bed Catalyst Tests—U. S. Bureau of Mines6 

Pressure: 300 psig 

Recycle ratio, recycle: fresh feed: 1 

Catalyst Composition 

Supports 
Feed 
Gas 

H2/CO 

Avg. 
Temp. 
(°C) 

Reactant Gas 
Space Velocity 

(hr-') 

Life® 
(hrs.) 

lb cm6 

lb Ni 
Nickel 

(%) 
Promoters 

16.6 AI2O3 Kaolin 2.5 350 7100 45 ND 

26.0 5.5% Mn, 2.4% A1 Kaolin 2.5 330 2800-10,000 220 ND 

31.7 5.5% Mn, 4.7% A1 Kaolin 2.5 350 7500 150 750 

28.4 6.3% Mn, A1 Alumina 2.5 360 7500 171 500 

5.6 1.7% Mn Alumina 2.5 345 7500 6 ND 

21.9 4.5% Mn, A1 Cracking cat. 2.5 345 7000 60 ND 

15.0 Mn, A1 Silica 2.5 350 7000 14 ND 

11.8 1.6% Mn, A1 Alumina 2.5 380 7500 8 ND 

29.0 8.3% Mn, 4.2% A1 Kaolin 3.0 345 7500 132 1200 

14.3 13.1% Mn, A1 Alumina 3.0 340 3600 78 ND 

21.3 Mn, A1 “Filtrol-S” 3.0 350 7500 237 2500 

13.6 2.3% Th, A1 Alumina 3.0 368 7000 550 6500 

33.3 2.9% Th Kieselguhr 3.0 370 7000 380 4000 

11.8 2.9% Th, A1 Alumina 3.0 361 7000 425 5500 

15.3 3.4% Th, A1 Alumina 3.0 361 7000 336 3700 

“ Duration of time for which the carbon dioxide- and water-free volume contrac¬ 

tion of the reactant gas was equal to or greater than 70 per cent. 

6 ND—not determined. 

the process life is increased, rather than decreased by the increases in sup¬ 

port concentration. This small increase in operating life, if true, however, 

might be offset by the decreased initial activities of the more dilute cata¬ 

lysts, and a more precise way of reporting the life would be in terms of 

the yield of methane per unit weight of nickel, etc., in the catalyst, as is 

done with the catalysts in Table 14. 
The presence of trace quantities of sulfur, which have been added to some 

catalysts to reduce carbon deposition, can reduce the process life of a 

catalyst by as much as one-half6. Phosphates also tend to reduce the active 

life of a catalyst, as is shown in Table 11. However, materials that are detri- 
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mental to the process life of a catalyst can normally be eliminated by care¬ 

ful selection of the raw materials that are used to prepare the catalysts 

More important to the life of the catalysts, and a factor that can over¬ 

shadow the effects of both composition and impurities, are the techniques 

that are used to prepare the catalysts. It has been found, for example, that 

precipitated catalysts are generally more long-lived than corresponding 

impregnated catalysts4, 6. Table 15, taken from data reported by the Brit¬ 

ish Gas Research Board4, shows the respective activities, under identical 

synthesis conditions, of nickel, manganese, and alumina precipitated on 

porous pot, and impregnated in china clay. Both the initial activity and 

Table 15. Effects of Preparation Techniques on the Life of 

Manganese-Promoted-Nickel Catalysts4 

Catalyst composition: 

Impregnated: 160 Ni(N03)2-6H20, 20 Mn(N03)2-6H20, and 13.6 A1(N03)3-9H20 
impregnated on 160 parts porous pot 

Precipitated: 100 Ni(N03)2-6H20, 20 Mn(N03)2-6H20, and 13.6 A1(N03)3-9H20 

precipitated on 25 parts china clay by a solution containing 97 parts K2CO, 
H2/CO: 3.05-3.25: 

Space velocity: 10,000 hr-1 

Exit gas temp.: 350°C 

Pressure: 20 atm. 

Product gas analysis, % by volume 

Impregnated Catalysts Precipitated Catalyst 

Hours of Syntheses. 3.5 12.5 16.0 2 150 300 400 500 600 

ch4 77.0 59.4 23.0 86.8 73.3 56.3 54.7 48.6 42.1 
h2 18.5 32.2 79.9 12.2 23.5 35.7 35.5 42.6 45.4 
CO 0.2 1.4 23.6 0.1 0.0 0.2 0.6 1.2 3.8 
co2 3.7 6.5 0.4 0.2 2.8 7.5 6.8 7.2 8.1 

change in activity with time are quite different from the two forms of 

catalyst. These differences were assumed to be due to the difference in 

preparation techniques used by the Gas Board and not to the quantity or 
type of support. 

One preparation factor that appears to have influence on the process 

lives of thorium-promoted catalysts is the temperature at which the cata¬ 

lyst mass is dried after precipitation5. Table 1G, which summarizes the 

drying temperatures, densities of catalyst, operating temperatures, and life 

of a single type of thorium-promoted catalyst, shows that an optimum life 

is obtained from a catalyst that is dried at 180°C. The reason that this 

drying temperature is critical is not known, and as can be seen from the 

table, large variations in life can result even at the optimum temperature. 
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Thermal Stability of Catalyst. Because of the high exothermic heats of 

the reactions that produce methane, most methanation catalysts can, in 

the course of the synthesis operations, be subjected to extremely high 

temperatures, and it would be extremely advantageous to know the effects 

of catalyst variables on the sintering and activity characteristics of these 

catalysts. Very few data, other than knowing that sulfur reduces and 

alumina increases the resistance of a catalyst to thermal sintering4, are 

Table 16. Effect of Drying Temperature on Catalyst Life6 

Approximate catalyst analyses; pts. by weight: 12Ni:2Th02:86Al20» 

Catalyst charge: 450 cc, minus 80 mesh (U.S.S.) catalyst particles 

H2/CO: 3.0 

Space velocity: 7000 hr-1 

Recycle ratio, recycle: fresh feed; 1:1 

Operating pressure: 300 psig. 

Drying Temperature, 
Approx. 12 hrs. at °C 

Catalyst 
Density, Settled 

Bed (g/cc) 

Initial0 
Activity 

Temp. (°C) 

Operating 
Temp. Range 

(°C) 

Life 
(hrs.) 

Approx. Yield 
/lbs CHA 

k IbNi / 

120 0.72 351 350-374 28 330 

120 0.70 345 350 150 2200 

120 (redried 180) 0.70 364 355-370 185 2700 

150 0.74 369 363-372 82 970 

170 0.70 363 360-372 156 1800 

180 0.73 370 360-377 550 6500 

180 0.81 374 361 425 5500 

180 0.74 360 365 336 3700 

180 0.74 373 370-375 406 4800 

190 0.78 365 363-372 110 1300 

210 0.74 380 373-380 112 1300 

222 0.76 377 375-380 256 3000 

250 0.68 380 364-375 207 2400 

o The initial activity temperature was that temperature at which self-sustained 

reaction was first observed. 

available on this particular subject, however, and little can be said about 

thermal resistance of catalysts. 
Sulfur Poisoning. As has been previously mentioned, the sulfur resistance 

of nickel catalysts is extremely poor, and a permanent loss of activity 

normally results from exposure of the catalyst to sulfur compounds. An 

example of the resistance to sulfur poisoning of a thoria- and magnesia- 

promoted nickel catalyst is shown in Table 17, which shows the conversion 

changes that occur when a synthesis gas containing trace amounts of sulfur 

is used with this catalyst. Poor sulfur resistance is not limited to this par¬ 

ticular catalyst, and similar losses of activity of manganese-promoted 

catalysts have been reported by the British Gas Research Board4, and by 
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Table 17. Effect of Sulfur on Catalyst Activity6 

Catalyst: 100 Ni:6ThO2:12MgO:400 Kieselguhr 

Catalyst charge: 8 cc, 6-8 mesh (B.S.S.) catalyst particles (1.8 inch bed height) 
112/ OvJ I o .0 

Space velocity: 3700 hr-1 
Exit gas temp.: 350°C 
Pressure: 1 atm. 
Sulfur added as CS2 

0.02 Grains S, 100 c.f. 

Hours from start 20 
Total gas passed 22 

(NTP) 
CO conversion, % 98.3 
H2 conversion, % 84.6 
Distance of max. 1.4 

temp, from exit, 
in. 

240 400 575 740 
269 458 618 780 

98.9 98.8 98.2 98.3 
79.8 75.3 75.6 72.4 
1.4 1.2 1.1 0.9 

910 1080 1250 1420 
950 1132 1310 1490 

98.0 97.5 96.8 95.6 
72.5 72.4 70.4 70.1 
0.8 0.7 0.5 0.4 

0.004 Grains S, 100 c.f. 

Hours from start 20 190 360 500 680 840 1000 1200 1370 
Total gas passed 

(NTP) 
20 206 381 554 730 899 1076 1270 1450 

CO conversion, % 99.7 99.4 99.3 99.1 99.3 99.2 99.1 98.9 98.9 
H2 conversion, % 86.6 86.0 83.1 80.6 81.1 81.8 82.0 78.6 79.6 
Distance of max. 

temp, from exit, 
in. 

1.4 1.3 1.3 1.3 1.2 1.1 1.1 1.0 1.0 

Cotalyst reduced with Hjprior to initiation of synthesis 

Figure 22. Effect of sulfur content of feed gas on catalyst activity. (From Ref. 53) 
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Wainwright et al,53, who postulated the relationship between operating ri 

time and sulfur concentration that is shown in Figure 22. Wainwright con- r. 

eluded that the activity of the manganese-promoted nickel-alumina cata- }ti 

lyst started to decrease rapidly after a quantity of sulfur approximately Jl 

equal to 0.58 per cent of the weight of the nickel in the catalyst had been b 
adsorbed. 

It can be concluded from these data, as well as from data reported prior pj 

to 1940, that nickel catalysts, in contrast to iron, are extremely susceptible U 

to sulfur poisoning, which is a permanent type of poisoning. To date, no 

method of operation or formula for catalyst composition has been suggested is 

that will allow a nickel catalyst to be used in synthesis operations for any p 

extended period of time with reactant gases containing more than about fjj 

0.005 grains of sulfur per thousand cubic feet. This limitation means that b 

any synthesis gas that is used with nickel catalysts must be freed of almost fi 
all sulfur compounds, a process that can be very costly. 

Industrial Techniques 

lhe development of commercial methanation procedures is normally SI 
undertaken on the assumption that means exist, or will exist, for the con¬ 

version of coal to mixtures of hydrogen and carbon monoxide. The Lurgi j; 

Gasification Process, for example, would be an excellent gasification pro¬ 

cedure for methanation processes, since a product gas containing approxi- | 

mately 15 per cent methane and having a hydrogen-carbon monoxide ratio 

of approximately 2.5 is produced by this process. American coals, however, 

are not well suited for this process because of their caking qualities and, 

other types of gasifier designs, which produce gases having hydrogen-carbon i 
monoxide ratios closer to unity, must be considered. 

iii general, methanation is considered, primarily, as a technique for pro¬ 

ducing high heating-value fuel gas, and in this sense, commercial methana¬ 

tion plants should be capable of very high rates of gas production, a point 

that is well illustrated by the fact that a plant producing approximately 

6,000,000 cubic feet of methane per day that is operated at fresh feed space 

velocities of 1000 hi—1 would require catalyst volumes of the order of 1,000 

cubic feet. Unless high space velocities are used, the catalyst volume &nd 

reactor design requirements might become excessive. Although this as¬ 

sumed value for the capacity of a methane plant may appear high, cities 

in the United States with populations of from 300,000 to 500,000 people 

would be expected to use no less than about 100,000,000 cubic feet of fuel 
gas per day during winter months. 

At high space velocities, specific problems of commercial-scale operation 

are: the control of catalyst-bed temperatures, the prevention of carbon 

deposition with low ratio synthesis gases, and the prevention of rapid losses 



METHANATION 507 

of catalyst activity during synthesis. Some of the methods that have been 
suggested are discussed beloAv. 

Temperature Control 

A number of methods have been suggested to achieve temperature con¬ 

trol in methanation reactors4'5’6. One of the suggested methods involves a 

separation of the feed-gas stream by means of multiple inlet points, or a 

perforated feed-gas tube running the length of the reactor tube. By this 

technique, reaction gases are distributed throughout the length of the bed, 

and as a result, the heats of the reactions are distributed over the whole 

bed. A technique for use with fiuidized-bed systems has been described 
previously and is illustrated in Figure 14. 

Another method of controlling catalyst-bed temperatures consists of 

recycling a portion of the product gases through the reactor4' 5'6' 51. These 

recycled product gases reduce the pressure of the reacting components 

and tend to distribute the reaction and the resulting heat over the whole 

catalyst bed. A recycle system has been incorporated into the fluidized- 

catalyst reactor design previously described and is shown in Figure 15. 

A modification of this type of temperature control is the “hot-gas” re¬ 

cycle system, which involves the recycling of gases through the catalyst 

bed at ratios ranging from 30:1 to 100:1. Temperature control of the cata¬ 

lyst bed depends on the ability of the gases to carry the heats of the reac¬ 

tions out of the reactor as sensible heat. Little application of this type of 

recycle design has been made in the past because of the large and costly 

pressure drops that result in fixed catalyst beds from the very high gas 

velocities that must be used. If bulk catalyst beds having high void volumes 

are used, however, this objection is no longer completely valid. 

Carbon-Deposition Control 

Two techniques are presently available for the prevention of carbon depo¬ 

sition. The first, which has been suggested by a number of individuals, is 

the use of reactant gases having high hydrogen-carbon monoxide ratios1-2'4 

5-59. This increase in hydrogen-carbon monoxide ratio can be achieved by 

treating the low-ratio gases with steam over a water-gas shift reaction 

catalyst. If this step proves to be too expensive, or, as in the case of iron 

catalysts, not particularly effective in decreasing the amount of carbon 

that is deposited, steam may be added to the reactant gas. Table 18 shows 

the results obtained with a nickel catalyst when both steam and recycled 

product gases were added to the reactant gas4. 

Maintenance of Catalyst Life 

The factors affecting catalyst life are not completely understood. It is 

known that sulfur is a permanent poison and tends to reduce catalyst ac- 
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tivity very rapidly after being admitted into the reaction system. It is 

also known that high operating temperatures usually result in a rapid loss 

of catalyst activity. The problem of catalyst life is extremely complex, 

however, and much more work in fundamental catalyst studies must be 

done before concrete suggestions for maintaining and increasing catalyst 

life may be made. 

Kinetics and Mechanisms of Reaction 

As is prevalent with most reaction systems that have immediate indus¬ 

trial application, studies of the kinetics and mechanisms of the methana- 

Table 18. Gas Board Catalyst Test with Steam and Recycle Gas4 

Inlet gas temp. 300-330°C 
Exit gas temp.: 500CC 
Pressure: 1 atm. 
Recycle: fresh feed ratio: 5 
H2/CO: 1.07 
Steam added: 20 vols. per 100 vols. reactant gas 
N2 in feed gas: 4.0% 

Product Gas Composition Corrected to 3% C02, % by Vol. 

Hours of Syntheses 

250 1000 1700 2000 3000 

co2 3.0 3.0 3.0 3.0 3.0 
CO 9.1 5.1 10.9 11.3 12.6 
h2 38.4 44.0 38.9 38.5 39.9 
ch4 38.0 36.5 34.0 34.8 34.0 
n2 11.5 11.4 13.2 12.4 10.5 

Heating value based on C02- and N2-free gas at N.T.P. approximate^ equal to 
990 Btu/cf. 

tion reactions have lagged behind the practical development studies. Some 

data are available, but in most instances, these data have been obtained 

over limited ranges for very specific catalyst materials, which in most 

cases have not proved to be the best methanation catalysts, and are fre¬ 

quently ambiguous because of poor temperature control of reaction systems. 

Aikers and White3, Binder and White60, and Gilkeson et al.bi have demon¬ 

strated that the over-all rates of reaction of hydrogen with both carbon 

monoxide and carbon dioxide are controlled by surface processes and not 

by the rates of diffusion of gas molecules to and from the catalyst particle. 

R. F. Strickland-Constable61 has shown that the reaction of hydrogen and 

carbon monoxide over supported-nickel catalysts has a small temperature 

coefficient and an activation energy for the reaction of the order of 10 

kcal, as determined by low-pressure static kinetic techniques. 
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Both the Bureau of Mines5 and the British Fuel Research Station6 have 

shown that the reaction rates over supported-nickel catalysts are extremely 

high, the latter group demonstrating that increases in space velocity from 

3225 to 5965 hr-1 at an observed nominal temperature of 350°C and a 

pressure of 50 atmospheres, resulted in a decrease in carbon monoxide con¬ 

version from 99.3 to 98.5 per cent. Similar relationships have also been ob¬ 

served at 400°C. At 550°C, the reactor tube blocked with carbon before suf¬ 

ficient conversion data could be obtained. It was observed, however, that 

increases in space velocity from 3740 to 13,950 hr-1 at this temperature re¬ 

sulted in a decrease in carbon-monoxide conversion from 94.6 to 67.2 per 

cent. It is questionable whether the decrease in conversion was due to a 

space velocity effect, or to the fact that the temperature control was so 

poor at the high space velocity that the temperatures of the system were of 

sufficient magnitude to affect the equilibrium compositions of the product 

gases. It has been shown in both theoretical and experimental discussions 

by the British Gas Board4 that the temperature of the reaction system is 

somewhat self-controlling and rarely exceeds 700°C. This controlling effect 

is due, primarily, to equilibrium-composition effects. It has also been shown 

that approximately 100 per cent conversion of carbon monoxide occurs in 

fluidized-beds at space velocities in excess of 10,000 hr-1 when the tempera¬ 

ture is carefully controlled5. Few other kinetic data exist that are capable 

of interpretation, and it would appear to be advisable to delay any kinetic 

discussions until unambiguous kinetic data become available. 

Mechanisms for the reactions have been postulated by Craxford62, 

Medsforth14, Dent et afi4, and Strickland-Constable61. The various mecha¬ 

nistic theories that have been proposed will not be discussed here, since 

R. B. Anderson will discuss Fischer-Tropsch reaction mechanisms and other 

relationships to methanation reaction mechanisms in his Chapter on 

Fischer-Tropsch Catalysts63. It is, therefore, recommended that the reader 

who is interested in this phase of the problem refer to that Chapter. 
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CHAPTER 7 

CATALYSIS IN THE LIQUID-PHASE 
HYDROGENATION OF 

COAL AND TAR 

S. W. Weller 

Houdry Process Corporation, Research and Development Laboratories, 

Linwood, Pennsylvania 

Introduction 

Commercially, the conversion of coal and coal tar to gasoline by hydro¬ 

genation is carried out in two stages, both catalyzed. In the first stage, the 

principal product, of which is a distillable oil, the finely divided catalyst 

passes with the coal or tar through the reaction system. In the second stage, 

the middle oil product from the first stage passes over a fixed bed catalyst 

and is converted primarily to gasoline. This chapter will be concerned al¬ 

most exclusively with the first, or “liquid phase,” stage, so-called because 

it is normally carried out in the liquid phase. The processes occurring 

during the second stage are discussed elsewhere, along with other hydro¬ 
cracking reactions. 

The liquefaction of coal by direct hydrogenation was discovered by 

Friedrich Bergius in 1911 as a by-product of his experiments on the forma¬ 

tion of coal. The metals commonly used at that time as hydrogenation 

catalysts—nickel, platinum, palladium—were known to be poisoned by 

even small amounts of sulfur in the feed. Since large quantities of hydrogen 

sulfide are evolved during coal hydrogenation. Bergius maintained that 

this reaction could not be specifically catalyzed. He did incorporate in his 

reaction mixture Luxmasse, an alkaline iron oxide by-product of the alum¬ 

inum industry, to assist in the removal of sulfur from the products. Ironi¬ 

cally, not only has Bergius’ Luxmasse been shown to be a specific catalyst 

for coal hydrogenation, but the whole commercial development of the 

process has been possible only since the vital importance of catalysis in 

this reaction was appreciated. 
Although numerous studies of coal hydrogenation catalysts have been 

made, most of these are of the nature of empirical testing. As a result, 

very little knowledge is available on the mode of action of these catalysts 
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or even on their active form during the reaction. The system is an unusually 

difficult one to study, not only by reason of the complexity of the reactant, 

coal, and the reaction products, but also because of the high pressure and 

high temperature necessary for reaction. Some progress has been made, 

however, in understanding the effects of certain variables, and one may 

expect that, in time, the mechanism of the reaction will be much more 

clear than it is today. 

Wall Effects 

In any but the most gross tests of coal hydrogenation catalysts in auto¬ 

claves, it is essential that the autoclave be equipped with a glass liner that 

can be thoroughly cleaned. If this is not done, there is always a possibility 

that results may be vitiated by the retention on the converter walls of cat- 

Table 1. Wall Effect in Absence of a Glass Liner 

Catalyst Added CHCb Insoluble Residue (% m.a.f. coal) 

None 17.6 

None 16.2 

None 18.5 

None 16.0 

0.1% Sn(OH)2 8.6 
2.5% Sn (OH) 2 8.0 
0.1% Sn(OH)2 9.3 

None 8.1 
None 10.2 
None 12.1 

alysts previously used. This precaution has not always been observed, and 

as a result many literature data on coal hydrogenation catalysts may have 

value only for qualitative purposes. The “memory effect” of converter 

walls has been vividly demonstrated by experiments of the British Fuel 

Research Board1. In one case a series of experiments was performed on the 

hydrogenation of Beamshaw coal in the presence of tar vehicle, each experi¬ 

ment immediately following the preceding one in the same autoclave. The 

autoclave was cleaned with emery cloth and paraffin between successive 

experiments. The results, summarized in Table 1, show that, after a stan¬ 

nous hydroxide catalyst had been used, the proper value of coal conversion 

for a noncatalyzed run was approached only very slowly. Similar results, 

showing the catalytic effect of (presumably contaminated) converter walls, 

are given in Table 2. In this case the walls are at least as effective as 0.1 
per cent of stannous hydroxide. 

This wall effect is probably less important in large reactors, used in 
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continuous plants, where the surface-to-volume ratio is small. However, 
the results of the experiments of Morgan and Veryard2, which showed an 
effect of turbulence on reaction rate, have been interpreted by Storch3 as 
being possibly caused in part by a catalytic effect of the tube walls in the 
small-diameter reactor used. 

Influence of Vehicle and Catalyst Distribution 

Piesence of an oil vehicle during coal hydrogenation may or may not have 
a favorable effect; evidence on this point is contradictory4' B' 6. Regardless 
of the influence of a vehicle when it is used without catalyst, it is quite cer- 

Table 2. Influence of Glass Liner on Coal Conversion 

Beamshaw coal, low temperature tar vehicle, 2 hours at 450°C 

Liner Fitted Catalyst Insoluble Residue 
(% m.a.f. coal) 

No None 12.0 
Yes None 45.2 
No 0.1% Sn(OH)2 9.8 
Yes 0.1% Sn(OH)2 14.5 
No 50% “Pyrex” glass 15.3 

Table 3. Effect of Vehicle and Catalyst on Oil Production 

Converter Charge Total Dry Oil (%) 

Coal alone 42.4 

Coal + vehicle 54.4* 

Coal + 0.1% Sn(OH)2 64.4 

Coal + vehicle + 0.1% Sn(OH)2 70.3* 

* Vehicle netted out. 

tain that use of a vehicle appreciably enhances the effect of powdered cat¬ 
alysts, especially at low catalyst concentrations. Table 3, based on experi¬ 
ments of the Fuel Research Board6, illustrates this. A mechanically-stirred 
converter was used which permitted continuous removal of volatile prod¬ 
ucts. The vehicle, when used, was low-temperature tar topped to 230°C. 
A significantly higher yield of dry oil was obtained in the presence of a 
vehicle than in its absence. 

The effect of a vehicle in enhancing the effects of powdered catalysts is 
probably due to its ability to improve the physical distribution of the 
catalysts rather than to any specific chemical interaction between vehicle 
and catalyst. It is known, for example, that tin compounds are able to 
achieve better distribution than other coal hydrogenation catalysts, when 
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the catalysts are employed as powdered solids (see below). This is consistent 

with various findings that a vehicle has a greater effect in promoting the 

action of molybdenum catalysts than in that of tin catalysts, 4 he buel 

Research Board has reported that, although 2.5 per cent M0O3 plus 2.5 

per cent S in the presence of a low-temperature tar vehicle gives the same 

total yield of oil from Beamshaw coal as does 2.5 per cent Sn(OH)2, in the 

Table 4. Comparison of Tin and Molybdenum Catalysts in Presence and 

Absence of Vehicle 

Amount of Catalyst, % of Charge 

Yield of Volatile Products, Per Cent of Moisture- and 
Ash-free Coal 

. No Vehicle Vehicle 

SnO 

0.0096 63.7 73.4 

.0951 69.3 79.5 

.899 75.7 82.3 

4.56 80.6 83.5 

9.51 80.5 84.0 

SnC204 

0.0104 60.1 70.9 

.0955 65.7 78.3 

.773 73.3 80.2 

5.09 78.5 82.8 
10.24 80.4 82.9 

Anim. molybdate 

0.0145 56.7 76.6 
.121 57.2 80.1 
.817 58.3 83.9 

4.91 63.2 84.4 
9.06 66.4 84.2 

absence of a vehicle somewhat poorer results are obtained with 2.5 per 

cent MoOij plus 2.5 per cent S than with 0.1 per cent Sn(OH)27. There was, 

accordingly, less difference in the value of tin and molybdenum catalysts 

in the presence of a vehicle than in its absence. 

More detailed experiments bearing on the same point have been re¬ 

ported by Warren, Bowles, and Gilmore8. In Table 4 are summarized some 

of their results on the hydrogenation of a high-volatile A bituminous coal. 

The vehicle, when used, was a heavy, distillable oil produced by coal 

hydrogenation. In the absence of a vehicle, ammonium molybdate was 
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quite ineffective as a catalyst; in the presence of a vehicle, however, it 

became at least as good as tin oxide or oxalate. Even the tin catalysts were 

improved by the addition of a vehicle, but it is noteworthy that the greatest 

effect of the vehicle was at low catalyst concentration, where one may 

anticipate that the greatest difficulty will occur in achieving good catalyst 
distribution. 

Recent studies have emphasized the vital role which the physical dis¬ 

tribution of a catalyst may play in determining its effectiveness9. Almost 

all published autoclave tests of solid catalysts for coal hydrogenation have 

involved addition of the powdered catalyst to dry coal or coal-oil paste. 

Although major differences between catalysts are observed when catalyst 

addition is made in this way, the results may be very deceptive. Apparent 

Table 5. Studies of Catalyst Distribution in the Absence of Vehicle 

Catalyst 
Mode of Catalyst 

Distribution 

Per Cent of Moisture- and Ash-free Coal 

Conversion Asphaltene Oil 
Gaseous 

Hydrocarbon 

No catalyst — 33.4 2.8 10.4 9.0 
SnCl2 (1% Sn) Powder added 82.3 26.5 29.2 14.5 
SnCl2 (1% Sn) Impregnated 88.3 19.9 41.4 15.5 
NiCb (1% Ni) Powder added 44.2 6.8 13.2 13.4 
NiCU (1% Ni) Ball-milled 56.9 17.2 19.3 10.4 
NiCh (1% Ni) Impregnated 88.3 15.5 45.3 18.0 
FeS04 (1% Fe) Powder added 38.9 6.9 8.1 13.1 
FeS04 (1% Fe) Ball-milled 66.2 24.1 21.2 11.4 
FeS04 (1% Fe) Impregnated 84.9 38.9 21.7 15.0 
(NH4)2Mo04 (1% Mo) Powder added 33.7 1.0 13.8 8.1 
(NH4)2Mo04 (1% Mo) Impregnated 92.7 27.2 41.1 13.6 

differences in intrinsic ability of substances to catalyze the hydrogenation 

seem, in some cases, to be related simply to the ability of the catalysts to 

achieve good physical distribution. This has been shown to be the case in 

experiments with a high-volatile C bituminous coal, from Rock Springs, 

Wyoming, data for which are given in Table 59. No added vehicle was used 

in these experiments. The catalysts were added by impregnation from 

aqueous solution or as powdered solids; in some cases the mixture of pow¬ 

dered catalyst and powdered coal was given an extended ball-milling prior 

to the hydrogenation test. In Table 5 the column headed “conversion” 

shows the per cent of coal converted to gaseous products, water, and liquid 

products soluble in benzene; “asphaltene” represents liquid products soluble 

in benzene but insoluble in n-hexane; and “oil” includes liquid products 

soluble in n-hexane. 
When the catalysts are added as powders, stannous chloride appears to 
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be outstanding and the others to be almost valueless. I his evaluation is 

drastically changed when catalyst addition is accomplished by impregna¬ 

tion. In this case nickelous chloride becomes quite as effective as stannous 

chloride, ferrous sulfate almost as good for coal conversion though poor in 

accomplishing asphaltene reduction, while ammonium molybdate is supe¬ 

rior to any of the other catalysts. Other experiments (not included in Table 

5), carried out at a concentration level of 0.1 per cent metal, confirm the 

superiority of impregnated ammonium molybdate. The activity even of 

stannous chloride is increased by impregnation. Ball-milling, in the cases 

investigated, is of intermediate effectiveness. 
These results, originally obtained in autoclave experiments, have been 

confirmed in Bureau of Mines pilot plant operations10, u. In a study of the 

conversion of Rock Springs coal to fuel oil using impregnated catalysts, 

these same catalysts were found to be decreasingly effective for coal lique¬ 

faction in the following order: ammonium molybdate > stannous chlo¬ 

ride > nickelous chloride > ferrous sulfate. The same order of effective¬ 

ness obtained for asphaltene removal, except that nickelous chloride was 

at least equal to stannous chloride. 
In the light of these results, it is clear that particular care should be paid 

to obtaining optimum catalyst distribution in all fundamental studies of 

the intrinsic value of coal hydrogenation catalysts. This has not often been 

done, and, as a result, many literature data on catalyst comparisons have 

only qualitative value. 

The question of catalyst distribution may be associated with a recent 

observation made on the hydrogenation of bituminous (Bruceton) coal12. 

Whole coal was found to have, on hydrogenation, a conversion (to liquid 

and solid products) of 50 to 60 per cent under a specified set of experi¬ 

mental conditions. Hand-picked anthraxylon from the same mine showed a 

conversion of only 30 per cent under the same conditions. This is surprising, 

since anthraxylon is considered to be the petrographic constituent of coal 

which is most easily hydrogenated. Ultimate analyses of the two materials 

showed significant differences only in the ash content, which was 7.2 per 

cent for the whole coal and only 1.4 per cent for the anthraxylon. The 

results suggested that some ash constituent, present in whole coal but not 

in anthraxylon, was acting as a moderately active catalyst for the hydro¬ 

genation. By spectrographic analyses of the ash it was learned that the only 

elements present in appreciably larger amounts in the whole coal were 

aluminum, calcium, iron, and silicon. However, numerous attempts to 

achieve the conversion shown by whole coal by adding various compounds 

of these elements (as powdered solids) to anthraxylon were unsuccessful. 

Makh13, in a somewhat similar study, had also found that although poorer 

conversions were obtained with coal from which ash had been extracted by 
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mineral acids than with untreated coal, addition of identifiable ash con¬ 

stituents to the extracted coal did not increase the conversion to its original 
value. 

When the importance of catalyst distribution was realized, however, a 

sample of anthraxylon was tested which had been impregnated with ferrous 

sulfate (1 per cent Fe). Under the same conditions of hydrogenation, this 

sample showed a conversion of 80 per cent, considerably greater than that 

of the whole coal. Although the iron in the ash is probably not present as 

ferrous sulfate, it was considered probable that the iron, in whatever form 

it occurs, is intimately distributed in the coal substance. Impregnating with 

ferrous sulfate is simply a means of approximating a catalyst distribution 
comparable to that in whole coal. 

Comparative Catalyst Tests 

A number of comparative catalyst studies of varying scope have been 

published14-24. It is possible to make only a few generalizations on the basis 

of the results. In some cases a catalyst reported poor by one investigator is 

ranked as good by another; this is true for ferric oxide, for example. Such 

variations are probably due in part to differences in the nature of the coal 

hydrogenated, but the effects of catalyst distribution discussed above may 
also be partly responsible. 

Tin in various forms has been reported to be the most active catalyst for 

the hydrogenation of higher rank coals (however, see effect of catalyst dis¬ 

tribution, above). Good results have also been obtained with compounds 

of molybdenum, zinc, and lead, among others. For a number of metals, the 

chlorides are more active than the oxides or sulfides. Tungsten compounds 

are reported to be very poor, an interesting result in view of their outstand¬ 

ing effectiveness in catalyzing the vapor phase (fixed bed) hydrogenation of 

middle oil to gasoline. Several standard hydrogenation catalysts such as 

nickel-kieselguhr and copper chromite, which are very useful with many 

organic compounds, are quite poor for coal hydrogenation. 

Similar results have been obtained in studies of catalysts for the hy¬ 

drogenation of tars. In this case, however, molybdenum compounds are 

apparently superior to tin, and excellent results are also obtained with 

hydriodic acid and compounds, such as iodoform, which can liberate 

hydriodic acid under reaction conditions. 

Two interesting cases of synergism have been reported for coal hydro¬ 

genation catalysts. Luxmasse, a crude iron oxide obtained as a by-product 

of the aluminum industry, was used extensively in German commercial 

coal hydrogenation practice. Titania is an important minor constituent of 

Luxmasse. As the British Fuel Research Board and others have shown, 

neither iron oxide nor titania is a very effective coal hydrogenation catalyst. 
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The data of Table 6 (taken from Ref. 17) demonstrate, however, that a 

mixture of the two oxides is much more active than either used separately 

and gives essentially the same results as whole Luxmasse. The reason for 

this effect is not known. 
Similar behavior has been observed for the combination of tin and those 

materials which can give rise to a halogen acid under reaction conditions. 

Table 724 illustrates this for a Wyoming, high-volatile C bituminous coal. 

In the absence of a catalyst and for an arbitrary set of conditions, the 

conversion of moisture- and ash-free coal to gas, water, and liquid products 

Table 6. Catalytic Effect of Luxmasse, Ferric Oxide, and Titania 

Concentration, 
% m.a.f. Coal 

Products, % m.a.f. Coal 

Catalyst 
CHCl.i 

Insoluble 
CHCU 
Soluble 

Water Gas 

None — 49.2 27.6 7.1 10.7 

Luxmasse 2.5 10.0 66.1 5.9 8.2 

FeoOs 2.5 27.3 52.4 2.0 8.8 

TiO, 2.5 36.9 38.4 7.2 10.8 

f Fe20;i 
\TK)2 

2.291 
0.21 J 

12.0 65.7 6.9 6.5 

Table 7. Catalytic Effect of Tin and Ammonium Chloride 

Catalyst Coal Conversion (%) Gas Production (%) 

None 30.9 13.3 
1% Sn 44.2 13.6 
0.5% NH4C1 33.5 — 

1% Sn + 0.5% NHrCl 88.6 15.3 

soluble in benzene was only 31 per cent, of which 13 per cent was gas. 

Powdered tin by itself increased the conversion to 44 per cent. Ammonium 

chloride, which is equivalent to hydrochloric acid in these experiments, was 

essentially without catalytic effect; with some other coals, use of ammonium 

chloride results even in decreased conversions (see below). The combination 

of tin and ammonium chloride was far superior to either used separately; a 

coal conversion of almost 89 per cent was observed, most of the increase 

occurring in the liquid products. Rather similar results have been obtained 

by the Fuel Research Board for tin hydroxide with either iodine or bromine, 
as well as with hydrochloric acid17. 

A related case may be that of the ammonium molybdate-sulfuric acid 

combination. It was first discovered by I. G. Fardenindustrie at Leuna 
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that the amount of ammonium molybdate required to catalyze the hydro¬ 

genation of brown coal could be greatly reduced if 50 to 90 per cent of the 

alkalinity of the coal was first neutralized with sulfuric acid. This effect 

has been confirmed in recent experiments at the Bureau of Mines12. Table 8 

contains data obtained with Rock Springs coal and with Beulah lignite. 

With both coals the use of impregnated ammonium molybdate as catalyst 

resulted in a great improvement in conversion of the coal. When, in addi¬ 

tion, 90 per cent of the alkalinity was neutralized with sulfuric acid, not 

only was the coal conversion still further increased, but also a marked in¬ 

crease in the asphaltene-to-oil reaction occurred. The effect of sulfuric acid 

was not one of simple neutralization, however, since the use of hydrochloric, 

Table 8. Influence of Sulfuric Acid on Effectiveness of 

Ammonium Molybdate 

Per Cent ol m.a.f. Coal 

Coal Catalyst 

Con¬ 
version 

Asphal¬ 
tene Oil 

Gaseous 
Hydro¬ 
carbons 

Rock Springs None 33.4 2.8 10.4 9.0 
(bituminous) Imp. (NH4)2Mo04 (1% Mo), 

not neut. 
92.7 27.2 41.1 13.6 

Imp. (NH4)2Mo04 (1% Mo), 
90% neut.* 

94.7 10.0 62.6 13.9 

Beulah (lig- None 48.9 8.1 11.2 11.2 
nitic) Imp. (NH4)2Mo04 (1% Mo), 

not neut. 
75.2 14.5 22.6 19.6 

Imp (NH4)2Mo04 (1% Mo), 
90% neut.* 

82.7 10.0 44.0 14.1 

* 90% of alkalinity of coal neutralized with dilute H2S04 . 

acetic, or phosphoric acid for neutralization (in conjunction with impreg¬ 

nated ammonium molybdate) was reported to result in lower conversions 

than when no acid at all was used. 

The Bureau of Mines has also reported an interesting anion effect in 

studies of iron, cobalt, nickel, and tin salts (impregnated) as catalysts for 

the conversion of Rock Springs coal12. Table 9, which summarizes the re¬ 

sults, illustrates the peculiar change in the relative effectiveness of the sul¬ 

fate and chloride salts as one proceeds through this series of metals. Impreg¬ 

nated ferrous sulfate is an excellent conversion catalyst, ferrous chloride a 

very poor one. Cobaltous sulfate is as active as ferrous sulfate, and co- 

baltous chloride is still a poor catalyst, though somewhat better than 

ferrous chloride. With nickel, the situation is already reversed; nickelous 

chloride is an exceptionally good catalyst, and nickelous sulfate is less 
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active, though still good. Stannous chloride again is an excellent catalyst, 

while stannous sulfate is as poor as ferrous chloride. The reason for this 

change in relative behavior of the sulfate and chloride salts is obscure, 

especially since in all cases the metal is probably converted to the sulfide 

under reaction conditions (see below). For ferrous sulfate, at least, acidic 

chloride appears to be a negative catalyst. Impregnation of Rock Springs 

coal with ammonium chloride (0.5 per cent) along with ferrous sulfate (1 

per cent iron) caused a decrease in coal conversion from 85 (no ammonium 

chloride) to 52 per cent. 
It is significant that, although ferrous sulfate and cobaltous sulfate were 

almost as effective coal conversion catalysts as were nickelous chloride and 

stannous chloride, much superior conversions of asphaltene to oil were 

Table 9. Comparison of Metal Sulfates and Chlorides 

(Rock Springs Coal) 

Catalyst 

Per Cent 0] m.a.f. Coal 

Conversion Asphaltene Oil 
Gaseous 

Hydrocarbons 

Imp. FeSCb (1% Fe) 84.9 38.9 21.7 15.0 

Imp. FeCh (1% Fe) 44.8 4.8 12.2 15.2 

Imp. C0SO4 (1% Co) 83.6 36.5 22.5 14.9 

Imp. CoCh (1% Co) 58.0 11.2 16.3 8.3 

Imp. NiSCb (1% Ni) 78.9 33.0 14.8 10.0 
Imp. NiCF (1% Ni) 88.3 15.5 45.3 18.0 

Imp. SnSCb (1% Sn) 46.3 7.9 12.3 12.9 

Imp. SnCl2 (1% Sn) 88.3 19.9 41.4 15.5 

achieved with the latter catalysts. This fact is relevant to the discussion 

below of the mechanism of coal hydrogenation. 

Stability of Catalysts 

In connection with the mode of action of catalysts, it is of interest to 

inquire in what chemical form the catalyst is present during the hydro¬ 

genation. This question has been studied to some extent with tin catalysts, 

though without shedding much light on the nature of the catalytic action. 

The effectiveness of tin is greatly enhanced by the addition of a halogen 

acid or ammonium halide. Moreover, in the presence of ammonium chloride, 

approximately equal activity is shown by metallic tin, stannous sulfide, or 

stannic oxide, while stannous chloride by itself is as effective as tin plus an 

equivalent amount of ammonium chloride. These results would be explicable 

if stannous chloride were the most active tin compound, and if the other 

materials were converted to stannous chloride under reaction conditions. 
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Stannous chloride also has a relatively high vapor pressure of about 40 mm 

Hg at 450 C, a fact which could account for the unusually good physical 
distribution achieved by tin catalysts. 

Unfortunately, this hypothesis is made less cogent by the fact that, 
under reaction conditions (ca. 450°C, pH2 = 200-700 atm., pH2S = l 

atm.), stannous chloride becomes thermodynamically somewhat less stable 

than stannous sulfide, and, in fact, stannous sulfide becomes the most stable 

tin compound. In this connection, autoclave experiments have been re¬ 

ported1- which show that both stannous chloride and stannic oxide are 

largely converted to stannous sulfide in 1 hour at 450°C, under partial 

pressures of H2 and H2S comparable with those occurring in coal hydro¬ 

genation. The conversion of stannous sulfide to the chloride is, therefore, 

not to be expected during coal hydrogenation. Presumably, the two con¬ 

stituents of the synergistic combination, tin compound-halogen acid, exer¬ 

cise their functions separately rather than by formation of a tin halide. 

This concept of separate action of tin and halogen acid has also been em¬ 

ployed in some discussions of the mechanism of coal hydrogenation (see 
below). 

Calculations also indicate that, in the case of nickel and iron, nickel 

sulfide and ferrous sulfide are the stable forms when compounds of these 

metals are employed. It is important to note that reduction of the metal 

sulfates to sulfides is strongly favored for these metals under reaction con¬ 
ditions. 

It may seem odd to the casual observer that nickel catalysts, usually 

considered so susceptible to sulfur poisoning, should be very effective for 

the hydrogenation of coal. Perhaps even more surprising is the fact that 

platinum, impregnated on coal from a solution of chloroplatinic acid, 

shows an activity comparable with that of stannous chloride25. In the case 

of platinum, the activity in the presence of H2S may be due to the instability 

of platinum sulfide under reaction conditions. Thermodynamic data26 indi¬ 

cate that, for example, at 423°C and a hydrogen partial pressure of 150 

atm., the partial pressure of hydrogen sulfide must equal at least 3.6 atm. 

in order to prevent the reduction of PtS to Pt. The case of nickel is different 

in that the hydrogen sulfide pressure during coal hydrogenation is always 

sufficient to make either NiS or Ni3S2 the stable phase. These sulfides have 

been reported to be hydrogenation catalysts in other systems27. They are 

normally used at elevated temperatures, however, and they probably have 

a lower intrinsic activity than do metallic nickel catalysts. 

Catalysis and the Mechanism of Hydrogenation 

Catalysts furnish a useful tool for the study of coal and tar hydrogena¬ 

tion. A full understanding of the ways in which catalysts work will lead not 
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only to an understanding of the mechanism of hydrogenation, but also to 

some insight into the structure of coal itself. Progress in this direction has 

been slow, but some attempts have been made to relate the effects of indi¬ 

vidual catalysts to the mechanism of the reactions occurring. 
One such attempt involved the study of catalysts for the hydrogenation 

of coal-hydrogenation asphaltene28. The crude asphaltene used contained 

1.4 per cent benzene insolubles, 93.8 per cent asphaltene (benzene soluble, 

hexane insoluble material), 4.4 per cent oil (hexane soluble material), and 

Organic Benzene Insolubles, g 

Figure 1. Hydrogenation of asphaltene.2s 

0.± per cent H20. This material is a convenient substrate for study; it is 

also a reasonable one in view of the fact that asphaltene is probably an 

intermediate product in the over-all conversion of coal to oil29,30. 

In most of these experiments the reaction temperature was 450°C. Dur¬ 

ing the hydrogenation, a small fraction of the asphaltene (4 to 9 per cent) 

was converted to gas. Most of the asphaltene converted appeared as hexane- 

soluble oil, but with most catalysts, an appreciable amount of benzene 

insoluble material was also formed. The relation observed between as¬ 

phaltene remaining and organic benzene insolubles is shown in Figure 1. 

These results were interpreted on the basis of the following scheme for the 

hydrogenation: 
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Asphaltene 

./ \ 
\hci 

Gas 
\ 

Reactive Fragments 

Benzene insolubles 
\ 
Oil 

Asphaltene is assumed to be split with the formation either of gas, by a 

noncatalytic reaction, or of reactive fragments of some kind. The reactive 

fragments may (1) recombine to form asphaltene, (2) polymerize further 

to produce benzene-insoluble material, or (3) be stabilized with the addition 

of H2 to form oil. (It may be noted that similar ideas, applied to the hydro¬ 

genation of coal, have been expressed by Graham and Skinner31 and by 

Cawley32.) According to this scheme, the relative proportions of insolubles, 

asphaltene, and oil in the product depend on the relative rates of splitting, 

hydrogenation-stabilization of fragments, and polymerization of fragments. 
The product distribution should correspondingly depend on the presence 

of splitting catalysts, hydrogenation catalysts, and high pressure H2. The 

points clustered about the straight line in Figure 1 represent catalysts 

which are considered either to have no catalytic effect or, like HC1, to 

catalyze the splitting of asphaltene but not the hydrogenation of frag¬ 

ments. Tin is assumed to catalyze only the hydrogenation-stabilization; 

in the absence of a splitting catalyst, tin is unable to catalyze the over-all 

conversion of asphaltene. Points lying to the right of the line are for ma¬ 

terials or conditions which favor the polymerization by fragments over 

their hydrogenation; H3P04 and an inert atmosphere (He) come in this 

category. Points lying to the left of the line represent materials which cat¬ 

alyze both the splitting and the hydrogenation of fragments. In this group 

are the Sn-HCl and (NH^MoCh-^SCh combinations and I2, which is 

converted to HI, a dual-function catalyst. The two experiments carried 

out at 500°C are also interpretable on this basis. The rates of all the reac¬ 

tions are increased by the rise in temperature, which leads both to increased 

asphaltene conversion and increased insolubles production in the absence 

of added catalyst. In the presence of Sn, however, hydrogenation to oil 

occurs preferentially to polymerization to insolubles. 

The detailed results of this study must be qualified because the solid 

catalysts were added as powders. For some of the catalysts, such as am¬ 

monium molybdate and nickelous chloride, a greater activity would prob¬ 

ably have been observed had it been possible to achieve better physical 

distribution. 
Additional experiments were carried out on the hydrogenation of the 
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anthraxylon fraction of Bruceton (Pittsburgh seam) coal26. The dependence 

of coal conversion on catalyst used is summarized in Table 10. These re¬ 

sults were interpreted on the basis of a reaction scheme similar to that out¬ 

lined above. It was assumed that primary fragment formation occurs rela¬ 

tively readily with anthraxylon, even in the absence of a catalyst. When no 

hydrogenation catalyst, is present, a large fraction of the fragments re¬ 

polymerizes to form benzene insolubles; in the presence of Sn, however, 

most of the fragments are hydrogenated to form benzene soluble products. 

The rate of splitting, already too high in the absence of a hydrogenation 

catalyst, is increased by the addition of NH4C1; as a result, NH4C1 acts as 

a “negative catalyst.”* This action of NH4C1, or of HC1, which behaves 

identically, in decreasing coal conversion when used alone has also been 

noted by the Fuel Research Board33. This group observed that the addition 

of HC1 to Beamshaw coal in excess of the amount required to combine with 

the alkalies in the inorganic constituents resulted in the production of more 

Table 10. Influence of Tin and Ammonium Chloride on Hydrogenation of 

Bruceton Anthraxylon 

Catalyst Conversion (%) 

None 29.5 

1% Sn 85.3 
0.5% NH4C1 22.6 

1% Sn + 0.5% NH4CI 92.9 

solid residue on hydrogenation than when no acid was used. A less marked 

effect occurred with H2S04, while HCOOH was without influence. 

As mentioned above, evidence has been accumulating that asphaltene is 

an intermediate product in the conversion of coal to distillable oil. This may 

be represented schematically by the consecutive reactions: 

Coal —> Asphaltene (1) 

Asphaltene —» Oil (2) 

There is a marked difference in the rates of these reactions; normally, reac¬ 

tion (2) is much more difficult to accomplish than is (l)28. Much of the 

oxygen in coal is liberated as water and carbon dioxide during (l)34. One is 

led to conjecture that, to a large extent, the molecular weight reduction 

represented by (1) is associated with breaking weak carbon-oxygen bonds, 

while reaction (2) involves breaking carbon-carbon bonds35. The validity 

* The assumption here, that an increased rate of splitting causes a higher ratio of 
fragments polymerized to fragments hydrogenated, can be valid only if the polymeri¬ 
zation reaction is of a higher kinetic order in fragment concentration than is the 
hydrogenation reaction. This is reasonable, however. 
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of such a conjecture will be more easily tested when a better understanding 

has been achieved of the relationship between the coal hydrogenation re¬ 

actions and those of pure “model” compounds. Orlov36, Prokopets37, 

Hall ■ and Cnarmbury40 and their coworkers have already published in¬ 

teresting information on the products ot hydrogenation of certain poly¬ 

cyclic compounds at elevated temperatures. An extension of these investi¬ 

gations with pure compounds to a comparative study of different catalysts 

would be "veiy helpful in establishing the detailed function of individual 
catalysts. 

It is certainly known now that the relative effectiveness of certain 

catalysts is quite different for reactions (1) and (2). Impregnated ferrous 

sulfate, for example, is almost as good as impregnated nickelous chloride in 

catalyzing the conversion of coal, but is much less effective in catalyzing 

the asphaltene-to-oil conversion (Table 9). For the present, it remains 

dangerous to over-simplify the action of an individual catalyst. Ammonium 

chloride, whose function has been interpreted as that of a splitting catalyst, 

acts as a promoter for tin catalysts but as an antagonist for ferrous sulfate. 

Until more detailed information has been collected concerning the mode of 

action of each material, it will be difficult to treat these interrelations on a 

unitary basis. Significant progress has been made, however, and continuous 

intelligent research will lead to a much fuller understanding of the role of 
catalysis in the hydrogenation of coal and tar. 
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CHAPTER 8 

CATALYTIC CYCLIZATION AND 
AROMATIZATION OF 

HYDROCARBONS 

H. Steiner 

Petroleum, Limited, Manchester, England 

Introduction 

The reaction leading from paraffins and olefins by ring closure to aromatic 

compounds was first discovered in 1936 by Moldavski and Ivamusher1. 

These authors passed w-heptane vapors over a chromium oxide catalyst 

and obtained considerable quantities of toluene. Negligible cracking took 

place, and apart from unconverted heptane and an olefinic by-product 

only toluene was found among the reaction products. The only related re¬ 

action known previously to this discovery was the isomerizing dehydro¬ 

genation of methylindene to give naphthalene2. It is clear that in this 

reaction the five ring is opened and closure to a six ring takes place, with 

simultaneous dehydrogenation to naphthalene. 

Soon after Moldavski’s and Kamusher’s discovery, and independently 

of it, a patent was taken out by Grosse and Morrell3 to cover the catalytic 

cyclization of n-heptane and similar n-paraffins to the corresponding aro¬ 

matic compounds. This patent covered as catalysts, generally, oxides of 

the metals belonging to the 5th and 6th subgroup of the periodic system. 

At about the same time Kazanski and Plate4 discovered that at 350°C 

platinum catalysts are able to cyclize paraffins to aromatic compounds, 

though the yields were considerably lower than those obtained with oxide 

catalysts in the higher temperature range of 450 to 500°C. 

In the years following its original discovery this reaction was thoroughly 

investigated by the Russian workers themselves, but soon American, Dutch 

and British chemists contributed to the further development of this field. 

Particularly notable contributions were made by Taylor and collabora¬ 

tors5; by Hoog, Verheus and Zuiderweg6; and by Herington and Rideal7. 

It was found that a group of related reactions existed by which various 

paraffins, olefins and five-ring naphthenes could be transformed into 

aromatics without degradation of the carbon chain into lower molecular 
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weight compounds. It was clear that not only cyclization and dehydro¬ 

genation reactions were involved, but in many cases isomerization took 

place as well. Naturally, the well-known dehydrogenation of six-ring 

naphthenes to aromatics is also closely related. 
Apart from the scientific interest of this new group of hydrocarbon reac¬ 

tions, the important industrial aspects, particularly for the petroleum in¬ 

dustry, were soon realized: first, as a means to upgrade motor fuels because 

of the conversion of straight or slightly branched chain hydrocarbons of 

low octane rating into aromatics of high octane rating; secondly, because 

of the possible synthesis of certain individual aromatic compounds from 

petroleum or petroleum fractions. The most notable example of the latter 

application of the reaction is the production of toluene, which was syn¬ 

thesized from petroleum fractions in enormous quantities during the last 

war. The production of o-xylene from Cs hydrocarbons and benzene from 

C6 hydrocarbons are more recent examples of applications of this reaction. 

General Chemistry of the Reaction 

In the laboratory the cyclization reaction is usually carried out by lead¬ 

ing the vapors of the hydrocarbon charge at or near atmospheric pressure 

over the catalyst. In technical applications, pressure is applied and the 

reaction is carried out in the presence of substantial amounts of hydrogen. 

This method of operation will be discussed later. 

The useful temperature range for reaction over oxide catalysts is from 

450 to 550°C. Below 450°C the activity of these catalysts is small, and 

above 550°C cracking reactions become prominent. Contact times under 

these conditions range from a few seconds up to one minute. At about 

475°C conversions of 80 to 90 per cent can be achieved, depending on the 

activity of the catalyst and on the reactivity of the hydrocarbon used. 

Cyclizations which do not require simultaneous isomerization can be 

achieved over reasonably active catalysts from 450°C upward; if, on the 

other hand, an isomerization step is involved, temperatures above 500°C 

are required for sufficiently fast reaction rates. 

Oxides of the 5th and 6th subgroup of the periodic table are employed 

as catalysts. Chromium oxide and molybdenum oxide are most generally 

used. These catalysts must be prepared in a state of fine subdivision such 

as, for instance, by precipitation as gels and subsequent calcination, or by 

precipitation on certain supports such as activated alumina, which exhibit 

large surface areas. The activity of all oxide catalysts declines in the course 

of several hours, due to the formation of polymer deposits on the catalytic 

surface. These surface polymers can be burned off, as a result of which the 

original activity of the catalyst can be restored. The question of catalysts 

for the cyclization reaction will be discussed in detail later. 
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It was, of course, of great interest to see which classes of hydrocarbons 

were amenable to the cyclization reaction, and many individual compounds 

were tested. A reasonably complete summary is given in Tables 1 and 2 

where the various compounds which have been cyclized and the resulting 

products are listed. Table 1 lists compounds which can be aromatized by 

Table 1. Cyclization of Paraffins and 
Resulting Aromatic Products 

Base Material Aromatics Found Per cent 
Observed 

Per cent 
Calculated 
Assuming 

Direct Ring 
Closure" 

Experimental 
Conditions* Ref. 

n -Hexane Benzene l
 

O
 

©
 

100 i 6 
w-Heptane Toluene >95 100 ii 7 
2-Methyl hexane Toluene l

 
O

 
o

 
100 i 6 

n-Octane Ethylbenzene 23 66 ii 7 
o-Xylene 33 33 
m-Xylene 27 0 

p-Xylene 7 0 
2-Methyl heptane m-Xylene 100 100 ii 7 
3-Methyl heptane Ethyl benzene 15 33 ii 7 

o-Xylene 25 33 
p-Xylene 60 33 

2,5-Dimethyl hex- p-Xylene 80 100 i 6 
ane 

2,3-Dimethyl hex- o-Xylene 90 100 ii 7 
ane p-Xylene 10 0 

3-Ethyl hexane Ethyl benzene 100 100 ii 7 
Nonane w-Propyl benzene 25-29 ii 7 

o-Methyl ethyl benzene 75-71 

Traces of indene 
Decane Naphthalene One of several ii 7 

components 
Tetradecane Anthracene and phen- T wo of many ii 7 

anthrene products 

Experimental conditions. I. 465°C, 18—24 sec. contact time, specially prepared 

Cr203 catalyst. II. 475°C, Catalyst Ci-203 on alumina. 

a See page 538 for details of this calculation. 

straight cyclization and dehydrogenation; Table 2 deals with compounds 

where, in addition, isomerization must be a step in the reaction sequence. 

Based on these experiments one can define the following classes of hy¬ 

drocarbons which can be converted into aromatic compounds by cyclization 
and dehydrogenation. 

1. Straight-chain paraffins or olefins from C6 hydrocarbons upward (e.g., 

n-heptane to toluene—see Figure la). 
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2. Branched-chain paraffins or olefins having a chain of at least six car 

bon atoms within their molecular structure (e.g., 2-methylhexane to tolu¬ 

ene, see Figure lb). 
3. At higher temperatures, C6 and higher hydrocarbons having a straight 

chain of only five carbon atoms within their molecular structure can also 

be cyclized to six-ring aromatic compounds; it is evident that an isomeiiza- 

TaBLE 2'. ISOMERIZING CycLIZATION AND RESULTING AROMATIC PRODUCT7 

Hydrocarbon 

Aromatic 
Formed, % 
of Liquid 
Product 

Aromatic Compound 
Formed 

Per Cent of Total 
Aromatic 

Observed6 Calculated® 

2,3-Dimethylpentane 30 Toluene 100 100 
2,2,3-Trimethylpentane — m-Xylene 100 100 

2,2,4-Trimethylpentane 50 p-Xylene 100 100 
2,3, 3-Trimeth vlpentane — m-Xylene 100 100 

I o-Xylene 60 50 
2,3,4-T i imethylpent ane i p-Xylene 40 50 

Ethylbenzene 12.5 12.5 

Toluene 12.5 12.5 
2-Methyl-3-ethylpentane o-Xylene 25 25 

^m-Xylene 50 50 

Ethylbenzene 24 25 

Toluene 24 25 
3-Methyl-3-ethylpentane * o-Xylene 48 50 

m-Xylene 4 

Toluene 100? 

Toluene 100? 

Ethylbenzene 10 10 
Ethylcyclopentane 20 Toluene 10 10 
transA: 2-dimethylcyclopentane 27 o-Xylene 40 40 

3:3-Dimethylcyclohexane 50 m-Xylene 20 20 
p-Xylene 20 20 

2: 2-Dimethylcyclohexane 50 m-Xylene 100 100 

“ See pages 538-544 for significance of calculated results. 

b Experimental conditions: 550°C; catalyst—CraCh on alumina. 

tion step must be involved in this reaction (e.g., 2,2,4-trimethylpentane— 

see Figure lc). 
4. Under similar conditions, C6 and higher hydrocarbons having a five 

ring within their molecular structure, can also be isomerized and dehydro¬ 

genated to six-ring aromatic structures (e.g., ethylc.yclopentane to toluene, 

see Figure Id). 
5. Formation of condensed polycyclic compounds such as naphthalene 

is possible from paraffins of sufficient chain length (e.g., n-decane, or from 

an appropriate alkylbenzene compound, such as butylbenzene8). 
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6. In addition to hydrocarbons it has been shown that alcohols are cap¬ 
able of undergoing this reaction in a manner essentially similar to that of 
hydrocarbons9. 

In cases (1) and (2) the resulting aromatic compound is usually the one 

to be expected from the simple mechanism indicated in Figure 1. Thus 

hexane gives benzene, heptane or the methylhexanes, toluene, etc. 

If the chain length is further increased several methods of reaction become 

possible; thus cyclization of 3-methylheptane can produce ethylbenzene, 

(a) cyclization of a w-paraffin (n-heptane) 

c—c~c—-c—c—c—c 
I I 

I I 
I-1 

(b) cyclization of a branched paraffin type A (2-methylhexane) 

(c) cyclization of a branched paraffin type B (2,2,4-trimethylpentane) 

CH3 
C 

C—( I—C- —c—c - 
A 

c "1 c u >— CH3 

(d) cyclization of an alkylcyclopentane (ethylcyclopentane) 

Figure 1. Modes of cyclization of various types of hydrocarbon 

o- and p-xylene. In fact, all three compounds can be found among the reac¬ 

tion products. (Figure 2.) 

However, there are cases where these simple rules do not apply. For ex¬ 

ample, n-octane gives ethylbenzene and o-xylene, both of which are to be 

expected according to the simple cyclization scheme, but in addition vi¬ 

and p-xylene are found among the products. These must have been produced 

as a result of an isomerization mechanism (Figure 3). 

Olefins can be cyclized in an analogous way to the paraffins. As far as the 

resulting products have been investigated they are identical with those ob¬ 

tained from the structurally related paraffin. In general, the rates of cycliza- 
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tion are increased as compared with those oi paraffins, but so are the poison¬ 

ing effects of the catalyst, limiting their useful life to even shorter periods 

than when paraffins are cyclized. 
In the case of compounds requiring isomerization, such as those in groups 

CH3 

Figure 2. Various methods of cyclization of 3-methylheptane7 

Figure 3. Various methods of cyclization of n-octane 
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(3) and (4), it is not easy to predict the aromatic compound which will be 

formed on cyclization. It is possible however to establish certain rules and 

these will be discussed later. It is fairly certain that the isomerization step 

proceeds via the well-known interconversion between five- and six-ring 
naphthenes: 

CHa 

h2c- 

h2c— 

-CH 

-CHo 

CH2 

ch2 
h2c/\ch2 

h2c\/ch2 
ch2 

Thermodynamic Considerations 

Sufficiently accurate data10 are available for an appraisal of the thermo¬ 

dynamic factors governing the cyclization reaction. These conditions are 

illustrated in Figure 4, which gives the free energy changes for the following 
reactions: 

(a) Paraffins to naphthenes. 

(b) Paraffins to olefins. 

(c) Naphthenes to olefins. 

(d) Naphthenes to aromatics. 

The well-known fact that above a certain temperature range aromatics 

are by far the most stable of all hydrocarbons is confirmed. The critical 

temperature range is around 250°C. Above 250°C it is possible to dehy- 

t drogenate naphthenes or cyclize paraffins or olefins; above about 400°C the 

i equilibria are displaced to such an extent to the side of the aromatics that 

( even considerable pressures of hydrogen cannot repress the dehydrogena- 

i tion reactions to any degree. 
One important factor is the equilibrium between paraffins and olefins. 

' This equilibrium is displaced to the olefin side at much higher temperatures 

l than the dehydrogenation of naphthenes to aromatics. In fact, a 20 per cent 

( dehydrogenation at atmospheric pressure is reached at temperatures of 

550 to 600°C only, and substantial dehydrogenation occurs at temperatures 

i of 700 to 800°C, where most hydrocarbons are already very unstable. 

As for isomerizations of paraffins or olefins into naphthenes, and of five 

) rings into six rings, the data show that all these equilibria are favorable over 

l the entire range of temperature, which is of interest. In this range, appre- 

( ciable quantities of all reacting partners are present at equilibrium, and 

i interconversion of paraffins and olefins into naphthenes, and of five into six 

i ring compounds, and vice-versa, is possible. 

Mechanism of the Reaction 

The mechanism of the cyclization reaction has aroused considerable in- 

t terest and has been investigated extensively. A good part of the informa- 
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tion was derived from a study of the kinetics of thek reaction, particularly 

of the system n-heptane-toluene. The very careful and detailed investiga¬ 

tion of the products from the cyclization of various specific hydrocarbons 

and the determination of the relative rates of formation of the resulting 

aromatic compounds led to a better understanding of the reaction. As a 

I 

Figure 4. Standard free energy changes for reaction steps involved in cyclization.10 

fn-Hexane —> n-Hexene (1) 

(n-Nonane —> n-Nonene (1) 

Ila n-Hexane —» Cyclohexane 

lib n-Nonane —> Propylcyclohexane 

Ilia n-Hexene (1) —> Cyclohexane 

Illb n-Nonene (1) —» Propylcyclohexane 

IVa Cyclohexane —> Benzene 

IVb Propylcyclohexane —> Propylbenzene 

result we now have a fairly comprehensive understanding of the mechanism 

of cyclization. 

If, for instance, n-heptane is cyclized over a chromium oxide catalyst, 

the product, apart from unconverted heptane, consists of toluene and a 

comparatively small amount of an olefin, identified as n-heptene6. Products 

resulting from a degradation of the hydrocarbon chain are formed in small 

quantities (below about 5 per cent), and compounds such as heptadiene, 

methylcyclohexane, methylcyclohexene, and methylcyclohexadiene, which 

could be anticipated as intermediates in the cyclization reaction, have not 
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been detected. 1 races oi unsaturated bodies of the fulvene type are present 

among the reaction products, but while they were shown to be an important 

cause of the pi ogressive poisoning of the catalysts they do not appear to be 
of interest in connection with the main reaction mechanism. 

The question arises whether the olefin (n-heptene) found in the reaction 

products is formed as a by-product or as an intermediate in the reaction 
sequence. 

It has been shown by Pitkethly and Steiner11 that the concentration of 

n-heptene in the reaction product does not correspond to the hydrogena¬ 

tion dehydrogenation equilibrium with the paraffinic starting material. 
The evidence is based on two facts: 

(1) Thermodynamic data show that the olefin concentration is much 

too low to be at or near equilibrium under the conditions of reaction. 

Table 3. Conversion of w-Heptane into Toluene at Various Partial 

Pressures of w-Heptane (Carrier Gas—Nitrogen) 

H2 C-Hl6 CjHh CtHs n2 
H2 X C7H14 

C7H16 

C7H14 

C?H| 6 
C7H14 theor. 

222 160 21 34 208 29 0.13 190 

185 125 22 36 320 32 0.17 180 

295 260 30 40 25 25 0.12 234 

120 78 10 28 379 16 0.13 170 

495* 99 14 25 — 67 0.14 53 

All exp. at 475°C ant 20 ± 4 sec. contact time; all pressures mm Hg. Catalyst: 

Cr203 on alumina. 

* Exp. 41 hydrogen used as carrier gas. For data: see Ref. 11). 

(2) Addition of hydrogen does not reduce the concentration of olefins 

in the products, which would be the case if a dehydrogenation equilibrium 

were established. 
This is clearly demonstrated in Table 3, where data on the conversion 

of n-heptane to toluene at various partial pressures of n-heptane are given. 

These data show that the equilibrium expression (column 6) is far from 

constant. Moreover, assuming a value of 0.07 atmospheres for the equilib¬ 

rium constant, values for the partial pressure of n-heptene (column 8) in 

equilibrium with the measured partial pressure of n-heptane and hydrogen 

were calculated. Comparison with the actually determined partial pressures 

of heptene (column 3) demonstrates the wide discrepancy in the calculated 

and observed values. 
Variation of contact time showed (Figure 5) that at very short times the 

concentration of olefins rises much more rapidly than the concentration of 

aromatics; after reaching a maximum, the olefin concentration falls slow ly 
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with increasing contact time, whereas the concentration of aromatics con¬ 

tinues to rise. Moreover, there is evidence that at very short contact times 

the rate of formation of aromatics approaches zero. All these facts point to 

the olefins as intermediate products in the cyclization reaction. Thus, after 

building up the olefin concentration a stationary state is reached where the 

olefin is formed as rapidly as it is cyclized to the aromatic product. 

Assuming the n-heptene adsorbed on the catalyst to be in equilibrium 

with the n-heptene in the vapor phase, and assuming the reaction on the 

surface to follow first order kinetics, we have, under stationary state condi- 

Figure 5. Conversion of n-heptane to toluene.11 

tions (after build-up of the olefin concentration): 

dpo 
dt 

= KDpp = 
— dp0 

dt 
k cPo 

where pp and p0 stand for the partial pressures of n-heptane and n-heptene, 

respectively, and kD and kc for the rate constants for dehydrogenation and 

cyclization, respectively. The latter constants include factors governing 

the adsorption equilibria of the compounds referred to. 

Thus, under these conditions, the ratio: 

— = const. 
Pp 

should be approximately constant and independent of the initial partial 

pressure ol heptane. As the data of Table 3 show, this is the case. 

These experiments lead to the conclusion that the reaction proceeds ac- 
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cording to the following scheme: 

Heptane —► adsorbed heptane —> adsorbed heptene —> toluene 

i . T 
heptene in gas phase 

From the data in Table 3 it is clear that under the particular experimental 

conditions the stationary state has been largely established. Using Eq. (1) 

we can therefore relate the rate of formation of toluene to the mean con¬ 

centration of heptane as follows: 

= kcpo = kDpp (2) 

where Apa stands for the rate of formation of toluene and p0 and pv are the 

mean partial pressures of heptene and heptane, respectively. Thus, ac¬ 

cording to Eq. (2) the formation of toluene should be proportional to the 

mean partial pressure of heptane. However, as the data of Table 3 show, 

the reaction rate is dependent on pressure to a power much lower than the 

first, approximately 0.6, indicating partial saturation of the surface6. 

The simple mechanism given above does not take this fact into account, 

but it can easily be shown that a more elaborate treatment leads to the 

same final result5 12. Assuming that heptane and heptene compete for identi¬ 

cal catalytic centers, and that heptene is strongly adsorbed and can dis¬ 

place the weakly adsorbed heptane from the catalyst, we have for the frac¬ 

tion of the catalytic surface covered by heptene and heptane, respectively: 

0 _ Aop0 

“ 1 + AoPo 

Sp = Appp( 1 - S0) = Y+%jP0 

A Langmuir adsorption isotherm is assumed and A0 and Av stand for the 

adsorption coefficients of heptane and heptene, respectively. 
For the rates of dehydrogenation and cyclization, respectively, we then 

find: 

i dp0 = , Appp 

+ dt 1 + A0p0 

dpo _ , A0p0 

dt IT- AoPo 

Equalizing these equations for the stationary state condition we end up with 

an equation equal in form to Eq. (1). 
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The rate of formation of toluene is given as follows: 

Apo j -4opo _ k-dApPp 

At cl+.4,p„ 1+MArPr 
ICc 

It is seen that the relation between rate of formation of toluene and 
partial pressure of heptane need no longer be of the first order in accordance 
with the experimental results. 

The numerical value for the ratio of the two constants in Eq. (1) is about 
0.25, indicating that the over-all rate of cyclization of the olefin is much 
more rapid than the dehydrogenation of the paraffin to the olefin. This is 
supported by the fact that some, though not all, olefins cyclize much more 

Table 4. Cyclization of Olefins 

Mole % Aro¬ 
matics in 
Product 

Aromatic Compound 
Formed 

Catalyst, Temp. (°C), 
Approx. L.s.v.* 

Ref. No. 

cc/cc/hr 

n-Hexene-l 31 Benzene 6 
n -Hexene -2 18 Benzene 6 
n-Heptane 45 Toluene > Cr203,465°C, s.v. 0.2 6 
n-Heptene-1 69 Toluene 6 
n-Heptene-2 65 Toluene 6 
n-Heptene-1 19.8 Toluene 

Yd)-, , 480°C, s.v. 0.5 
13 

n-Heptene-3 13.7 , 13 
n-Octene-2 57 Mixed x ylenes Cr203,465°C, s.v. 0.2 6 

* L.s.v. = Liquid hourly space velocity. 

rapidly than the corresponding paraffins (see Table 4). However, this is 
not true in all cases, as the rate of cylcization of olefins depends on the posi¬ 
tion of the double bond within the molecule. 

This leads to another interesting feature of this mechanism : 
It has been shown by Hoog, Verheus and Zuiderweg6 that hexene-1 

cyclizes at about double the rate of hexene-2, whereas heptene-1 cyclizes 
at about the same rate as heptene-2. These results were further extended 
by Plate and Tarasova13, who showed that heptene-3 cyclizes at a much 
reduced rate as compared with heptene-1 or -2. 

We have, therefore, the position that the olefin is an essential interme¬ 
diate in the reaction, but that olefins with a double bond located in the 
center of the molecule, hexene-2 in the case of the n-hexenes, or heptene-3 in 
the case of the n-heptenes, are less reactive than those with the double bond 
toward the end of the molecule. These results can be explained by assuming 
the following mechanism for the actual cyclization step on the catalyst. 
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ihe olefin molecule, e.g., n-heptene, is assumed to be adsorbed by a two 

point contact with simultaneous opening of the double bond (Figure 6). 

C)rclization then proceeds between atoms 1 and 6 as follows: a bond is 

formed between these two atoms, and simultaneously a hydrogen atom is 
split off from carbon atom 6. 

This mechanism was first proposed by Twigg14 in analogy to the mech¬ 

anism introduced for exchange reactions between deuterium and olefins by 

Horiuti and Polanyi16, and by Twigg and Rideal* '16. If the further assumption 

is made that cyclization must involve a carbon atom linked to the catalyst, 

CHo 

ch2—ch2 /^ \ 

r e /6 4 \ ch2 ch2 

ch3—ch2 ch2 - | 5 | 3 

X3 ch3- —CH CH2 

CH2—CH 7H 6\/ 2 
1 i 2 j iCH 

Cat Cat 

Cat Cat 

Figure 6. Twigg’s mechanism for cyclization14 

Hexene-1 

Cat. Cat. 

favorable 

Hexene-2 2,5-dimethylhexene-l 2-5 dimethylhexene-3 

Cat. Cat. Cat. Cat. Cat. Cat. 

unfavorable favorable unfavorable 

for cyclization 

Figure 7. Methods of adsorption for cyclization of hexene and 2,5-dimethylhexene 

then in the case of n-heptane it is clear that cyclization can take place only 

if the intermediate olefin is adsorbed on the 1-2 or 2-3 position correspond¬ 

ing to adsorption of a heptene-1 or a heptene-2 molecule, whereas heptene-3 

has to be isomerized first to the -1 or -2 olefin before cyclization can take 

place. This is compatible with the fact that heptene-1 and -2 cyclize at ap¬ 

proximately double the rate of heptene-3. The difference in the cyclization 

rate of n-hexene-1 and -2 equally fits into this picture, because w-hexene-1 

can be cyclized directly, whereas w-hexene-2 can be cyclized only aftei 

isomerization to hexene-1. We have, therefore, to extend oui mechanism 

* Twigg’s mechanism implicitly assumes that identical catalytic centers are in- 

involved in cyclization and dehydrogenation; also, as will be seen later, in isomeriza¬ 

tion. This assumption will be justified later (see page 553). 
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as follows: 
paraffin 

\ 
olefin-3 

it 
olefin-1 aromatic. 

The isomerization of the olefins to the olefin with the double bond in a 

suitable position for cyclization is, therefore, an important step in the reac¬ 

tion sequence. This step may take place by a mechanism analogous to the 

one proposed by Twigg for the migration of a double bond in the conversion 

of butene-1 into butene-2 over nickel catalysts. 
That isomerization of the double bond does actually take place under 

conditions of cyclization is clearly shown by experiments of Hoog and 

collaborators, and of Plate and Tarasova6'13. These authors used the pure 

isomeric heptenes-1, -2, and-3, respectively, as feed to the cyclization reac¬ 

tion, but invariably the heptenes isolated from the reaction products con¬ 

sisted of a mixture of all three isomers, with the -3 isomer present in greatest 

proportion (see Table 4, page 540). 

Further support for this mechanism of the cylization reaction comes from 

calculations of Herington and Rideal7, which are based on experiments 

carried out by Hoog, Verheus and Zuiderweg6 (see Table 1, p. 531). Hering¬ 

ton and Rideal calculated the probability for cyclization of certain paraffins 

based on the assumption that a two-point contact between catalyst and 

the intermediate olefin is necessary, and that only certain positions are 

favorable, depending on whether cyclization can be achieved according to 

the scheme proposed in Figure 6. This is further illustrated in Figure 7 for 

n-hexane and 2,5-dimethylhexane, respectively. Thus, in the case of 

n-hexane five two-point contacts are possible; but only two can lead to 

cyclization according to the above mechanism. The relative cyclization 

probability, therefore, is 2/5. Another example is 2,5-dimethylhexane; 

here seven two-point contacts are possible, four of which are favorable, but 

each of these four has two possibilities for reaction; the relative probability 
for cyclization, therefore, is 8/7*. 

* This calculation assumes that the following method of cyclization, illustrated 

for the case of n-heptane, does not contribute to the reaction: 

C 

c c 

c c 
\ / 

c—c 
/ I 

Cat Cat 

This assumption seems justified, because the resulting product would not lead di¬ 

rectly to an aromatic hydrocarbon. While this method of cyclization may not be 

excluded it will probably be considerably slower, and therefore may be neglected. 
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ihe cyclization rate of various aromatics will be proportional to these 
probabilities, i.e., 

kc = constant p (3) 

where p stands for the cyclization probabilities as derived above and kc is 

the rate constant for cylizat.ion, which, assuming an exponential decline of 

the cyclization rate, is related to the fraction (a) converted to aromatics as 
follows: 

kci = logio - -— (4) 
1 — a 

Taking the constant in Eq. (3) as equal to 0.28, the values in Table 4 

Table 5. Relative Cyclization Rates of Various Hydrocarbons at 465°C, 

Contact Time 18-24 Seconds, Cr203 Catalyst7 

Paraffin P 
Conversion 

% Observed 

to Aromatic 

% Calculated 

Pentane 0.00 3 0 

n -Hexane 0.40 20 23 

2-Methylpentane 0.00 5 0 

n-Heptane 0.66 36 35 

2-Methylhexane 0.66 31 35 

n-Octane 0.84 46 42 

3-Methylheptane 0.84 35 42 

2,5-Dimethylhexane 1.14 52 52 

2,2,4-Trimethylpentane 0.00 3 0 

n-Nonane 1.00 58 48 

were calculated and compared with those obtained experimentally by Hoog, 

Verheus and Zuiderweg. The agreement seems satisfactory. 

The mechanism and the probability considerations just discussed should 

also lead to the correct ratio of aromatic isomers which can be formed from 

a given paraffin. These experimental and calculated ratios are compared in 

Table 1 (page 531). While these data are largely in agreement with the 

prediction of the theory there are discrepancies. The most notable occur in 

the case of n-octane, which should form ethyl benzene and o-xylene only, 

but m-xylene and p-xylene are formed in addition, mainly at the expense 

of ethyl benzene. It is clear in this case that an isomerization step is in¬ 

volved. An important point to establish was at what stage in the reaction 

sequence the isomerization step occurred. The following experiments of 

Herington and Rideal were designed to give the answer: 
It was shown that no isomerization occurs if the following hydrocarbons 

are passed over the catalyst, o- and p-xylene, ethyl benzene, mesitylene, 
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trans-1-2- and trans-1,4-dimethylcyclohexane, ethylcyclohexane, and 

trans-l ,3,5-trimethylbenzene, although dehydrogenation of the naphthene 

takes place. 
These experiments show that no isomerization occurs after ring closure. 

C 

structure 

Figure 8. Isomerization in the cyclization of n-octane7 

la 

C 

Ila 

C 

\/ 

On the other hand, it was shown in further experiments that identical 

aromatics are formed from the paraffin and the corresponding olefin (n-oc- 

tane-n-octene); therefore isomerization does not precede the dehydrogena¬ 

tion step. The only remaining possibility, therefore, is that isomerization 
occurs simultaneously with ring closure. 

In order to explain the isomerization in the cyclization of n-octane, 

Herington and Rideal7 assume that the ethyl group, after cyclization of the 
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main ring, can form an additional five or six ring according to the scheme 
of Figure 8. 

On further dehydrogenation the bicyclic naphthenic ring (structures 1 and 

II), which are nonplanar, are transformed into the planar aromatic struc¬ 

tures la and Ha, respectively. The resulting strain breaks the secondary 

five and six rings with simultaneous formation of m- and p-xylene, respec¬ 
tively. 

Other paraffins which are cyclized to ethyl benzene type structures, such 

as 3-methylheptane or 2-ethylhexane, fail to show isomerization to other 

aromatic structures. According to Herington and Rideal7 this must be due 

to a unique method of adsorption of all C8 hydrocarbons only open to 

n-octane, and shown in Figure 9a. In this configuration the ethyl group is 

linked to the chemisorbed carbon atom undergoing cyclization, and it is 

postulated that simultaneous ring closure of the ethyl group to form the 

secondary five or six ring can take place only under these conditions. 

C—C 

/ \ 
c c c 
\ \ / 

c—c—c 
/ \ 

Cat Cat 

Figure 9a7 

Since simultaneous ring closure of both the primary and the secondary 

ring is postulated, closure of the secondary ring must take place at some 

distance from the catalytic center. Since interaction of the catalytic centers 

with the cyclizing atoms is most probably an essential condition for reaction, 

it is difficult to see how, under these circumstances, cyclization of the 

secondary ring can take place. 
A different anomaly is found in the case of 3-methylheptane. Here the 

expected isomers, namely, ethyl benzene, p-xylene, and o-xylene, are formed 

on cyclization, ra-xylene being absent, but the proportion of the isomers 

is quite different from that calculated. It will be seen from the data of 

Table 6 that p-xylene has been formed at the expense of o-xylene and ethyl 

benzene. According to Herington and Rideal7 the explanation lies in the 

suppression of certain configurations in the transition state piioi to ling 

closure because of steric hindrance. This is illustrated in Fig. 9, where the 

various possible configurations of the substrate on the catalyst aie dem¬ 

onstrated. Configurations h and i are suppressed because of the steric 

hindrance of one ethyl group or two methyl groups linked to the chemi¬ 

sorbed carbon atoms. These are the configurations which lead to ethyl ben- 
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zene and o-xylene, respectively. Assuming that these configurations are 

suppressed, the calculated ratio for the various isomers becomes that 

shown in Table 6, which is in reasonable agreement with experiments. 

As far as the ring closure of compounds which can cyclize only after 

isomerization has taken place is concerned, these reactions require tempera- 

Table 6. Isomerization of 3-Methylheptane7 

Isomers 

3-Methyiheptane 

Found Calculated 
Calculated, Assuming 
Configurations h and 
i are absent. (Fig. 9) 

(% of Total Aromatics in Product) 

Ethylbenzene 15 33 20 

o-Xylene 25 33 20 

p-Xylene 60 33 60 

Total cyclization* 35 42 

* % total aromatics in product. 

n-octane 3-methylheptane 

a b d e f 

Cat Cat Cat Cat Cat Cat Cat Cat 

Figure 9.7 Methods of adsorption of n-octane and 3-methylheptane 

tures which are considerably higher than those in the case of simple ring 

closure7. It is necessary to raise the temperature some 60 to 80° to achieve 

conversions comparable with those when only a simple cyclization takes 

place in the reaction. The results of such isomerizing cyclizations, particu¬ 

larly the starting materials and the end products, are summarized in Table 
2 (p. 532). 

Although 2,3-dimethylbutane and 2,2,3,3-tetramethylbutane contain 

sufficient carbon atoms to form a six-numbered ring, they do not give 

aromatic products when passed over a chromium-oxide catalyst. The former 
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gave 2,3-dimethylbutadiene, while the latter passed through unchanged. 

It can be concluded, therefore, that only pentane and cyclopentane struc- 

tuies can be aromatized by this isomerizing cyclization reaction, and the 

view that isomerization takes place by way of the well-known interconver¬ 
sion of five- and six-ring naphthenes seems very plausible. 

CH3 

It is known that this reaction proceeds over oxide catalysts at tempera¬ 
tures of about 500 to 600°C. 

Further evidence for this mechanism comes from the relative rates of 

aromatization of the various compounds listed in Table 2. All these com¬ 

pounds, including the cyclopentane derivatives, and the cyclohexane de- 

Cat Cat 

Figure 10. Ring closure of C6 hydrocarbons 

rivatives with geminal methyl groups, aromatize at about the same rate, 

showing that the same elementary step must be rate determining in all 

reactions. It is suggested that this step is the breaking of the five-membered 

ring and the simultaneous formation of the six ring7. 

Certain rules can be formulated which allow one to predict the aromatic 

compound formed on isomerization7. Assuming that the substrate is first 

dehydrogenated to the corresponding olefin and the latter is adsorbed by a 

two-point contact on the catalyst (Figure 10) on carbon atoms 1 and 2, 

ring closure should take place between carbon atoms 1 and 5: 

In general, on subsequent ring enlargement bond y breaks unless carbon 

atom 3 carries an ethyl group or carbon atoms 2 and 3 both carry methyl 

groups. On remaking the six ring the probability for participation in the 

ring enlargement is equal for all alkyl groups adjacent to the broken bond 

unless there is a quaternary carbon present, in which case ring enlargement 

takes place using one of the alkyl groups attached to this atom. 

The rules governing the breaking of the y and /3 bonds, respectively, are 

related to the anomalies in ring closure of six rings which were discussed 

earlier. It was shown in the case of 3-methylheptane that certain methods 

of adsorption were excluded because of steric hindrance due to the presence 
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of ethyl and methyl groups. In the case of 5-ring isomerization, similar 

factors govern the breaking of bonds in the j3 and y position, respectively. 

The mechanism as proposed by Herington and Rideal is illustrated in 

Figure 11 for the two typical methyl cyclopentanes, 2,3-dimethyl- and 

2,3,4-trimethylpentane. 
In 1(a) cyclization to a five ring takes place; in 1(b) shift of the adsorbed 

linkages into a favorable position according to the double bond shift scheme 

has occurred; in 1(c) ring enlargment is demonstrated (breaking of y bond). 

In case certain critical adsorption configurations are prevented by steric 

hindrance the mechanism represented in Figure 11 (scheme II) is proposed. 

In this case douWe bond shift to configuration (b) of scheme I is not possible 

Scheme I. 

(a) (b) (c) 

Cat Cat Cat Cat Cat Cat 

Scheme II. 

(b) 

5 

(c) 

A 
Cat Cat Cat Cat Cat 

Figure 11.7 Cyclization of 2,3 di- and 2,3,4 trimethylpentane 

/ 
Cat 

\4 5 5 

because the analogous method of adsorption is prohibited, due to the steric 

hindrance of the methyl groups on carbon atoms 2 and 3; instead the bond 

iS breaks and ring enlargement takes place in this position, as illustrated in 

life). 
Justification of these rules lies in the quantitative prediction of the 

products of isomerizing cyclization. The results of these calculations are 

given in Table 2 (page 532), where they are compared with experiments. 

The agreement seems satisfactory. 

We have thus a fairly complete, and remarkably consistent picture of the 

molecular mechanism of cyclization and isomerization on oxide catalysts. 

This picture was obtained with only a few plausible postulates, such as 

that of a two-point contact on the catalyst and the mechanism for cycliza¬ 

tion as first proposed by Twigg14. Our state of knowledge is less satisfactory 

if we turn our attention to the question of the catalyst, the seat of the 

catalytic activity, its structure, and the reason for the catalytic action. 
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Cyclization Catalysts 

Composition of Catalysts 

A suivey of the published information on the oxide catalysts used in the 

cyclization reaction (Table 7) reveals that they belong almost exclusively 

Table 7. Oxide Catalyst Used in Cyclization Reactions 

Composition Feed 
Reaction 

Temp. 
(°C) 

Approx. 
Contact 

Time 
(Sec.) 

Activity, Amount in 
Products 

Ref. No 

% 
Aromatics 

% 
Olefins 

Cr203 gel Heptane 475 20 15 15 5 
Cr203 gel Heptane 475 — 41.5 13.5 
10% Cr203 on Heptane 475 120 27 15 

alumina 

10% Cr203 on Heptane 510 120 60.8 12.3 
alumina 

10% V205 on Heptane 510 120 29.1 12.7 
alumina 

10% Th02 on Heptane 555 120 16.3 11.7 
alumina 

Ce02 gel Heptane 510 120 12.8 5.4 
Zr02 Heptane 475 20 8 12 
10% Mo02 on 50% heptane 475 12 24 ? 7 

alumina 

MoS2 Heptane 475 — Activity com- 1 

parable with 

that of 

C^Og 

10% U03 on Synthine* 500 — 11.4 11.2 Kazanski, B. 

alumina fraction A., Ser- 

boiling 83- gienko, S. R. 

138°C and Zelinski, 

N. D. Compt. 

rend., acad. 

sci. U.S.S.R., 

27, 664, 

(1940). 

* Synthine, synthetic gasoline fraction, containing mainly paraffins (octane rating 

10). 

to those of the metals of the 4th, 5th, and 6th subgroups of the periodic 

table17. The exception is cerium oxide, which does not belong to these groups, 

and molybdenum sulfide, the only non-oxide which has shown catalytic 

activity for cyclization. 
Various promoters and catalyst stabilizers not belonging to these groups 
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of the periodic table have been tried, but invariably they have been asso¬ 

ciated with one or the other of the oxides mentioned in Table 7. 

In a lower temperature range (ca. 300°C) platinum on charcoal was also 

shown to promote cyclization to a certain extent4. Lately, a catalyst of a 

similar type has become of practical importance in a hydro-reforming 

process18. In this process a catalyst consisting of platinum supported on 

alumina or silica alumina is used for dehydrogenation and isomerization of 

petroleum naphthas. The reactions taking place are dehydrogenation of six- 

ring naphthene, but equally important is the isomerizing-dehydrogenation 

of five-ring naphthenes. Cyclization of paraffins takes place to a lesser 

extent. The literature on this reaction is mainly concerned with the tech¬ 

nical process, and little has been published on the catalyst and the 

mechanism of the reaction. 
Alumina in the y modification is preferred as a carrier for most of the 

oxide catalysts, but by itself it has no catalytic activity. It is noticeable from 

the preparation of all active catalysts that they must be present either in 

an amorphous or at least microcrystalline state. Typical examples are the 

chromium oxide gel catalysts. On the other hand, crystalline CT2O3, for 

instance, was shown to be inactive6. Alternatively, active catalysts can be 

prepared by precipitation on or impregnation of supports like activated 

alumina. Oxides in the gel or microcrystalline form usually have a large 

surface area. The same is true of supports like activated alumina. 

In some cases the alumina, in addition to acting as a suitable support of 

large surface area, has additional functions. Thus, M0O2 by itself is inac¬ 

tive, but supported on A1203 it is one of the most active and stable catalysts. 

It is likely that this is due to the reduction of Mo02 under the reaction 

conditions to the inactive molybdenum, metal. Alumina retards this reduc¬ 

tion to such an extent that the supported catalyst shows activities for 

sufficiently long periods7. 

The most active catalysts have been prepared by precipitating chromium 

oxide on activated alumina, preferably in the presence of small amounts of 

promoters such as K20 or CaO. 

For technical applications catalysts consisting of Mo02 precipitated on 

alumina are preferred. These catalysts are more active than the Cr203 

catalysts under the conditions of high hydrogen partial pressure which are 

employed in the technical process. 

It will be noted that all the active oxides belong to transition elements 

with incompleted inner electron shells. Oxides of these elements in most 

cases can be present in several states of valency, and it has been suggested 

that the active oxide is obtained by reduction under reaction conditions 

from a higher to a lower valent oxide6. The metallic ions of the reduced 

oxide would contain unpaired electrons, and it would be plausible if these 

were to interact with the electrons of the double bonds of the olefins which, 
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as has been stated, play a key role in cyclization. However, the fact that 

Th02 and Zr02 show cyclization activity does not fit into this picture. There 

is practically no evidence for the existence of oxides of these elements in a 

lower state of valency; particularly, there is no reason to believe that either 

Th02 or Zr02 could be reduced by hydrogen or hydrocarbons under the 

reaction conditions (450 to 550°C). On the other hand, the quadrivalent 

ions of lh and Zr have rare gas electron shells, and an interaction of un¬ 

paired electrons with those of the double bond of olefins is not possible in 

these cases. It could be argued that the activity of Th02 is considerably 

below that of chromium oxide or molybdenum oxide (reaction temperature, 

550°C, as compared with 475°C, see Table 7), but Zr02, though less active 

than Cr203, compares, at least as to order of magnitude, with the latter. 

The view described, which assumes the metallic cation to be the main 

active center of the catalyst, ignores a possible role of the oxygen anions. A 

possible function of these may be their conversion into a hydroxyl ion by 

interaction with a hydrogen of a hydrocarbon; the residual alkyl radical 

may then interact with the metallic cation to form a bond, as suggested 

previously. Such a reaction may possibly take place on the surface of the 

catalyst, even if it is not possible that such a reduction could take place in 

the bulk phase. 

Recent work suggests that the electronic interaction of substrate and 

catalyst is in many cases a very important factor in catalytic reactions19. 

A typical class of catalysts where such interaction could be demonstrated 

is that of oxide catalysts, which show properties of electrical semiconduc¬ 

tors. In this connection, experimental work by Weisz, Prater and Ritter- 

house20 on a typical cyclization catalyst is of great interest. These workers 

were able to demonstrate that a chromium-oxide alumina-oxide gel, when 

heated in an oxygen atmosphere, shows the typical behavior of a P-type 

semi-conductor. On replacing the oxygen with hydrogen or butane, the 

polarity of the conductivity changes and the behavior of the catalyst be¬ 

comes that of an N-type semi-conductor. This change of polarity was 

particularly rapid and pronounced when cyclohexane was passed over the 

catalyst under conditions which occured when dehydrogenation to benzene 

took place. 
No precise interpretation of such experiments appears possible at present, 

but the result shows clearly the importance of electronic factors in the 

behavior of such catalysts. 

Poisoning Effects 

The activity of all cyclization catalysts decreases with time, the active 

lifetime ranging from 5 to 40 hours. A typical course of a cyclization experi¬ 

ment showing progressive poisoning of the catalyst is gnen in Table 8. 

It is seen that in this particular case the activity as measured by the con- 
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centration of toluene in the product decreases fourfold within two hours. 

This decrease in activity is due to polymers which accumulate on the sur¬ 

face, and eventually cover it entirely. These polymers can be burned off 

with air diluted with nitrogen, when both C02 and H20 are formed, showing 

that the surface deposits consist of hydrocarbons. After this air treatment 

the catalyst activity is restored. The poisoning effects are much more pro¬ 

nounced when olefins are cyclized, and from experiments of Herington it is 

likely that diolefinic compounds, such as the fulvenes which are formed in 

small amounts as by-products in the cyclization reaction, also contribute 

strongly to the poisoning effects observed. 
As has been shown previously, olefinic compounds are strongly adsorbed 

on the catalyst and it is likely that the probability of a link-up with another 

adsorbed olefinic or diolefinic molecule before desorption takes place is quite 

high. Eventually the greater part of the active surface will be covered by 

Table 8.5 Progressive Poisoning of Cyclization Catalyst (Cr203 + 10% Zr02) 

Reaction Period 

Mole % of Liquid Product 
Heptene 

Heptane Heptene Toluene 
Heptane 

1st half-hour 48 12 40 0.25 

2nd half-hour 59 14 27 0.24 

3rd half-hour 68.5 14.5 17 0.21 

4th half-hour 74 15 11 0.20 

such adsorbed polymers, reducing the cyclization activity of the catalysts 

to a fraction of what it was initially. On the other hand, if a six-ring cyclo¬ 

paraffin such as, for instance, methylcyclohexane, is dehydrogenated over a 

cyclization catalyst, the poisoning effects are greatly reduced, if not entirely 

absent. 
If a link-up of olefinic or diolefinic compounds is the decisive factor in 

the poisoning of a catalyst, then a catalyst where the active centers are 

separated from each other by dilution with a catalyticallv inactive sub¬ 

stance should show a decrease in the poisoning effects. Such experiments 

were carried out by Herington and Rideal7 with chromium oxide as the 

active substance and alumina as the diluent, both components being co¬ 

precipitated. The results show that, under comparable conditions, the more 

dilute the active catalyst the longer the lifetime and the slower the decay 

of activity. 

The activity of the catalyst can be prolonged considerably if the reaction 

is carried out under conditions of a substantial partial pressure of hydrogen. 

Under these conditions a proportion of the surface polymer is removed 

continuously as methane by a hydrogenating cracking reaction, and the 



CATALYTIC CYCLIZATION AND AROMATIZATION 553 

accumulation of surface polymer is thus retarded. This method of operation 
will be covered later. 

Apart from the temporary poisoning effects, which are due to the ac¬ 

cumulation of polymers, there is a permanent loss of activity which takes 

place over a period of many regeneration cycles. For technical application, 

where periodic regeneration is carried out every few hours, this is a matter 

equally as serious as the temporary inactivation. Much effort was devoted 

to improving the stability of the catalysts to repeated regeneration treat¬ 

ment. By incorporation of various additions, particularly of alkali, the 
lifetime of these catalysts could be prolonged considerably. 

Identity of Catalytic Centers for Dehydrogenation Cyclization 
and Isomerization 

From the results of the studies of the kinetics of the reaction some in¬ 

teresting conclusions regarding the active centers of the catalyst can be 

drawn. It has been shown that the intermediate olefins repress the dehydro¬ 

genation of the paraffins, by displacing the latter from the catalytic surface 

due to the stronger adsorption on the catalyst. This suggests that identical 

catalytic centers must be involved in the dehydrogenation and cyclization 
step of the reaction. 

A stronger support for this view can be obtained from an analysis of the 

poisoning effects using Eq. (1) (p. 538). This equation allows one to calcu¬ 

late the ratio of cyclization to dehydrogenation rates from the ratio of the 

partial pressures of heptane and heptene11 •21. This has been done for the 

experiments reported in Table 8, where this ratio is given for the catalyst 

at various stages of poisoning in the course of a run6. For the same experi¬ 

ments the decline of the yield of toluene is a measure of the decline of the 

cyclization activity itself. It will be seen that while the cyclization rate 

declines by a factor of four, the ratio of the rates of cyclization and of de¬ 

hydrogenation does not alter by more than 20 per cent. One must conclude, 

therefore, that the poisoning effects reduce both rates to very nearly the 

same degree, and that identical centers are involved in both reactions. 

The experiments concerned with the mechanism of the reaction lead to 

similar conclusions with regard to the isomerization step occurring in the 

aromatization of pentanes and cyclopentanes. It has been shown in the ex¬ 

periments described on page 546 that this step takes place simultaneously 

with the cyclization itself, and the conclusion is therefore justified that here, 

too, identical catalytic centers are involved in cyclization and isomerization. 

These results taken together are strong evidence for the view that in this 

whole complex of reactions, namely, dehydrogenation, cyclization, and 

isomerization, identical catalytic centers are involved. This evidence also 

justifies the mechanism of the dehydrogenation, cyclization and isomeriza- 
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tion reactions as proposed by Twigg and elaborated by Herington, as out¬ 

lined in the previous pages. Twigg’s mechanism implicitly assumes identical 

catalytic centers for dehydrogenation and cyclization, and Herington ex¬ 

tended this assumption to isomerization. 

(a) Magnetic susceptibility. (b) Catalytic activity 

Figure 12. Properties of chro 

mium oxide-aluminum oxide cata 

lysts23. 

(c) Surface area. 

Structure of Supported Oxide Catalysts 

Many of the most active catalysts for cyclization are obtained by sup¬ 

porting an active oxide like chromium-oxide, or molybdenum-oxide, on 

alumina, which by itself is not active. The alumina used has to have a large 

internal surface, as measured by nitrogen adsorption, and for highest 

catalytic activity has to be present in the 7-form22. 

Considerable insight into the structure of these catalysts has been ob¬ 

tained by Selwood and Eischens23. They found that catalysts consisting of 
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a number of oxides of the transition elements either deposited or precipitated 

on various types of alumina show a magnetic susceptibility (calculated per 

gram of active oxide) considerably in excess of that of the pure crystalline 

oxides themselves. Using this phenomenon they compared the magnetic 

susceptibility, internal surface and catalytic activity of various catalysts 

consisting of chromium oxide, either impregnanted or precipitated on 
alumina. 

The most important of their results are reproduced in Figure 12, a, b 

and c. It can be seen that there is a marked parallelism between catalytic 

activity and magnetic susceptibility when both are determined as functions 

of the chromium content of the catalyst. In both cases a marked change in 

the slope of the graph occurs at point Z, almost at the same concentration 

of chromium on the catalyst. On the other hand, no such feature is notice¬ 

able on the graph (Figure 12c) relating chromium content to total surface 
area. 

For a fuller interpretation of these results use is made of the Curie-Weiss 
formula: 

C 

X T + A 

where x is the magnetic susceptibility; C = Curie constant; A = Weiss con¬ 
stant; and T the absolute temperature. 

It is found that the changes in susceptibility with increasing Cr203 con¬ 

centration are due mainly to a change in the Weiss constant, whereas the 

changes in the Curie constant are relatively small. The Curie constant is a 

measure of the oxidation state of the compound under investigation, whereas 

the Weiss constant in this particular case is most probably a measure of the 

electronic interaction of the nearest paramagnetic neighbors. Calculation 

shows that the number of nearest Cr-Cr neighbors increases rapidly with 

increasing chromium oxide concentration until about three successive layers 

of chromium oxide are built up; after this state has been reached the num¬ 

ber of further nearest neighbors increases at a much smaller rate. Applying 

this result to the experimental results reproduced in Figure 12, it is con¬ 

cluded that at point Z of graphs (a) and (b) a thickness of about three 

molecular layers has been reached for the chromium oxide. However, at 

this point the Cr203 concentration of the catalyst has only reached 6 per 

cent, and from the surface area data (Figure 12c) it can be calculated that 

under these conditions only one-tenth to one-fifth of the surface of the 

activated alumina is covered by chromium oxide. This, therefore, pictures 

chromium oxide particles of average molecular thickness of three layers 

covering not more than a fraction of the total available surface of the 

alumina. 
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An alternative picture, that only part of the surface is accessible to the 

chromium oxide molecules, is shown to be in contradiction to the experi¬ 

mental facts. This is further confirmed by the fact that the Weiss constant 

approaches zero with increasing dilution of the chromium oxide on the 

alumina, showing that with increasing dilution the catalyst is more and 

more dispersed, but reaches complete dispersion only at infinite dilution. 

The conclusion is clear that magnetic susceptibility is a measure of the dis¬ 

persion of the chromium oxide over the alumina support, and it is a sig¬ 

nificant result of these investigations that the catalytic activity is closely 

paralleled by the dispersion of the chromium on the alumina support. 

Other oxides of the transition elements, such as uranium oxide, thorium 

oxide, titanium oxide, which are active cyclization catalysts, also show the 

magnetic susceptibility effect when dispersed on alumina, though these 

cases have not been studied in such detail as that of chromium oxide. A 

significant exception, however, is molybdenum oxide. This oxide fails to 

show the magnetic susceptibility effect. A satisfactory explanation for this 

anomaly is lacking, but it may be connected with the partly nonpolar char¬ 

acter of the Mo-0 bond. 
The X-ray diffraction patterns of Cr203—A1203 and Mo02—A1203 have 

been studied23. In the case of Cr203 it was found that Cr203 lines could only 

be detected at Cr203 concentrations considerably greater than those used 

for the actual catalysts. An interesting result is that the more dispersed the 

chromium oxide over the catalyst, according to the magnetic data, the 

higher is the chromium oxide concentration at which the X-ray pattern 

appears first. Since the intensity of X-ray diffraction patterns is a function 

of the size of the crystallites, this fact further confirms the evidence from 

the magnetic investigations that greater activity is associated with greater 

dispersion of the active oxide on the carrier. It has not been possible to 

obtain X-ray diffraction diagrams of Mo02—A1203 catalysts (except lines 

corresponding to the A1203 carrier), nor could evidence for the structure 

of the active oxide be detected under the electron microscope24. 

It is interesting to compare the picture of a chromium oxide-alumina 

catalyst with the work of Russell and Stokes on molybdenum oxide de¬ 

posited on alumina25. Russell and Stokes, in comparing the activity of 

such catalysts of known internal surface, found that the activity increased 

with increasing molybdenum concentration up to a point where the con¬ 

centration of active oxide is such that, spread out in a monolayer, it covers 

approximately the entire surface of the alumina. When this point is reached 

the activity remains practically constant. 

It must be noted that Russell’s way of plotting his results differs from 

that of Selwood. Selwood carried out his experiments in such a wray that the 

same quantity of active catalytic oxide was present in every run; that is, in 
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case a more concentrated catalyst was used this was diluted by mixing it 

with alumina which had not been impregnated with active oxide. As a 

result his activities are based on a unit weight of catalytically active oxide, 

and are comparable with Russell’s only if the latter are calculated on the 

same basis. If this is done the very interesting result emerges that the cata¬ 

lytic activity of Russell’s M0O2-AI2O3 catalysts is constant until a mono- 

layer is formed, and after that declines in proportion to the increasing 
concentration. 

We then have a contrast between chromium oxide catalysts, which ap¬ 

peal to form clusters the catalytic activity of which declines in proportion 

to their growth and the molybdenum oxide catalysts, where the active 

material spreads out in the form of a monolayer, the catalytic activity of 
which is constant until the monolayer is approximately complete. 

In this connection it is well to review the method of preparing these 

catalysts. Generally, a concentrated solution of the water-soluble salt of 
the active substance is absorbed by the alumina, and then heated to some 

600 to 800°C. In most cases the salt is in a higher oxidation state. With 

chromium this is the chromate, with molybdenum, the molybdate. 

On calcination chromium trioxide decomposes, leaving Cr203, but molyb¬ 

denum trioxide is stable, and remains in this oxidation state. 

Cr203 has an extremely low vapor pressure at the calcining temperature, 

while that of molybdenum trioxide is appreciable (0.1 mm Hg at 600°C). 

Thus it is probable that molybdenum trioxide is able to spread out over 

the total surface by evaporation and re-adsorption, whereas this is not pos¬ 

sible with chromium oxide. It seems reasonable, therefore, that by this 

mechanism molybdenum trioxide can distribute itself over the entire sur¬ 

face of the support, in contrast to Cr203 . 

Technical Applications 

The industrial applications of the cyclization reaction can be found pre¬ 

dominantly in the petroleum industry, which quickly saw the possibility 

of a “catalytic reforming”* process based on the cyclization reaction com¬ 

bined with dehydrogenation of six-ring naphthenes. 

The aromatic compounds resulting from cyclization and dehydrogenation 

of paraffins and naphthenes all show higher octane ratings than the paraffins 

or naphthenes from which they originated; there is, therefore, a possibility 

of upgrading “naphthas” of low octane rating to a product of much greater 

value. The process as developed by the petroleum industry, however, 

differs in certain respects from the normal method of cyclization as de¬ 

scribed here, and which is the one carried out in the laboratory26. The great 

* A detailed discussion of catalytic reforming and hydroforming as applied in the 

petroleum industry will be given in Volume VI of this series. 
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difficulty in applying the reaction industrially was the rapid poisoning of 

the catalyst and the comparatively small through-puts which are possible 

if substantial conversion into aromatics is to be achieved. These drawbacks 

were overcome by working under pressure, and by recycling substantial 

amounts of the hydrogen split off in the reaction to the reaction chamber. 

Under these conditions the lifetime of the catalyst before regeneration be¬ 

comes necessary is considerably prolonged, due to the occurrence of “hy¬ 

drocracking” reactions, which allow the polymeric surface deposits to be 

eliminated as methane and ethane. At the same time, the use of pressure 

has the well-known advantage of longer contact times without reduction in 

throughput, thus achieving a greater depth of conversion. It is, however, 

significant that under these conditions the cyclization of paraffins no longer 

makes a substantial contribution to the yield of aromatics. These yields 

are based mainly on the dehydrogenation of six-ring naphthenes and on the 

isomerization and dehydrogenation of appropriate five-ring compounds, 

such as methyl- or ethylcyclopentanes. The fact that the cyclization of 

paraffins is suppressed is in agreement with the previously discussed mecha¬ 

nism which assumes that the olefin formed from the corresponding paraffins 

is the intermediate which undergoes cyclization. While it was shown that 

small concentrations of hydrogen do not interfere with the dehydrogenation 

of the paraffins to the olefins, and therefore cyclizatior was not repressed 

(see Table 3, p. 537), the much larger partial pressures of hydrogen present 

in the technical process effectively suppress the first part of the reaction se¬ 

quence, and therefore stops it altogether. 

Another difficulty is the comparatively large heat requirements of the 

reaction. The original process design involved the use of two adiabatic 

reactors in series, filled with catalyst and preceded by heaters. Because 

of the considerable endothermicity of the reaction, the temperature drop 

would have been too great if only one reactor was used. Because of the 

catalyst regeneration which is necessary from time to time, two or three 

reactor trains in parallel are available, and the reaction is switched from one 

to the other in predetermined cycles. The reactors taken off stream are 

treated with dilute air and after regeneration put back into circuit. 

This plant design is by necessity cumbersome and expensive; it is there¬ 

fore important that new designs based on the fluidized catalyst technique 

have become available in the last few years27. In this method, a catalyst in 

the form of a relatively fine powder is blown into the reactor together with 

the vapors ol the charge. The catalyst powder separates from the reaction 

vapors in the reactor, and through a separate pipe falls into a second reac¬ 

tor, where it is contacted with air to burn off catalyst deposits. In this way 

a continuous and economic, process can be achieved. 

Apart from this application, aiming at an upgrading of low-grade naph- 
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thas, the use of this process in the synthesis of toluene was already men¬ 

tioned during World War II. As in World War I, the supply of toluene for 

explosives fiom coal-tar sources proved inadequate. The hydroforming 

process, therefore, became of utmost importance to the war effort of the 

Allied Powers as a means of supplying practically unlimited amounts of 

toluene from petroleum. Usually, well-fractionated narrow cuts containing 

substantial proportions of methylcyclohexane, dimethylcyclopentane, and 

ethylcyclopentane, were used, all of which were transformed, practically 

quantitatively, into toluene. The contribution of suitable paraffins, such as 

n-heptane or methylhexane, to the final toluene yield was negligible, most 

probably for the reasons given previously. The resulting product contained 

toluene in a concentration of about 60 per cent. From this material the 

aromatic compound was separated by various methods, using solvent ex¬ 

traction, azeotropic or extractive distillation. The final product was suffi¬ 
ciently pure for nitration. 

After the war these plants were put to a variety of uses, including the 

preparation of special solvents. A more interesting application is the manu¬ 

facture of o-xylene from suitably prepared C8 fraction. o-Xylene can be 
oxidized in good yields to phthalic anhydride. 

Finally, a very important application has been found in the production 

of benzene. The demand for benzene has exceeded the supply possibilities 

from coal-tar sources, and production from petroleum is now established. 

Some of the plants producing benzene also make use of the “hydroform¬ 

ing process,” using charging stocks which contain substantial proportions 

of cyclohexane and methylcyclopentane. It thus appears that this process 

continues to be applied on a substantial scale. 

It is thus clear that the interest which the discovery of the cyclization re¬ 

action aroused in industry, particularly in the petroleum industry, was 

justified. In the course of the eighteen years which have passed since the 

discovery of the cyclization reaction, a number of important applications 

have been found and developed. The field is still being investigated on the 

industrial side and these investigations may lead to new and valuable 

applications. 
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