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summary 

Liquid phase water-gas shift reaction (WGSR) experiments catalyzed 
by soluble Ru-EDTA-CO complex were conducted m a pressure reactor at 
CO pressures m the range of 7 - 34 atm and temperatures of 40 - 80 “C. 
Along with the formation of the usual WGSR products CO* and Hz m malor 
quantities, sigmflcant amounts of HCHO and HCOOH were obtamed m the 
hquid phase. The rates of formation of formaldehyde and formic acid were 
measured and their dependence on catalyst concentration and CO pressure 
found to be first order. The formation of HCOOH via CO msertlon mto the 
M-OH bond has been proposed m the reaction mechanism for the first time. 

Introduction 

The industrial demand for hydrogen for NH3 syntheses is largely met 
by the water-gas shrft reaction (WGSR) [ 11. The WGSR, which is the oxlda- 
tion of CO by Hz0 (reaction (l)), is carried out by heterogeneous catalysis, 
usually Fe,O,/MoO, and Cr,O,/MoO,, at pressures of 200 - 300 atm and 
temperatures of 300 - 400 “C m the gaseous phase 

CO + Hz0 =COz+ Hz (1) 
The process is thus energy mtensive, smce rt 1s unavoidably associated with 
high temperature and pressure required for the reaction. Overcommg this 
difficulty with the WGSR has been a challengmg area of research for both 
chemists and technologists There has been some degree of success m the low 
temperature performance of WGSR catalyzed by transltron metal complexes 
[4 - 81. Recent applications [9] of metal complexes m the WGSR confirm 
unambiguously that the equrhbrmm m eqn. (1) showed a large shift towards 
the production of hydrogen (Ksoo=c = 1.105, Kzsoc = 1.5 X 103); but the 
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rates of reaction are low. The reported [ 71 turnover numbers (mol C02/H, 
per mol catalyst per hour) for the reaction hardly exceeded 100. Recently, 
we reported [lo] catalysis of the WGSR by [Ru(EDTA-H)(CO)]- m the 
liquid phase at a CO pressure of 15 atm and temperature 50 “C, with a turn- 
over number of 350 mol C02/HZ per mol catalyst per hour, which 1s the 
highest ever achieved. 

A metalcentered pathway for the WGSR may lead to the formation of 
other Ci products, such as HCHO and HCOOH, m addition to CO* and HZ 
via insertion of CO mto -M-H or -M-OH bonds The formation of free 
formaldehyde m metal complex (hydride complex) catalyzed WGSR was 
reported [ 11, 121, but the yields are very small Earlier [ 131, using our 
catalyst [Ru’*(EDTA-H)CO]- , we identified small quantities of formal- 
dehyde among the products of the reaction of CO with H30. In the present 
paper we report the formation of formaldehyde and formic acid in sigmfi- 
cant quantities m the metal complexcatalyzed WGSR. To the authors’ 
knowledge, formic acid has not been reported hitherto as a side product 
of the WGSR. Both formaldehyde and formic acid formed m the [Run- 
(EDTA-H)CO]-catalyzed WGSR are estimated with the course of the 
reaction, and rate data were obtamed. Probable mechamstic routes leadmg 
to HCOOH and HCHO formation are outlined. 

Experimental 

The water-gas shift reactions were carried out m a 300 ml stamless 
steel autoclave (Parr Instrument Co., USA). The autoclave has provisions for 
automatic temperature control accurate up to f 1 “C and mechanical strrrmg 
with speed variable from 100 - 1000 rpm. 

The catalyst K[ Ru”‘(EDTA-H)Cl] *2Hz0 1 (EDTA = ethylenedlamme- 
tetraacetic acid) was prepared by a procedure described in the literature 
[ 143. All chemicals used were of AR grade, and water was doubledutrlled. 
High purity carbon monoxide (> 99.6%) was obtained from BOC, U.K 

Firstly, the reactor was charged with known quantities of catalyst and 
H,O. After the desired temperature was attamed, the reaction was started by 
admittmg CO mto the reactor up to the desired pressure limit and stirring 
simultaneously at 600 rpm. 

Gaseous samples withdrawn at different tune intervals were analyzed 
by an Orsat apparatus and CC (shimadzu, GC-9A) . Similarly, liquid ahquots 
were withdrawn through sampling outlets at known mtervals of time. Each 
ahquot was used to determme HCHO and HCOOH spectrophotometrically 
(UV-VIS) using the Hantzsch [15, 161 reaction and momtormg the peak at 
412 nm. The NMR spectrum of the reaction solution (ahquot) was obtamed 
in DzO by a JEOL FX-100 FT-NMR spectrometer with DSS as reference. 
Kinetic and thermodynamic data were obtained by studymg the rate depen- 
dence with respect to catalyst concentration, CO pressure and temperature. 
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Results and discussion 

Figure 1 depicts the formation of formaldehyde and formic acid m a 
typical water-gas shift reaction (WGSR) catalyzed by [ Ru”(EDTA-H)CO]- 
The concentration of both HCHO and HCOOH builds up gradually with 
increasing contact time, mdlcatmg that therr formation 1s also catalyzed by 
[ Ru”(EDTA-H)CO]- During the mltlal6 h of contact time, the concentra- 
tions of HCHO and HCOOH increased linearly with time, however, beyond 
6 h HCHO tends to saturate, whilst HCOOH shows a decay. 

co 34 oh, eo’c 

Cat Concn~lXl6~M 

0 1 2 3 L 5 6 7 8 

CONTACT TIME(h) 

Fig 1 [ Ru(EDTA-H)CO]- catalyzed formation of HCOOH and HCHO 

Kmetzcs 
The reaction between CO and Hz0 catalyzed by complex 1 and the 

rates of formation of the products were determined by varying the concen- 
trations of catalyst, CO pressure and temperature. The rate dependences on 
the parameters varied are reported. 

Effect of catalyst concentratzon 
The catalyst concentration was varied between 0.5 - 2.0 X 10e3 M, 

while the dissolved CO concentration, 34 atm (2.17 X 10m3 M) and tempera- 
ture 80 “C were mamtamed constant The rate dependences of HCOOH and 
HCHO on catalyst concentration are shown m Figs 2 and 3, respectively 
It is clearly seen from these figures that the rates of formation of HCOOH 
and HCHO show a frost order dependence with respect to catalyst concentra- 
tion 

Effect of dissolved CO concentration 
The dissolved CO concentration was varied between 0 46 - 2.17 X 10e3 

M (7 - 34 atm) at constant catalyst concentratron 1 X 10e3 M and tempera- 
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CATALYST CONCENTRATI0N.m mol I-’ 

Fig 2 Effect of catalyst concentration on the rate of HCOOH formatlon 

CATALYST CONCENTRATION, m mol 1-l 

Fig 3 Effect of catalyst concentration of the rate of HCHO formation 

ture 80 “C. Figures 4 and 5 illustrate the lmear varlatlon mdlcatmg first 
order dependence of the rates of HCOOH and HCHO formation on dissolved 
CO concentration. 

Effect of temperature 
Expernnents on the carbonylatlon of CO and Hz0 for the formation 

of HCOOH and HCHO m the liquid phase were conducted at catalyst con- 
centratlon 1 X 1O-3 M and CO partial pressure 34 atm, and the temperature 
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DISSOLVED CO CONCENTRATION, lo3 mOl I--] 

Fig 4 Effect of CO concentration on the rate of HCOOH formation 

DISSOLVED CO CONCENTRATION, lo3 mol 1-l 

Fig 5 Effect of CO concentration on the rate of HCHO formation 

was varied between 40 - 80 “C!. Fgure 6 shows the plot of --In rate us l/T. 
From the slopes of the straight lines, the activation eneqges (E,) estimated 
are 13.5 Kcal mol-’ (HCOOH) and 6 7 Kcal mol-’ (HCHO). 

Mechanism 
Based on the products formed and their rate dependences on kmetlc 

parameters, a mechamsm IS proposed for the formation of HCOOH and 
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Fig 6 Effect of temperature on the rates of HCOOH q and HCHO 0 formatlon 

HCHO m the liquid phase durmg the water-gas shift reaction, as shown m 
Scheme 1. 

In the proposed mechanism, the active catalytic species 3 is formed 
uz sztu via the reductron of [Ru”‘(EDTA-H)(H,O)] to [Ru”(EDTA-H)- 
(H,O)]- 2 by CO. The [Ru”‘(EDTA-H)(H20)] is formed m solution by 
rapid aquation [ 141 of startmg material K[ Ru’“(EDTA-H)Cl] *2Hz0 1. 
Species 2 reacts with CO by the displacement of a water molecule to form 
the active catalytic species 3. In the next step, oxidative addition of Hz0 to 
3 takes place to form hydridocarbonyl species 4. The formation of 4 IS sup- 
ported [17] by the hydride proton NMR spectrum of the reaction murture, 
which showed peaks at 6 - 20.1 and 6 - 8.1 ppm, for hydrides tram to 
-OH and -CO, respectively. Subsequent to the formation of 4, through 
mtramolecular msertion m 4, CO inserts into either the Ru-OH or Ru-H 
bond to give an nl-carboxylate 5 or formyl complex 6, respectively 
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C02+H2 

L=EDTA-H 

Scheme 1 

The metallocarboxylate species 5 is unstable and rapidly decomposes 
by reductive decarboxylation to form the well-known water-gas shift 
reaction products CO2 and HZ, simultaneously yieldmg species 2. Such T$- 
metallocarboxylate mtermedlates, by virtue of their lower stability, are 
known to decompose mto CO2 and Hz and are currently proposed as key 
mtermedlates m transition metal-catalyzed WGSR [18 - 211. The metal 
formyl complex 6 readily reacts with hydrogen produced m sztu to release 
a molecule of HCHO, concomitantly regeneratmg the aquo species 2. The 
formation of intermediate metal formyl complexes has been reported 
earlier by other investigators [22 - 25 J . 

In an alternate pathway, species 5 may rearrange by prototropic shift 
from the metal ion to $ carbon to form an O-bonded Ru(II)-format0 
species 7 Species 7 rapidly decomposes to release a molecule of HCOOH 
and species 2. Such reductive ehmmation of metallocarboxylates to form 
formic acid has been proposed [21]. Thus species 2 once agam participates 
m the reaction, completmg the cycle. 

Rate laws 
From the chosen ratedetermmmg step m Scheme 1, we could derive 

rate equations for the formation of HCHO and HCOOH as: 

I2k,K[LRu”‘(HzO)]r[CO] 
rl = 

1+ R[CO] 
(2) 

and 



(3) 

where rl = rate of HCHO formation, rz = rate of HCOOH formation, 
[LRu”‘(H,O)], = total K[Ru”‘(EDTA-H)Cl] -2H,O concentration, [CO] = 
dissolved CO concentration, K = equilibrium constant, k, = rate constant for 
HCHO formation, k, = rate constant for HCOOH formation and k = rate 
constant for WGSR. 

Evaluation of the rate constants k, and k2 was made using the known 
value of k, the rate constant of WGSR, and the equihbrmm constant, K at 
80 “C determmed earlier in our studies [lo] Equations (2) and (3) can be 
rearranged m the slope and intercept forms as* 

[LRu”‘(H,O)], 1 1 1 

r1 =[colx kk,K ’ kk, 
(4) 

and 

[LRu”‘(H20)], 1 1 1 
(5) 

7-z =[colx-+- kk,K kk, 

From the mtercepts of eqns. (4) and (5), the values of k, and k2 were ob- 
tamed. The rate constants and equihbrium constants at 80 “C and 34 atm CO 
obtamed for the reactions of CO with water leading to HCOOH and HCHO 
are 
k = 90.1 mm-’ 
k, = 1.39 X 10m3 mm-l 
k2 = 5.56 X 1O-3 mm-l 
K = 7.0 f 0.4 M-’ 

The value of k (the WGSR rate constant) is several orders of magnitude 
higher (k/k1 - 6.4 X 104, k/k, - 1.6 X 104) than k, and k,. This confirms 
that the WGSR IS much faster and is the predominant reaction. The rate 
constant k, (formic acid) is at least 4 times greater than that of formal- 
dehyde (k,). This probably mdicates a facile msertion of CO mto the 
Ru-OH rather than the Ru-H bond. It is known [2,26] that metal formyl 
complexes are difficult to obtam by CO msertion mto Ru-H because they 
are thermodynamically less stable than the correspondmg hydrides 1271. 

Using the determmed activation energies (E,) from the slope of straight 
lmes of Fig. 6, the other thermodynamic activation parameters for both 
HCHO and HCOOH formation were computed employmg known expres- 
sions These values are presented m Table 1. In the temperature range 
studied (40 - 80 “C), the enthalpies of activation AH* for HCHO and 
HCOOH are 6.1 and 12.8 kcal mol-‘, respectively, mdicatmg endothermic 
formation reactions. This is supported by other studies where HCHO forma- 
tion is endothermic with AH = + 5 .O kcal mol-’ [2, 26j. To the best of our 
knowledge, the thermodynamic data for HCOOH formation from CO under 
catalyzed conditions is presented for the first time m this paper. 

The formation of HCOOH from CO and Hz0 can be regarded as hydra- 
tion of carbon monoxide. Although reports on such hydration of CO are not 
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TABLE 1 

Thermodynamic actlvatlon parameters for WGSR-Initiated formation of HCHO and 
HCOOH 

System Ea 
(kcal mol-‘) 

# 

&il mol-‘) 

# 

gal mol-l) 

HCHO 6’7 61 18 0 08 
HCOOH 13 5 12 8 38 0 14 

avarlable m the literature, the hydration of nitrrle (-EN) catalyzed by 
metal complexes has been reported [28]. Very similar to our proposal of 
CO msertron mto the Ru-OH bond leadmg to the formatron of HCOOH, 
m this work the mtrrle group was hkewrse considered to insert mto the 
M-OH bond, forming the correspondmg amides. 

The entropies of formation of HCHO and HCOOH are reported m 
Table 1 The entropy of formation of HCOOH, 38 e u., is about twice that 
of HCHO (18 e.u.). The reason 1s the drfference m the nature of the mter- 
mediates 6 and 7. The mtermedrate 7 1s more of an ion pan, which is sup- 
ported by the high posltlve value of the entropy of actrvatron. 
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