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Summary

Liguid phase water—gas shift reaction (WGSR) experiments catalyzed
by soluble Ru~-EDTA-CO complex were conducted 1n a pressure reactor at
CO pressures in the range of 7 -34 atm and temperatures of 40 - 80 °C.
Along with the formation of the usual WGSR products CO, and H, in major
quantities, significant amounts of HCHO and HCOOH were obtaimned in the
hiquid 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 insertion into the
M~OH bond has been proposed in the reaction mechanism for the first time.

Introduction

The 1ndustrial demand for hydrogen for NH, synthes:s 1s largely met
by the water—gas shift reaction (WGSR) [1]. The WGSR, which 1s the oxida-
tion of CO by H,O (reaction (1)), 1s carried out by heterogeneous catalysis,
usually Fe,0;3/MoO; and Cr,03/MoOj, at pressures of 200 - 300 atm and
temperatures of 300 - 400 °C 1n the gaseous phase

CO + H,0 ==CO, + H, (1)

The process 1s thus energy intensive, since 1t 1s unavoidably associated with
high temperature and pressure required for the reaction. Overcoming this
difficulty with the WGSR has been a challenging area of research for both
chemists and technologists There has been some degree of success in the low
temperature performance of WGSR catalyzed by transition metal complexes
[4 - 8]. Recent applications [9] of metal complexes n the WGSR confirm
unambiguously that the equilibrium n eqn. (1) showed a large shift towards
the production of hydrogen (Kggo°c=1.105, K,5°c=1.5 X10%); but the
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rates of reaction are low. The reported [7] turnover numbers (mol CO,/H,
per mol catalyst per hour) for the reaction hardly exceeded 100. Recently,
we reported [10] catalysis of the WGSR by [Ru(EDTA—H)(CO)]™ 1n the
liquid phase at a CO pressure of 15 atm and temperature 50 °C, with a turn-
over number of 350 mol CO,/H, per mol catalyst per hour, which 1s the
highest ever achieved.

A metal-centered pathway for the WGSR may lead to the formation of
other C, products, such as HCHO and HCOOH, n addition to CO, and H,
via nsertion of CO mto —M—H or —M—OH bonds The formation of free
formaldehyde in metal complex (hydrido complex) catalyzed WGSR was
reported [11, 12], but the yields are very small Earher [13], using our
catalyst [Ru(EDTA—H)CO]~, we 1dentified small quantities of formal-
dehyde among the products of the reaction of CO with H,O. In the present
paper we report the formation of formaldehyde and formic acid 1n signifi-
cant quantities in the metal complex-catalyzed 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 in the [Ru'-
(EDTA—H)CO] -catalyzed WGSR are estimated with the course of the
reaction, and rate data were obtamned. Probable mechanistic routes leading
to HCOOH and HCHO formation are outlined.

Experimental

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

The catalyst K[Ru"™(EDTA—H)CI]-2H,0 1 (EDTA = ethylenediamine-
tetraacetic acid) was prepared by a procedure described in the hterature
[14]. All chemicals used were of AR grade, and water was double-distilled.
High purity carbon monoxide (>> 99.6%) was obtained from BOC, U.K

Firstly, the reactor was charged with known quantities of catalyst and
H,O0. After the desired temperature was attained, the reaction was started by
admitting CO into the reactor up to the desired pressure limit and sturing
simultaneously at 600 rpm.

Gaseous samples withdrawn at different time intervals were analyzed
by an Orsat apparatus and GC (shimadzu, GC-9A). Similarly, liquid ahiquots
were withdrawn through sampling outlets at known ntervals of time. Each
aliquot was used to determime HCHO and HCOOH spectrophotometrically
(UV-VIS) using the Hantzsch [15, 16] reaction and monitoring the peak at
412 nm. The NMR spectrum of the reaction solution (aliquot) was obtained
mm D,0 by a JEOL FX-100 FT-NMR spectrometer with DSS as reference.
Kinetic and thermodynamic data were obtained by studying 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 1n a
typical water—gas shift reaction (WGSR) catalyzed by [Ru(EDTA—H)CO]~
The concentration of both HCHO and HCOOH bulds up gradually with
ncreasing contact time, indicating that therr formation 1s also catalyzed by
[Ru'(EDTA—H)CO]~ During the mitial 6 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.
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Fig 1 {[Ruy(EDTA—H)CO]™ catalyzed formation of HCOOH and HCHO

Kinetics

The reaction between CO and H,O 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 concentration

The catalyst concentration was varied between 0.5-2.0X 1073 M,
while the dissolved CO concentration, 34 atm (2.17 X 10~3 M) and tempera-
ture 80 °C were maintained constant The rate dependences of HCOOH and
HCHO on catalyst concentration are shown in Figs 2 and 3, respectively
It is clearly seen from these figures that the rates of formation of HCOOH
and HCHO show a first 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 1073
M (7 - 84 atm) at constant catalyst concentration 1 X 103 M and tempera-
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Fig 3 Effect of catalyst concentration of the rate of HCHO formation

ture 80 °C. Figures 4 and 5 illustrate the linear variation indicating first
order dependence of the rates of HCOOH and HCHO formation on dissolved
CO concentration.

Effect of temperature

Experiments on the carbonylation of CO and H,O for the formation
of HCOOH and HCHO 1n the liquid phase were conducted at catalyst con-
centration 1 X 1073 M and CO partial pressure 34 atm, and the temperature
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was varied between 40 - 80 °C. Figure 6 shows the plot of —In rate vs 1/T.
From the slopes of the straight lines, the activation energies (E,) estimated
are 13.5 Kcal mol™! (HCOOH) and 6 7 Kcal mol~! (HCHO).

Mechanism
Based on the products formed and thewr rate dependences on kinetic
parameters, a mechanism 1s proposed for the formation of HCOOH and
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HCHO 1n the hquid phase during the water—gas shift reaction, as shown
Scheme 1.

In the proposed mechanism, the active catalytic species 3 1s formed
in situ via the reduction of [Ru™(EDTA—H)(H,0)] to [Ru(EDTA—H)-
(H,0)]” 2 by CO. The [Ru"(EDTA—H)(H,0)] 1s formed mn solution by
rapid aquation [14] of starting material K[Ru''(EDTA—H)C1]-2H,0 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 H,O to
3 takes place to form hydrnidocarbonyl species 4. The formation of 4 1s sup-
ported [17] by the hydnde proton NMR spectrum of the reaction mixture,
which showed peaks at 8§ —20.1 and 6§ — 8.1 ppm, for hydrdes trans to
—OH and —CO, respectively. Subsequent to the formation of 4, through
mtramolecular sertion 1n 4, CO serts into either the Ru—OH or Ru—H
bond to give an n'-carboxylate 5 or formyl complex 6, respectively
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The metallocarboxylate species 5 1s unstable and rapidly decomposes
by reductive decarboxylation to form the well-known water—gas shift
reaction products CO, and H,, simultaneously yielding species 2. Such 7!-
metallocarboxylate intermediates, by virtue of thewr lower stability, are
known to decompose mto CO, and H, and are currently proposed as key
mtermediates 1 transition metal-catalyzed WGSR [18 - 21]. The metal
formyl complex 6 readily reacts with hydrogen produced in situ to release
a molecule of HCHO, concomitantly regenerating the aquo species 2. The
formation of intermediate metal formyl complexes has been reported
earher by other investigators [22 - 25].

In an alternate pathway, species 5 may rearrange by prototropic shift
from the metal 10n to n' carbon to form an O-bonded Ru(II)-formato
species 7 Species 7 rapidly decomposes to release a molecule of HCOOH
and species 2. Such reductive elimination of metallocarboxylates to form
formic acid has been proposed [21]. Thus species 2 once again participates
in the reaction, completing the cycle.

Rate laws

From the chosen rate-determining step in Scheme 1, we could derive
rate equations for the formation of HCHO and HCOOH as:
N kk,K[LRu''(H,0)]:[CO]

2
1+ K[CO] @)

and
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kk,K[LRu"(H,0)]{[CO] (3)

Ty =
“ 1+ K[CO] o
where r,=rate of HCHO formation, r, =rate of HCOOH formation,
[LRu™(H,0)]; = total K [RumlED’I‘A—H\Cll 2H,0 concentration, [CO] =

d1ssolved CO concentratxon K= equlhbnum 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 k, was made using the known
value of k, the rate constant of WGSR, and the equilibrium constant, K at

80 °C determined earlier in our studies [10] Equations (2) and (3) can be

rearranged 1n the slope and intercept forms as:

11

[LRuM(HO)y 1 1 1 (4)
r [CO] Ekk;K  EkE,

and
11X

[LRUTEHO)y 1 1 1 (5)
r2 [CO] ksz kk2

From the ntercepts of eqns. (4) and (5), the values of k; and k, were ob-
tained. The rate constants and equilibrium constants at 80 °C and 34 atm CO
obtained for the reactions of CO with water leading to HCOOH and HCHO
are
k=901 mm!

=1.39 X107 3 mn™!

=5.56 X 1073 min™!
K=70x04M!

The value of k (the WGSR rate constant) 1s several orders of magnitude
higher (k/ky~ 6.4 X10% k/k,~ 1.6 X10*% than k, and k,. This confirms
that the WGSR 1s much faster and 1s the predominant reaction. The rate
constant k, (formic acid) 1s at least 4 times greater than that of formal-
dehyde (k,). This probably mdicates a facile insertion of CO nto the
Ru—OH rather than the Ru—H bond. It 1s known [2, 26] that metal formyl
complexes are difficult to obtamn by CO insertion into Ru—H because they
are thermodynamically less stable than the corresponding hydrides [27].

Using the determined activation energies (£,) from the slope of straight
lines of Fig. 6, the other thermodynamic activation parameters for both
HCHO and HCOOH formation were computed employing known expres-
sions These values are presented in 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, indicating endothermic
formation reactions. This 1s supported by other studies where HCHO forma-
tion 1s endothermic with AH = +5.0 kecal mol™! [2, 26]. To the best of our
knowledge, the thermodynamic data for HCOOH formation from CO under
catalyzed conditions 1s presented for the first time 1n this paper.

The formation of HCOOH from CO and H,O 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 activation parameters for WGSR-initiated formation of HCHO and
HCOOH

System E, AH* AS* AG*

(kcal mol™1) (kcal mol™ 1) (eu) (kcal mol™1)
HCHO 67 61 18 008
HCOOH 135 128 38 014

available mn the literature, the hydration of nitrile (—C=N) catalyzed by
metal complexes has been reported [28]. Very similar to our proposal of
CO msertion into the Ru—OH bond leading to the formation of HCOOH,
m this work the nitrile group was likewise considered to insert imnto the
M—OH bond, forming the corresponding amides.

The entropies of formation of HCHO and HCOOH are reported in
Table 1 The entropy of formation of HCOOH, 38 e u., 1s about twice that
of HCHO (18 e.u.). The reason 1s the difference in the nature of the inter-
mediates 6 and 7. The intermediate 7 is more of an 1on pair, which is sup-
ported by the high positive value of the entropy of activation.
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