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The decomposition of formic acid over the Cu/ZnO catalyst used in earlier work on CO shift 
kinetics has been examined. The reaction proceeds through a formate-type surface intermediate, 
the decomposition of which is rate determining. Surface coverage is rather high. The rate of formic 
acid decomposition is similar to that of the forward shift reaction and shows about the same 
temperature dependence. Both reactions as well as the reverse CO shift proceed via a surface 
intermediate of the same overall atomic composition. The high selectivity for formic acid 
dehydrogenation is in line with the value of about 50 found for the ratio between the rates of 
forward and reverse shift reactions. It is concluded that the kinetics of the CO shift conversion over 
Cu/ZnO catalyst are consistent with a mechanism in which the decomposition of a stable formate- 
type surface intermediate is rate determining. 

INTRODUCTION 

Low-temperature shift Cu/ZnO catalysts 
are applied commercially on a very large 
scale to obtain high CO conversion at low- 
temperature levels, the conversion of car- 
bon monoxide by conventional high-tem- 
perature iron oxide-based catalysts being 
limited by thermodynamic equilibrium. In a 
previous paper, the kinetics of the forward 
and reverse shift reactions over a commer- 
cial Cu/ZnO catalyst have been published 
(1). The equations for the initial rates of the 
reaction 

CO + H, * CO, + H, 

in the forward and reverse directions show 
that the experimental results can be ex- 
plained on the basis of rate control by a 
decomposition of coadsorbed complexes, 
CO . Hz0 and CO,. Hz, respectively. The 
stoichiometry of these complexes corre- 
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sponds to formic acid and may be indicative 
of formate or formic acid-derived interme- 
diates. Infrared spectroscopic studies of the 
water-gas shift reaction on oxide catalysts 
have revealed the presence of formate ions 
(2, 3) under typical reaction conditions. 
Armstrong and Hilditch (4) have postulated 
that the formation of a formic acid interme- 
diate also applies to catalysis of the water- 
gas shift reaction by Cu/ZnO. 

The present paper reports a study on the 
kinetics of formic acid decomposition on a 
commercial Cu/ZnO catalyst. Conclusions 
are drawn about the mechanism of catalysis 
of the CO shift reaction on Cu/ZnO by 
comparing the observed kinetics with the 
results obtained on the forward and reverse 
CO shift reaction. 

The gas-phase decomposition of formic 
acid has been studied extensively (5-8) 
and, in general, it has been found that the 
reaction proceeds via a formate complex. 
Among the many published investigations 
on this decomposition over metals and 
metal oxides are numerous kinetic studies. 
As early as 1911, Sabatier and Maihle (9) 
published data on the reaction over several 
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catalysts, including copper and zinc oxide. Three different reactions were formulated: 

dehydrogenation HCOOH a H, + CO, 
dehydration HCOOH * H,O + CO 
disproportionation 2HCOOH e HCOH + H,O + CO, 

Copper and zinc oxide appeared to have 
high selectivities for dehydrogenation. 
Many subsequent papers deal with this 
topic, mainly in the context of theoretical 
studies on heterogeneous catalytic reac- 
tions. In the case of copper metal, it was 
reported that high coverages of stable sur- 
face formate were obtained (8). This exten- 
sive study by Sachtler and Fahrenfort (8) 
shows that a close relation exists between 
the activity for formic acid decomposition 
and the heat of formation of the corre- 
sponding formates, a relationship known 
as the volcano-shaped curve. 

Kinetic studies have been published on 
the catalytic action of copper and of zinc 
oxide; publications on the mixed catalyst 
are not available. Measurements have 
shown that copper metal is an active cata- 
lyst for the dehydrogenation of formic acid 
with a selectivity of 99%. Kinetics have 

generally been described as zero order for 
formic acid partial pressures between 10 
and 30 mm Hg at 50-300°C. Table 1 summa- 
rizes the published results which have been 
plotted in Fig. 1. Temperature T, in Fig. 1 
indicates the isokinetic temperature, i.e., 
the temperature at which all catalysts have 
the same reaction rate within the accuracy 
of regression (10). These data are another 
illustration of the so-called compensation 
effect where changes in activation energy 
are compensated by variations in the fre- 
quency factor. This phenomenon may have 
some fundamental physicochemical cause 
but it may also be the result of modeling 
procedures, experimental accuracy, or se- 
lection of the experimental conditions. The 
description of the formic acid decomposi- 
tion as a zero-order reaction adopted for 
the calculation of T, is certainly incorrect 
(see Fig. 5). 

TABLE 1 

Literature Data on the Kinetics of the Decomposition of Formic Acid over Copper” 

Author Catalyst PHCOOH 
(mm Hg) 

log A 
cs-‘) 

E T,” 
(kcal/mole) C’K) 

1. Rienlcker (13) 
2. RienHcker (14) 

3. Rienlcker (14) 

4. Rienacker (14) 

5. Rienacker (14) 

6. Tamaru (7) 
7. Schwab (15) 
8. Schwab (16) 
9. Quinn (17) 

10. Inglis (18) 

Powder 
Powder 
heated $ h, 200°C 
Powder 
heated 1 h, 300°C 
Powder 
heated + h, 600°C 
Powder 
heated 4 h, 85’0°C 
Reduced CuO 
Copper sheet 
Powder 
Powder 
Film 

30 393-413 9.9 22.3 492 
25 373-433 8.0 15.6 426 

25 373-433 6.1 12.6 451 

25 373-433 6.8 14.6 469 

25 373-433 9.2 19.3 458 

30 

30 
10-25 

30 

438-472 12.9 27.0 457 
520-600 10.0 24.4 533 
319-354 14.1 29.3 454 
353-473 10.6 24.2 498 
373-573 11.4 26.8 513 

(1 All powders were electrolytically prepared. 
b Calculated for r = 1 molecule/(site . s). 
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FIG. 1. Rate of reaction calculated from the pub- FIG. 2. Rate of reaction calculated from data re- 
lished results shown in Table 1. The thick part of each 
line corresponds to the interval explored in the study. 

ported in Table 2. The thick part of each line corres- 
ponds to the interval explored in the study. 

From the combined published reaction zinc oxide catalysts: 
rates, an average rate is estimated for the 
dehydrogenation of formic acid over cop- 
per catalysts: where Y is expressed in molecules/(site . s). 

log (r) = 10.0 - 30,000/2.303RT, (2) 

log (r) = 10.0 
- 22,000/2.303RT+- 1.5, (1) 

with r expressed in molecules/(site . s), Tin 
K and R in Cal/mole * K). Quantitative 
studies of the catalytic effect of zinc oxide 
report a high selectivity toward dehydro- 
genation (85-100%). Measurements at lo- 
20 mm Hg formic acid partial pressure and 
SO-200°C have been described by zero- 
order kinetics. Table 2 summarizes the pub- 
lished rate constants and Fig. 2 shows the 
corresponding rate versus temperature 
curve. From this rather limited informa- 
tion, an average rate equation is estimated 
for the dehydrogenation of formic acid over 

Activity wise, a mixed copper/zinc oxide 
catalyst can be regarded as a copper cata- 
lyst, assuming interactions to be absent, 
since for the temperature range of lOO- 
250°C the rate over copper is 2000 to 15,000 
times faster than the rate over zinc oxide. 
The effect of interactions, if any, cannot be 
predicted. It has been shown (11) that 
under the prevailing conditions zinc can 
dissolve in copper to form an alpha brass. 
This affects the electronic structure of the 
metal phase as well as the lattice constants, 
both of which may have an effect on the 
rate of reaction. A third factor of impor- 
tance can be a change in electron concen- 
tration in the copper phase due to electrical 

TABLE 2 

Literature Data on the Kinetics of the Decomposition of Formic Acid over Zinc Oxide 

Author Catalyst PHCOOH 
(mm Hg) 

log A 
WI 

E T,” 
(kcal/mole) 09 

1. Schwab (19) Zn(OH), calcined 420 30 
2. Szabo (20) ZnO calcined at 23 

1200°C 
3. Hirota (21) ZnCO, calcined 20 443-483 8.03 25 2 2 

at 470°C 
4. Tamaru (22) ZnCO, calcined 10-20 418-493 13.0 37.1 

at 420°C 

,J Calculated for r = 0.0001 molecule/(site . s). 

454 

477 
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,fP’ , \i contact between metal and semiconductor. 

EXPERIMENTAL 

Kinetic measurements have been con- 
ducted with formic acid in nitrogen in a 
continuous-flow microreactor at l-bar total 
pressure and temperatures between 130 and 
160°C (Fig. 3). Gases were dried with mo- 
lecular sieves and cleaned with BTS cata- 
lyst (BASF R3-1), and formic acid was 
added by passing nitrogen through a satura- 
tor filled with formic acid immersed in a 
thermostatic bath. The mole fraction of 
formic acid was varied by changing the 
temperature of the bath; this system was 
calibrated taking gas-phase dimerization of 
formic acid into account. The reactants 
flowed through heated tubes to a micro- 
reactor of 55mm length and 7-mm i.d. 
made from chromium steel. The catalyst, 
Girdler G66B, of sieve fraction 0.35 to 0.42 
mm, was diluted with quartz of the same 
size to fill the reactor completely. The 
reactor was immersed in a thermostatic 
bath of molten salt, the temperature of 
which was kept constant within 0.15”C. 

FIG. 3. Flow diagram of apparatus for kit&c experi- 
ments. 

treatment obviated a correction for deacti- 
vation during the kinetic measurements. 
After completion of the experiments, the 
catalyst appeared to have a BET surface 
area of 3.6 m*/g. 

RESULTS 

Product gases were analyzed over a 
Porapak Q column after removing water 
and unconverted formic acid by freezing 
with a CO,-alcohol mixture. The conver- 
sion was calculated from the COB content 
using nitrogen as an internal standard. Low 
concentrations of CO were determined with 
DAger CO-selective indicator tubes, type 
5/c, placed in the product line; the 
progress of the colored zone as a function 
of time was calibrated to serve as a measure 
of the CO content. 

The kinetics of the decomposition of for- 
mic acid were determined using the initial 
rate approach. For each condition the rate 
was found from conversions observed at 
two to four space velocities. Separate ex- 
ploratory measurements up to 16% conver- 
sion did not reveal deviations from the 
linear relationship between conversion and 
space velocity shown in Fig. 4. The ob- 
served CO concentration in the product gas 
corresponded to 98.5-99.5% selectivity for 
the dehydrogenation of formic acid. 

The catalyst was heated to 140°C in a 
nitrogen flow and reduced at that tempera- 
ture for 16 h with 0.5%, 4h with l.O%, and 
at least 2 h with 2% hydrogen in nitrogen. 
The reduced catalyst was stabilized for 3 
days at 140°C with a mixture of HCOOH 
and nitrogen, molar ratio 1 : 12; this pre- 

Reaction rates were calculated from a 
least-squares fit to the data. The results in 
Fig. 5 show that the rate of decomposition 
approaches a limit value for each tempera- 
ture; the kinetics change from first order at 
partial pressures of about 0.01 bar to zero 
order for partial pressures above 0.2 bar. 

The observed dehydrogenation rates 
have been modeled with a Langmuir-type 
rate equation which in the most general 
form considered here reads: 

k= ew(-E/W . PHCOOH 
’ = (1 + K,, exp(- AflIRT) . pHCOOH) m moles’(g * ‘I’ (3) 
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FIG. 4. Dependence of the conversion on the recip- 
rocal space velocity. 

As in the previous paper (I), nonlinear 
regression was applied to a set of rate 
equations. In this case four equations were 
studied assuming the adsorption constant 
for formic acid to be either constant or 
temperature dependent and assuming the 
exponent m to be one or variable. In the 
least-squares regression the square of the 
deviation betwen the observed rate and the 
calculated rate was weighted against the 
variance in the observed rate, SrJ2,. as 
calculated from the conversion/space ve- 
locity data for a straight line through the 
origin. Thus, the objective of the nonlinear 
regression became: 

minimize Q = x (rc’j - 2’32. (4) 
j h,j 

The four resulting model variances (30.9, 
28.8, 25.4, and 24.9) are not significantly 
different at the 75% confidence level when 
the F test is applied to these data. It must 
be noted that, strictly speaking, the F test 
cannot be applied to nonlinear models al- 
though it certainly is indicative (12). For 
the rate equation it means that the simplest 
model with a constant adsorption equilib- 

0 0.05 0.10 0.15 0 20 

- PHCOOH (otm) 

FIG. 5. Rate of formic acid dehydrogenation on 
Cu/ZnO. 

rium constant and exponent m equal to one 
gives a sulhciently accurate description; 
more parameters do not significantly im- 
prove the fit from a statistical point of view. 
When, however, the apparent energy of 
activation is calculated for the model with a 
constant adsorption constant (“model l”), 
and for the model with a temperature-de- 
pendent adsorption constant for formic acid 
(“model 2”) using the definition 

a In(r) 
Ea = a (- l/Riq’ 

a significant difference appears between the 
two models (Fig. 6). When in model 2, E, is 
allowed to vary with the reaction condi- 
tions, one finds a rather wide spread over 
the range of conditions explored, E, vary- 
ing around the constant value of 21 
kcal/mole obtained for model 1. Although 
strictly speaking the inclusion of the tem- 
perature dependence is statistically not 
justified, it is felt that the relatively large 
differences in E, should be preserved in the 
model. For that reason the model with 
the temperature-dependent K value is pre- 
ferred: 

r= 
5.44 x W3 exp(--35,70O/R~~ PHCOOH 

1 + 2.48 X 10” exp(-21,000/K!‘) * Pacoo~ 
moles,Cg. sj 

(6) 

It should be stressed here that this equation is a mathematical representation of our 
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FIG. 6. Apparent energy of activation calculated 
with the equation with T-dependent adsorption con- 
stant; the dashed line corresponds to the constant-K 
equation. 

kinetic data rather than a physical model; 
the positive value for the AH of adsorption 
of formic acid has no physical meaning. 
This is not serious because the kinetics are 
discussed below in terms of reaction rates 
rather than model parameter values. 

DISCUSSION 

The kinetics of the decomposition of for- 
mic acid over a commercial LTS Cu/ZnO 
catalyst were examined as part of a study 
on the kinetics and mechanism of the CO 
shift conversion over this catalyst: 

CO + H,O ti COz + Hz 
(AH= -41.1 kJ/mole). 

Results on the kinetics of the forward and 
reverse CO conversion have been pub- 
lished in a previous paper (I). It was shown 
that the rate equations correspond to the 
decomposition of a mixed complex, 
CO . H,O or CO, . Hz, as the rate-determin- 
ing step. 

The assumption that the intermediates 
for the forward and reverse reactions are 
identical with the surface intermediate of 
the formic acid decomposition is demon- 
strated in Fig. 8. This figure shows how 
formic acid decomposition rate and selec- 
tivity tie in with those of the CO conver- 
sion. In order to quantify this scheme, the 
rate data must be brought to the same 
standard. To that end, they were converted 
to the dimension molecules/(site * s). Ex- 

To compare our result with the literature- 
derived rates over Cu and ZnO, the above 
rate equation was evaluated at 30 mm Hg 
formic acid partial pressure and the result 
expressed in molecules/(site * s), assuming 
that half the BET surface area consists of 
copper surfaces with a site density of 1.6 x 

: 
32 

10lg sites/m2. It appears from the results in 2 

Fig. 7 that the observed rate agrees fairly i 
well with the rates reported for copper L 
catalysts. z 

It is interesting to compare the energies 
G 

of activation reported in the literature (Ta- 
ble 1) with the data of Fig. 6: within a range 
of 30°C at a partial pressure of 0.05 bar, E, 
varies from 20 to 30 kcal/mole. This effect, 

125 150 175 

-T ("'.I) 

which in fact goes back to the choice of the 
rate equation, may explain the spread in the 

FIG. 7. Comparison of literature data on the dehy- 
drogenation of formic acid over copper and zinc oxide 

literature data. with present results over copper/zinc oxide. 
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pressed as first-order decomposition rate 
equations, the kinetics are described by: 

forward CO conversion, 

t-r = 8.0 x 1Oj exp(- 16,0OO/RT) 

. &O+I20 molecules/(site s), (7 

reverse CO conversion, 

r, = 6.5 x lo7 exp(-23,5OO/RT) 
f &02.Hz molecules/(site . s). (8) 

These equations were derived from the rate 
equations published in (I), assuming 50% 
of the BET surface area to consist of cop- 
per surfaces with a site density of 1.6 x 10lg 
sites/m*. 

The rate equation for formic acid dehy- 
drogenation (6) can be transformed into 

rd = 4.6 X 1Oj exp(- 14,7OO/RT) 
' OHCOOH molecules/(site . s). (9) 

In Fig. 9 the calculated values of decompo- 
sition rate constants are shown as a func- 
tion of temperature. The reaction rate con- 
stants of the dehydrogenation of formic 
acid and the decomposition of the 
CO . H20 intermediate in the CO conver- 
sion differ by a factor of 3-2 over the 
interval plotted; the temperature depen- 
dences are almost equal. Taking into ac- 
count all approximations necessary for the 
evaluation of the rate constants in 
molecules/(site . s), it can be concluded 
that the rates of reaction are equal within 
experimental accuracy. Furthermore, the 
observed selectivity of 0.995-0.985 for de- 
hydrogenation of formic acid corresponds 
very well with the factor 50 difference in 

co. s ezzq co.5 Hp s kqi Hz . 5 

. 

H20 

HCOOH 

FIG. 8. Kinetic scheme for the forward and reverse 
CO conversion including the decomposition of formic 
acid. 
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FIG. 9. Comparison of reaction rate constants. The 
heavier parts indicate the temperature range explored. 

rates between the forward and reverse re- 
action. Since these rates have been deter- 
mined as initial rates, i.e., far from the 
water-gas equilibrium, this clearly is a ki- 
netic phenomenon. 

It should be noted that the above conclu- 
sions on the rate constants for the surface 
reactions derive directly from the measured 
data and are not affected by the particular 
choice of the model equation. In order to 
show this, the occurrence of the “implic- 
itly” measured quantities must be taken 
into account. In the previous paper (1) it 
was demonstrated that surface coverages 
are modeled together with the observed 
rate data, at least if the model equation 
allows one to do so. Coverage of a large 
part of the surface with the intermediate 
complex has been established in all three 
reactions. To demonstrate the consistency 
of the results, “observed” values for the 
rate constants were plotted in Fig. 9. These 
“observed” surface reaction rate constants 
were calculated from the observed rate of 
reaction and the surface coverage of the 
mixed complex under the prevailing condi- 
tions, as calculated from the parameters in 
the kinetic equations. 

Attempts made to confirm the presence 
of formic acid or formate surface com- 
plexes on copper catalysts by ir spectros- 
copy experiments were unsuccessful be- 
cause of the low transparency of the 
copper/zinc oxide system. 



CO SHIFT REACTION OVER Cu/ZnO 101 

The kinetic studies produce one addi- 
tional indication for the formic acid inter- 
mediate hypothesis. In Ref. (I), experi- 
ments at varying pressures were reported 
for the forward CO conversion. They show 
almost complete inhibition of the reaction 
at a conversion level that decreased with 
increasing pressure; this phenomenon has 
been ascribed to the formation of a surface 
complex of high stability. Explained more 
specifically as being caused by the forma- 
tion of a formate complex, an equilibrium 
constant for its decomposition can be esti- 
mated. The result, about 30 bar-‘, agrees 
rather well with the value of 35 barP calcu- 
lated from Eq. (6) for the formic acid dehy- 
drogenation. 

As a result of these experimental studies 
it can be concluded that the kinetics of the 
CO conversion over a copper/zinc oxide 
catalyst can be described by a mechanism 
in which a stable formate intermediate is 
formed on the copper surface. 
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