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The effects of carbon dioxide on the catalytic synthesis of methanol over the copper-zinc oxide 
catalysts were investigated. for CO&O/H, ratios between O/30/70 and 30/O/70. A maximum 
synthesis rate was observedat CO&O/H2 = 2/28/70. At lower concentrations of CO% the catalyst 
is deactivated by overreduction and at higher concentrations of CO, the synthesis is retarded hy a 
strong adsorption of this gas. A kinetic model is presented which quantitatively describes the 
observed patterns in the indicated range of synthesis gas compositions and at temperatures 
between 225 and 250°C. This model is consistent with all physical characteristics of the Cu/ZnO 
catalysts and corroborates earlier findings that an intermediate oxidation state of the catalyst is its 
active state. The adsorption enthalpies and entropies for the reactants indicate that carbon dioxide 
is strongly bound-and immobile while carbon monoxide and hydrogen are chemisorbed with 
intermediate strength and experience a considerable mobility in the adsorbed layer. At concentra- 
tions of COa greater than lo%, methane is a side product. Mechanistic implications of this finding 
are that there is a nonselective pathway parallel to the CO hydrogenation; this pathway may involve 
formate and methoxy intermediates. 

INTRODUCTION (I) 

Carbon dioxide in small concentrations 
acts as a promoter of methanol synthesis 
from carbon monoxide and hydrogen over 
the low-pressure copper-based catalysts 
(2, 3). This effect was attributed to the abil- 
ity of COZ to keep the catalyst in ifs inter- 
mediate oxidation state rather than to the 
reversal of the Boudouart reaction 

2co~co~+c 

ide in the ternary syngas by carbon dioxide 
or by inert gas. Hence, a gradual replace- 
ment of carbon monoxide by carbon diox- 
ide produces a maximum of the synthesis 
rate: at low concentrations, COZ acts as a 
promoter and at high concentrations, as a 
retardant of the synthesis. Such an 
influence of the CO/CO, ratio on the syn- 
thesis is of both fundamental and practical 
interest as it allows the catalyst to be opti- 

(1) mized for various compositions of the syn- 
thesis gas. 

primarily because very little carbon was In addition to mechanistic elucidation of 
found on the surface of catalysts used with the effects of carbon dioxide, it is desirable 
varying ratios of CO/CO, in the synthesis to formulate a kinetic equation that de- 
gas (4). It is demonstrated in this paper that scribes these effects quantitatively and con- 
small concentrations of CO, have a true tains temperature-dependent factors that al- 
promotion effeet on the synthesis rate low the concentration and temperature 
rather than increasing it by direct hydroge- distribution in industrial reactors to be pre- 
nation of carbon dioxide to methanol that dieted. Such equations were formulated be- 
would be faster than the hydrogenation of fore but none describes satisfactorily the 
carbon monoxide. It is established that synthesis patterns over the copper-based 
methanol yield decreases substantially catalysts. The early kinetic equations for 
upon completely replacing carbon monox- the high-pressure ZnO -Cr203 catalyst did 
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not contain a CO,-dependent term at all, lysts are used; Natta (5) proposed the rate 
perhaps because the effects of CO, were not equation for the ZnO-Cr,O, catalyst at 
that significant when zinc chromite cata- temperatures 300- 360°C as follows: 

YCOPCOYH~~PH: - YC~OHPC~OHIK~.~ 
r = (A + BY,OP,O + CYH~PHZ + L)Yc+o~~c~od~’ 

(2) 

where r is the rate of methanol synthesis, yi 
is the fugacity coefficient of species i, Pi is 
the partial pressure of species i, K,, is the 
equilibrium constant of carbon monoxide 
hydrogenation to methanol, and A, B, C, D 
are empirical constants. This equation was 
derived under the assumption that the rate- 
controlling step of the synthesis is the tri- 
molecular reaction of carbon monoxide 
with two hydrogen molecules in the ad- 
sorbed phase. Following Natta’s publica- 
tion of his data and kinetic treatment, a 
number of empirical as well as model-de- 
rived rate equations for methanol synthesis 
have been proposed, some of which have 
demonstrated that Natta’s original data 
could be fitted with several kinetic models. 
These developments were summarized by 
Denny and Whan (6) up to 1977. 

When the synthesis was carried out with 
carbon dioxide-rich synthesis gas, how- 
ever, the comparison of measured rates 
with those calculated using kinetic Eq. (2) 
or its modifications (7) showed a substantial 
disparity (8) and it was realized that carbon 
dioxide-dependent terms must be incorpo- 
rated in order that the kinetic equations be 
useful for process design. This was accom- 
plished by Bakemeier et al. (9) who ob- 
tained the following rate equation, once 
again for the ZnO-Crz03 catalyst: 
,. = Ae-EIRT 

x Pcl3”Pn,“U - PCH301i/(PCOPH:KeJI (3) 
(1 + Dfl’?Pco /P&l 2 

In this equation, the quantities A, E, ~1, m, 
D, and F are semiempirical parameters. It 
can be seen that this rate equation predicts 
that the methanol yield would decrease as 
the COz partial pressure is increased, and 

would drop to zero for synthesis gas that 
contains carbon dioxide only. Hence Eq. 
(3) describes a process in which carbon di- 
oxide is a retardant but not at all a reactant. 

In 1973, Leonov ef al. (10) put forward a 
kinetic rate equation for the low-pressure 
copper-zinc oxide-alumina catalyst for 
temperatures between 220 and 260°C. The 
rate equation was proposed to be: 

where k is the rate constant for the forward 
reaction, and K,, is the equilibrium con- 
stant. Similar to the early kinetic studies 
with the high-pressure ZnO-Cr,O, cata- 
lysts, there are no CO,-dependent terms in 
Eq. (4) for the low-pressure synthesis. 

Denny and Whan (6) also reviewed var- 
ious contrasting reports on the effects of 
CO, on the synthesis, and emphasized that 
any complete kinetic expression should in- 
clude a term involving the partial pressure 
of carbon dioxide. A rate equation that does 
contain an empirical C02-dependent term 
for the Cu-ZnO-alumina catalysts has 
been presented in 1980 by Andrew (3) in the 
form 

r = k pi; p;; to o.“@cq. (5) 

Although the function a,, was not explic- 
itly determined, it was reported that the 
rate of methanol synthesis reached a maxi- 
mum at the CO, to CO partial pressure ratio 
around 0.01, and decreased as the COz 
pressure was further increased. It was also 
indicated that the methanol synthesis rate 
would decline at very small concentrations 
of COz. A behavior like this was also re- 
ported to be the property of the binary Cu- 
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ZnO catalysts (2), and hence it seems es- 
tablished that an optimum concentration of 
COZ, or a ratio of CO, and CO concentra- 
tions, exists at which the low pressure syn- 
thesis runs at its maximum rate. 

We have undertaken a study to determine 
which mechanistic, kinetic, and thermody- 
namic phenomena will give rise to a maxi- 
mum synthesis rate at a certain concentra- 
tion of carbon dioxide. In the process of 
doing so, we were able to formulate 
models, presented in this work, that quanti- 
tatively interpret the observed rates for var- 
ious compositions of the synthesis gas. 
Thermodynamic functions derived from the 
comparison of the model-based kinetic 
equations with experiment give insight into 
the role of redox equilibria and competitive 
adsorption of reactants in determining the 
synthesis rate at a given CO,/CO ratio and 
temperature. It is possible that these data 
and theory will lead to a further develop- 
ment of catalysts for synthesis gases of var- 
ious composition and origin. While this may 
be a beneficial effort in most instances, its 
applicability may be limited in those cases 
where methanol synthesis is accompanied 
by that of side products. For this reason we 
also present data on the dependence of the 
catalyst selectivity on the pressure of car- 
bon dioxide. We have focused on a single 
catalyst of the composition Cu/ZnO = 
30/70, described and characterized in our 
earlier work (2, I I, 12), because this cata- 
lyst operates in a well-defined structural, 
morphologic, and electronic state while re- 
taining high activity and selectivity to meth- 
anol. 

EXPERIMENTAL 

Activity and selectivity tests. The cata- 
lysts of composition Cu/ZnO = 30/70 
metal atomic percent were tested in a flow 
reactor described previously (2) at a pres- 
sure of 75 atmospheres, temperatures of 
225, 235, and 25o”C, synthesis gas hourly 
space velocity of about 6100 liters/kg 
catalyst/hi-, and varying ratios of concentra- 

tions of CO, to CO in mixtures containing 
carbon to molecular hydrogen mole ratio of 
30/70. Gas mixtures COz/CO/Hz = O/30/70, 
2J28l70, 4126170, 6124170, 8/22/70, 10/20/70, 
2OllOl70, and 30/O/70 were used. Additional 
tests were made with C02/Ar/H2 = 6124170 
and ArlCOIH2 = 6l24l70. All gases in this 
work were high purity and were obtained, 
either pure or premixed to desired composi- 
tions, from Air Products and Chemicals. 
The product gas from the reactor was sam- 
pled every 7 to 15 min using an automated 
sampling valve and analyzed using an on- 
line Hewlett-Packard 5730A gas chromato- 
graph, coupled with a Model 3388A integra- 
tor, equipped with a Porapak Q column for 
separation of CO, COZ, CH4, CH,OH, and 
H,O. Dimethyl ether was not a product in 
our series of experiments. A thermal con- 
ductivity detector was used for quantitative 
analyses of the products with sensitivity 
factors of 42 for CO, 37.5 for CHI, 48 for 
COZ, 33 for HzO, and 45 for CH,OH. All 
except the methanol sensitivity factor agree 
with those in Ref. (13). The methanol factor 
was determined by measuring the TC gauge 
response to samples from a helium stream 
saturated by methanol at different tempera- 
tures and from the oxygen balance in the 
synthesis. The results of both methods 
agree and yield the sensitivity factor 45 for 
methanol. Integrated areas divided by the 
sensitivity factors were normalized to give 
the molar fractions of the gas products. 
Prior to testing, each catalyst was reduced 
in flowing 2% Hz in N2 at ambient pressure 
(3.5 literslhr). The temperature was in- 
creased at about 3.5”Clmin to 25O“C, and 
reduction was initiated at approximately 
210°C. The treatment was maintained until 
the evolution of water stopped, as shown 
by gas chromatography analyses. After 
each activity test, the catalyst was removed 
from the reactor in a nitrogen-filled glove 
bag and stored in nitrogen for X-ray diffrac- 
tion and surface area measurements. 

Catalyst preparation. The catalysts were 
coprecipitated from a (Cu,Zn) nitrate solu- 
tion by sodium carbonate, calcined, and re- 



346 KLIER ET AL. 

duced according to a procedure described 
in detail earlier (2). Each tested sample 
contained 2.45 g of calcined CuO/ZnO cat- 
alyst of molar ratio CuO/ZnO close to 
30/70. These samples were taken from four 
batches: 1 (exact composition CuO/ZnO = 
30.23/69.77), 2 (exact composition CuO/ 
ZnO = 29.76/70.24), 3 (nominal composi- 
tion = 30/70), and 4 (nominal composition 
= 30/70). 

Catalyst characterization. Surface area 
determinations and X-ray diffraction were 
carried out using instruments and methods 
referenced in our earlier work (2). The par- 
ticle sizes were determined from the dif- 
fraction peak half-widths using the Scherrer 
equation (14) for the Cu( 111) and Cu(200) 
reflections at 28 = 43.2” and 50.4”, respec- 
tively, and for the ZnO(101) and ZnO( 110) 
reflections at 20 = 36.5 and 56.6”, respec- 
tively. The instrumental half-width was 
0.2”. 

RESULTS 

Eflects of CO2 on Methanol Synthesis at 
Steady State 

The activities of the Cu/ZnO = 30/70 
catalysts were tested at three temperatures 
of 250, 235, and 225°C. Steady conversions 
were reached within l-20 hr after establish- 
ing the p, T, GHSV, and feed gas composi- 
tion, and for all except COz-free synthesis 
gas could be maintained for weeks. The 
observed steady state conversions and con- 
ditions are summarized in Table 1, together 
with the designations for each of the four 
batches of catalyst and for the samples that 
were tested. 

Each catalyst sample denoted by a sepa- 
rate identification number was taken from a 
calcined batch 1 to 4, as noted, charged into 
the reactor, reduced, and tested under the 
specified conditions. Hence, the spread of 
conversion rates for a given set of con- 
ditions encompasses all preparation and 
testing variables. Eight tests were carried 
out with the CO&O/H2 = 6/24/70 syn- 

thesis gas, and the measured conversions 
indicate an accumulated relative experi- 
mental error of +7%. Our earlier testing 
results (2) are well within this margin. 

The synthesis pattern in Table 1 demon- 
strates that there is indeed a maximum on 
the dependence of methanol synthesis rate 
vs the CO&O ratio in the synthesis gas, 
which appears where CO2 and CO are si- 
multaneously present and not when either 
of these two gases is replaced by inert ar- 
gon. An additional finding of significance is 
that selectivity changes with the synthesis 
gas composition. At concentrations of COZ 
between 0 and lo%, methanol is the sole 
product while at higher concentrations of 
COZ methane is formed as a side product. 
The highest rate of methane production was 
obtained at the lowest investigated temper- 
ature, a behavior that has mechanistic im- 
plications as will be discussed below. Di- 
methyl ether was not found at any of the 
conditions investigated using the present 
catalyst. 

Transient Efects 

All the catalysts tested with a feed gas 
with a given COP content were found to 
attain a new steady-state activity when an- 
other concentration of CO, was used in the 
synthesis gas. The final steady-state con- 
versions were the same as those listed in 
Table 1 for catalysts freshly exposed to the 
synthesis gas of the given composition. 
However, the duration of time necessary to 
attain a new steady state after a change of 
synthesis gas composition depended on the 
previous history of the catalyst exposure to 
the gas mixtures. Between the composi- 
tions CO&O/H, = 2/28/70 and 20/10/70, 
the methanol conversion rates rapidly re- 
sponded to the changes of CO&O concen- 
tration ratio. This behavior is illustrated in 
Fig. 1 which depicts the time development 
of CO, COZ, CH,OH, and H,O concentra- 
tions after a switch from CO&O/H2 = 
20/10/70 to 6/24/70 gas mixture. The new 
steady state was established within 30 min. 



TABLE 1 

Conversions of Synthesis Gas to Methanol and Methane over Reduced Cu/ZnO Catalysts 

Gas composition Temperature 
CO&O/Hz (~01%) (“Cl 

Percentage carbon 
conversion to 

Catalyst 
batch No. 

Sample 
No. 

CH,OH CK 

o/30/70 225 4.9 0 
235 8.8 0 
250 11.0, 12.1” 0 
250 14.5, 10.gb 0 
225 36.5 0 
235 50.7 0 
250 69.7, 68.3” 0 
250 68.3 0 
250 67.6 0 
250 69.8 0 
225 19.6 0 
235 33.1 0 
250 56.5 0 
250 51.5 0 
225 18.2 0 
235 33.5 0 
250 57.8, 59.2O 0 
235 37.3 0 
250 54.7, 54.4b 0 
250 55.1 0 
250 53.8 0 
250 60.9, 56.5b 0 
250 58.2 0 
250 5l.lC 0 
250 51.9 0 
225 17.7 0 
235 33.4 0 
250 54.4 0 
225 11.9 0 
235 26.5 0 
250 40.5 0 
250 43.1, 45.10 0 
225 8.0 2.8 
235 12.0 2.6 
250 22.6, 22.5” 2.3, 2.5” 
225 6.5 4.1 
235 7.4 3.5 
250 9.7 2.5 
225 6.4 2.6 
235 7.4 2.5 
250 10.0 2.3 
250 3.W 1.5e 

1 5 

1 
1 

11 
4 2/28/70 

8 
13 
15 
2 4126170 

1 8 
1 1 6124170 

16 
2 
3 
9 

11 
12 
14 
15 
7 

6124170 

g/22/70 

10/20/70 4 16 

1 6 
1 9 20/10/70 

30/o/70 1 

1 10 

CO.JAr/H, = 
6124170 

Ar/CO/H2 = 
6/24/70d 

4 15 

250 12.2e 0 4 15 

a Catalytic activities at 225 and 235°C were obtained between the 250°C determinations. 
b Catalytic testing was carried out at this temperature with other synthesis gas mixtures being utilized between 

these determinations. 
c From Ref. (2). 
d Actual synthesis gas composition was approximately C021Ar/COIH2 = 0.09/6/24/70 vol %. 
e For the sake of comparison with other entries in this table, conversions in the presence of argon are given as 

percent of CO, + CH,OH + CH, + Ar or CO + CHsOH + CH, + Ar. 
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FIG. 1. The effect of changing the synthesis gas 
composition from CO&O/HZ = 20/10/70 to 
CO&O/H2 = 6/24/70 after testing in the initial gas 
mixture for 12 hr at 250°C. The analyzed products are 
CO(o), C02(0), CH,OH(O), H,O(V), and CH,(Oh 

Contrary to this behavior, catalysts that 
were exposed to the COz-free synthesis gas 
CO,/CO/H, = O/30/70 recovered their ac- 
tivity in CO,-containing gas only after an 
extended period of time; after a prolonged 
exposure to Cog-free synthesis gas, the cat- 
alysts recovered their activity only parti- 
ally. For example, a Cu/ZnO = 30/70 cata- 
lyst exposed to C02/CO/H2 = O/30/70 for 
12 hr attained a steady conversion to meth- 
anol of 10.5% at 250°C; upon exposure to a 
new synthesis gas CO&O/H, = 6/24/70, 
the methanol yields increased sharply, then 
fluctuated for several hours, and reached a 
new steady state at 47% conversion after 18 
hr. The same catalyst freshly exposed to 
CO&O/H2 = 6/24/70 synthesis gas 
showed conversions between 51 and 61%, 
as listed in Table 1, and so the catalyst 
preexposed to CO,-free synthesis gas was 
partially irreversibly deactivated. Such a 
deactivation is progressively more severe 
with more prolonged preexposures to COZ- 
free synthesis gas. 

Catalyst Characterization 
X-Ray diffraction was used to determine 

particle sizes of the ZnO and Cu crystallites 
prior to and after testing. The latter results 
are summarized in Table 2. The ZnO(101) 
reflections yield larger sizes than ZnO( 110) 
reflections because the zinc oxide crystal- 
lites have a longer dimension along the hex- 
agonal axis [OOl]. The Cu particles are more 
isotropic and so the sizes determined from 
the (Ill) and the (200) reflections are closer 
to each other. Although the determination 
of particle sizes is burdened by a considera- 
ble error, comparison of the X-ray particle 
dimensions permits the conclusion that no 
significant changes in particle size resulted 
from the exposure and use of the catalyst to 
various synthesis gas compositions. How- 
ever, BET area measurements did reveal a 
downward trend from about 41 to 33 m2/g 
when the CO, gas content increased from 0 
to 30 parts per hundred, as indicated in 
Table 3. This effect is due to filling of micro- 
pores by CO, and has been observed in an 
independent study of CO2 chemisorption on 
the Cu/ZnO catalyst (15). The original sur- 
face area around 40 m2g can be recovered, 
e.g., by heat treatment of the catalyst in 
vacuum. 

TABLE 2 

Particle Dimensions of Cu and ZnO Crystallites in 
the Tested Cu/ZnO = 30/70 Catalysts as 
Determined by X-Ray Powder Diffraction 

Gas 
composition 
CO&O/H, 

(vol%) 

Particle size (nm) Sample 
designation 

Copper &c oxide (batch-sample) 

(111) (200) (101) (110) 

o/30/70 
0/30/7w 
2/28/7W 
4/26/7W 
6124170 
8/22/70 

10/20/7(P 
30/o/70 
Estimated 

error 4 

7.9 5.5 11.8 10.8 1-5 
6.4 6.3 17.0 15.4 1-11 
6.9 5.7 13.6 13.3 l-4 
6.2 - 14.3 13.9 1-2 
5.5 5.7 12.3 10.5 1-l 
6.2 5.7 14.3 13.9 l-7 
6.9 5.2 15.1 13.9 1-6 
6.4 7.1 20.9 16.3 l-10 

:0.2 -co.3 kO.8 20.9 

0 The final catalytic testing of these samples was carried out 
with a CO./CO/Hn = 6/24/70 ~01% synthesis gas. 
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TABLE 3 

BET Surface Areas of the Cu/ZnO = 30170 
Catalysts Tested in Various Compositions of the 

Synthesis Gas 

Synthesis gas 
composition 
CO&O/H, 

BET 
surface 

area 
W/s) 

Treatment Batch- 
sample 

o/30/70 40.9 l-5 
2128170 37.8 a l-4 
4126170 40.4 a l-2 
6/24/70 42.1 l-l 
6124170 37.1b 3-14 
g/22/70 37.7 l-7 

10/20/70 36.8 a l-6 
30/o/70 33.0 l-10 

a Final catalytic testing was carried out with 
CO&O/H2 = 6124170 ~01% synthesis gas. 

b From Ref. (2). 

DISCUSSION 

The increase of the methanol synthesis 
rate upon replacement of small amounts of 
CO in the CO/H2 synthesis gas by COZ is a 
true promotion effect and not an effect en- 
suing from a negative power dependence of 
the synthesis rate upon partial pressure of 
CO. This is demonstrated by the low con- 
version obtained when all CO2 in the 
C02/CO/H2 = 6/24/70 synthesis gas was 
replaced by argon (Table 1). Such a promo- 
tion effect of CO2 is not described by any of 
the equations (2)-(4) presented in the Intro- 
duction or in Denny’s and Whan’s review 
(6). Neither does hydrogenation of COZ ac- 
count for the increase in methanol yield: at 
CO&O/HZ = 6/24/70 and at 25o”C, ap- 
proximately 95% of the yield of methanol is 
produced by hydrogenation of carbon mon- 
oxide and only about 5% by hydrogenation 
of coz. 

Carbon dioxide does undergo hydrogena- 
tion but at a much lower rate than CO. This 
is seen from the relative consumption of CO 
and CO, where both gases are present, from 
the rate of hydrogenation of synthesis gas 
containing COZ and hydrogen only, and 
from the rates of hydrogenation of the mix- 

ture containing COZ, argon, and hydrogen 
(Table 1). Although the rate of its hydroge- 
nation is slow, carbon dioxide does become 
a significant source of carbon for methanol 
when CO-rich synthesis gas is used. The 
kinetic equations listed in the Introduction 
also do not account for this feature of the 
synthesis. It is evident that the synthesis 
pattern over the low-pressure-low-tem- 
perature copper-based catalysts and over 
the wide range of COZ concentrations, 
exemplified by the data presented in Table 
1, requires a new kinetic model that will 
encompass all effects of COZ and, ulti- 
mately, provide a quantitative interpreta- 
tion of the conversion rates on the COZ con- 
centration. Such a model is presented in the 
following section. 

Kinetic Model for Methanol Synthesis 
over the CujZnO Catalysts 

The kinetic model put forward here is 
based on observations in Table 1 and on 
various findings concerning the chemical 
and physical properties of the Cu/ZnO cat- 
alysts reported earlier or intended for com- 
munication. These findings are summarized 
as follows: 

(1) The methanol conversion rates from 
the CO/H2 synthesis gas increase substan- 
tially with the addition of CO, (present 
work), HzO, or even small amounts of oxy- 
gen (2). The catalyst is irreversibly deacti- 
vated by prolonged exposure to synthesis 
gas containing CO and Hz only. 

(2) A catalyst that has been reduced by 
hydrogen at 250°C can be further reduced 
by CO at the same temperature with the 
appearance of CO,. When this CO-reduced 
catalyst is exposed to COZ, also at 25(X, it 
is reoxidized and COZ is converted to CO. 
The CO/CO2 equilibria are established in a 
time frame of hours ( 16). 

(3) The activity of the catalyst increases 
as a high power of the concentration of 
amorphous copper, which was earlier 
identified as a solute species in the zinc 
oxide phase. The catalyst activity to metha- 
nol is not proportional to nor monotonously 
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dependent on the surface area of crystalline 
copper particles that are also present in the 
catalyst. This latter finding has been a mat- 
ter of controversy (I, 3) but we have addi- 
tional evidence of its correctness based on 
chemisorption of carbon monoxide and ox- 
ygen (W. 

(4) Carbon dioxide is adsorbed quite 
strongly. The reactant adsorption strengths 
are estimated to decrease in the order CO2 
> CO > Hz. 

Based on the results listed in Table 1 and 
on observations summarized sub l-4 
above, the model of the synthesis is formu- 
lated as follows: 

(i) The catalyst can exist in a reduced 
state Ared and in an oxidized state A,. The 
oxidized state is active and the reduced 
state is inactive (cf. I above). The propor- 
tion of A,, and A,, is controlled by the ratio 
of CO2 and CO in the synthesis gas (cf. 2). 

(ii) Several active centers A,, are in- 
volved in each reaction step. These centers 
may be identified with copper solute spe- 
cies in zinc oxide (cf. 3). 

(iii) All three components of the synthesis 
gas CO, HZ, and CO, react in the adsorbed 
layer. COr competes for active sites with at 
least one of the reactants CO and Hz. The 
adsorption strengths are in the order COZ > 
CO > Hz (cf. 4). 

(iv) The products CH,OH, HzO, and CHI 
are adsorbed weakly; their effect on the 
reaction rate is taken into consideration by 
kinetic terms for the reverse reaction but 
not for product desorption in the forward 
reaction. 

The model outlined in statements (i)-(iv) 
satisfactorily explains, unlike many other 
models considered earlier, the data in Table 
1 and is general enough to accommodate 
changes of the catalyst caused by exposure 
to different synthesis gas compositions. In 
particular, the equilibrium 

Ared + c%g, = A,, + co<,, (6) 

summarily involves redox equilibria be- 
tween valence states of copper and zinc in 
zinc oxide and electron equilibria between 

the various accessible energy bands. 
A specific mathematical treatment that 

results in quantitative interpretation of our 
data is presented hereafter: 

Ad(i): Take the redox equilib- 
rium (6) to be established 
in the adsorbate with equi- 
librium constant K’ . The 
requirement that the re- 
duced and oxidized forms 
of the catalyst sum up to a 
constant, A,, = AWd + A,,, 
yields for the concentra- 
tion of active centers 

A,, = Ao 
K’(Pcozl~co) 

1 + ~‘(Pco,/P,,) 
(7) 

Ad(ii): The forward reaction rate 
r is assumed to be deter- 
mined by the rate of the 
surface reaction involving 
one CO and two Hz mole- 
cules to produce methanol 
plus the empirical term 
Oc, for the slow hydro- 
genation of COZ, 

r = &%m~coK%,fh~,)~ + k’pcoz, (8) 

where 8co and 8, are frac- 
tions of the active surface 
A,, occupied by CO and 
H,, respectively. The sur- 
face concentrations of 
each reacting species are 
A,,Bco and A,&& respec- 
tively. The linear depen- 
dence k’pc02 of the rate 
rcoz of CO, hydrogenation 
on the pressure of CO, fol- 
lows from the comparison 
of carbon conversions of 
synthesis gases CO2/CO/ 
H2 = 30/O/70 and CO,/Ar/ 
Hz = 6/24/70 given in Ta- 
ble 1, also shown in Fig. 2 
and connected by a dotted 
line representing rco, = 
&Pco2. 
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Ad(iii): Surface equilibria Case Z 

co (8) c co(a) 

co 2(g) F= m&a, KCO* 

” = (1 + &,P,, + ::;P,,~ + &PHJ’ 

H Z(8) .Ky sm 

are rapidly established, as 
determined from adsorp- 
tion measurements, and 
are assumed to obey 
Langmuir isotherms. 
Three cases will be exam- 
ined here, one in which 
CO, COz, and H2 compete 
for the same sites (Case I), 
another in which CO and 
H2 are adsorbed on differ- 
ent sites and CO, com- 
petes for the hydrogen 
sites (Case II), and a case 
wherein CO2 competes for 
both the CO sites and 
the hydrogen sites (Case 
III). The corresponding 
Langmuir isotherms are as 
follows: 

where the subscript i stands for CO, COz, 
or H,. 

Case ZZ 

‘HZ = (1 + KQH, + Kc~coz) (‘I) 

Case ZZl 

KCOPCO 

Oco = (1 + Kco~co + KcogcoJ 
(12) 

KH&G 

eHz = (1 + &&I, + Kco2pa,2) (13) 

(9) 

0 Kco~co 

Co = (1 + K,,P,,) 

KH&h 

(10) 

Ad(iv): Combining (7), (8), and (9) 
and replacing pcop&’ by 
PCOPH2’ - P~~HI&, and 

Pco, by PCS - hOHP&O/ 

pa3/K& to account for the 
reverse reactions, we ob- 
tain for Case I 

+ k’ 

where K,, is the equilib- 
rium constant of the reac- 
tion 

CO,, + 2K.m 2 CH,OW, (15) 

and Kk, is the equilibrium 
constant of the reaction 

C% + 3Kxg) K’ - CHdW, + I--Mb. eu 
(16) 

The definitions of K,, and 
Kx, involving fugacities 
and their numerical values 
are given in Appendix I. 
Under all reaction condi- 
tions employed here the 
term with l/K;, for re- 
verse reaction (16) is negli- 
gible . 

Equation (14) for the overall rate has the 
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0 
0 10 20 30 

PERCENT CO2 IN SYNGAS, co+co2=30 

FIG. 2. The dependence of carbon conversion to 
methanol in a CO,/CO/H~ synthesis gas containing 
70% H2 and a variable ratio of CO2 and CO. Experi- 
mental data are shown for ZScPC(O), 235”C(V, and 
225”C(iJ). Lines drawn through the data points are 
theoretical curves derived from the model described in 
text. Theoretical equilibrium methanol conversions for 
the three temperatures studied are also shown as 
heavy lines in the upper portions of the figure. The 
point 0 denotes the yield in CO,/Ar/H, = 6/24/70 
synthesis gas, expressed in terms of equivalent conver- 
sion of (CO2 + Ar) to methanol. The dotted line repre- 
sents the rate of CO1 hydrogenation rcop = k’pcO,. 

following features: at pcq/pcO = 0, the rate 
is zero because the oxidized active site con- 
centration is zero [e.g., (7)]; at pco/pcoz = 0, 
the rate is given by the CO,-only term k’pcoZ 
[e-g., (14)l; at intermediate values of 
pcoz/pco, there is a maximum rate, the posi- 
tion of which is primarily determined by the 
values of K’ and Kcoz. Thus the maximum 
rate is obtained at such pressures of CO2 
that are sufficient to bring the catalyst into 
the active state A,, but are not too high to 
retard the synthesis by excessive COz ad- 
sorption. 

Equations analogous to (14) for Cases II 

and III are obtained by 
(8) with (10) and (11) or 
respectively. All these 
general form 

combining (7) and 
with (12) and (13), 
equations have a 

f = const ] + 1 PC0 d-3 
K’ ~coz > 

x (Pco~$ - ~,eotJKe,) 
(F + Kcoz~coJR 

+ k’ 

where F is a linear function of pressures of 
H, and CO and the exponent n ranges from 
1 to 3. The term with k’ accounts for the 
relatively low direct conversion of CO,. 
Equations of the type (17) adequately ex- 
plain the observations of Table 1. Several 
other types of rate equations, including all 
listed in the Introduction, were found in- 
adequate. 

Rate equation (17) can be used in its inte- 
gral form to calculate carbon conversion (Y 
in an integral isothermal flow reactor using 

a = c&o + acq 

= (FcoO ; Fcozo) ,” ‘Ill dm- (18) I 

Here Fcoo and Fcozo are the flow rates of CO 
and COP at the beginning of the catalyst bed 
of total catalyst mass M. The differential 
rate r,,, is the rate r of Eq. (17) expressed per 
unit mass of the catalyst in a mass element 
dm at a cross-section of the catalyst bed 
(17). The conversions of CO and CO2 to 
methanol are defined as 

WI0 = 
%:OH 

Fco' + Fcozo 

F”O2 
acoz = MeOH 

Fco’ + Fcozo 

with FMomH and Z$M20H being flow rates of 
methanol produced from CO and CO*, re- 
spectively. The reaction rate r,,, is a known 
function of ace and acq through the pres- 
sure terms 
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where P is the total pressure and 
terms are: 

Fco = Fco’ - “co(Fco” + Fcqo) 

F con = FcozO - ~co@co” + Fco,o) 

FH~ = 61~’ - G&o + 3acoJ 

(Fco’ + 

FCO MeOH = %o(Fco” + Fco,~) 

poz - F,, = MeOH - au,& Fco’ + Fcq’). 

the Fi 

hot’) 

These relationships between conversion 
and flow rates of the reaction components 
hold at any cross-section of the reactor and, 
therefore, given that the total pressure P is 
constant, the partial pressures pi and reac- 
tion rate r are determined at any m. Equa- 
tion (18) can then be solved numerically by 
calculating the increments of conversion 
from 

da c~ = rco dml(Fc~O + Fcqo) 

da,, = rcq W(Fcoo + Fcqo), 

where rco and rcoz are the rates of methanol 
production by hydrogenation of CO and 
COz, respectively, given by Eq. (17) and by 

r = rco + ho2 and rcoz = k’pco2. 

The algorithm for this procedure is briefly 
outlined in Appendix II. 

Application of the Kinetic Model to the 
Evaluation of Methanol Synthesis Rate 
as a Function of pco,/pCo 

The model described in the preceding 
paragraph was used for the fitting, interpre- 
tation, and determination of kinetic as well 
as thermodynamic constants of the syn- 
thesis from data presented in Table 1. First, 
the best fit was obtained for the conversion 
rates at 250°C by finding the optimum set of 
constants kAo3, k’, K’, K,,, Kco2, and KHz 
by trial and error. A subsequent fit of the 
rates at 235°C was restricted by the require- 

ment that the temperature coefficients of 
the equilibrium constants Kc,, Kc,, and 
KHz yield enthalpies that fall within the 
range of published or estimated values of 
adsorption heats of these gases. Finally, the 
theoretical curve for 225°C was calculated 
from values of the constants predicted from 
their temperature coefficients and their 
values at 250°C. The best set of constants is 
summarized in Table 4 for Cases I, II, and 
III. The theoretical curves for Case I are 
represented along with data from Table 1 in 
Fig. 2. 

The comparison of the theoretical curves 
with experimental points plotted in Fig. 2 
shows that our present model is very satis- 
factory for Case I in the whole range of 
temperatures and synthesis gas composi- 
tions. Cases II and III give nearly equally 
satisfactory fits with the values of constants 
listed in Table 4. It is evident that the good- 
ness of the fit is a consequence of the gen- 
eral form (17) of the dependence of the syn- 
thesis rate on pressure of CO2 and that the 
kinetics are not sensitive to specific features 
such as whether the adsorption of CO and 
H, are competitive or noncompetitive. 
Thus the kinetics reflect primarily the pro- 
motion by CO2 through the creation of ac- 
tive sites A,, and the retarding effects of 
CO2 at high concentration through its ad- 
sorption. 

It is interesting to examine the range of 
adsorption enthalpies and entropies of the 
reactants calculated from the constants in 
Table 4. The values of these thermochemi- 
cal entities, summarized in Table 5, will 
reveal whether the kinetic model used here 
is sound in terms of physicochemical char- 
acteristics of adsorption, and will render the 
model testable by independent measure- 
ments of adsorption energies. Also given in 
Table 5 are activation energies for the ki- 
netic constants k and k’. 

Inspection of the data in Table 5 reveals 
that Cases I and III yield nearly identical 
sets of adsorption enthalpies and entropies, 
and Case II differs only in that the absolute 
values of adsorption enthalpies and entro- 
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TABLE 4 

Values of Constants Used for the Construction of Theoretical Dependences of Steady-State Carbon 
Conversions to Methanol upon the Percentage x of COP in the Synthesis Gas of Composition 

CO&O/He = x/(30 - x)/7(P 

Case Temperature Kc, KHz Kc,,, K’ &A:* k’* &lc K’ = e-4 (Wn)d 
(“C) 

I 

II 

III 

225 12.52 1.77 39.62 158.2 1.064 2.18(-4) 9.034(-3) 9.237(-5) 
235 8.58 1.40 21.52 125.4 1.253 2.70(-4) 5.409(-3) 6.573(-5) 0.0012 
250 5.00 1.00 9.00 90.0 1.584 3.75(-4) 2.625(-3) 4.095(-5) 

225 12.52 1.77 98.51 18.1 0.898 2.18(-4) 9.034(-3) 9.237(-5) 
235 8.58 1.40 60.0 16.1 1.135 2.70(-4) 5.409(-3) 6.573(-5) 0.0016 
250 5.00 1.00 30.0 13.8 1.584 3.75(-4) 2.625(-3) 4.095(-5) 

225 12.52 1.77 19.8 79.1 0.088 2.18(-4) 9.034(-3) 9.237(-5) 
235 8.58 1.40 10.8 62.7 0.120 2.70(-4) 5.409(-3) 6.573(-5) 0.0015 
250 5.00 1.00 4.5 45.0 0.195 3.75(-4) 2.625(-3) 4.095(-5) 

a A total pressure of 75 atm was maintained at all conversions. 
* Rate constants per gram of catalyst per hour for rates expressed in moles of methanol per’hour. 
c Equilibrium constants for reactions (15) and (16) defined in Appendix I. 
d Sum of the squares of differences between theoretical and observed conversions for CO+ontaining synthesis 

gas mixtures divided by the number of measurements n . 

pies for COz are lower than in Cases I and II) loss of translational and rotational en- 
III. In all cases the adsorption heats are tropy of gaseous COz, 55.4 cal/mol-deg at 
in the expected order -AH(CO& > 235”C, while adsorbed CO retains some 
-AH(CO) > -AC\H(H2). Furthermore, the 36% and adsorbed Hz about 38% of their 
adsorption entropies have very reasonable gas phase translational and rotational entro- 
values: AS(C0,) corresponds to an entire pies of 51.6 and 36.2 cal/mol-deg, respec- 
(Cases I and III), or very substantial (Case tively (18). Thus adsorbed CO, appears rel- 

TABLE 5 

Values of Activation Energies of Methanol Synthesis from Carbon Monoxide, 
E,(k), and from Carbon Dioxide, E&k’), and Adsorption Enthalpies AH and 
Entropies AS Derived from the Kinetic Model Utilizing Constants in Table 4 

Case I 

Case II 

Case III 

E.(k) = 8.23 kcal/mol 
E,(K) = 11.28 kcal/mol 
AH(C0) = - 19.0 kcal/mol; 
AH(H,) = - 11.8 kcal/mol; 

AH(CO3 = -30.7 kcaJ/mol; 

E,(k) = 11.74 kcal/mol 
E&‘) = 11.28 kcal/mol 
AH(C0) = - 19.0 kcal/mol; 
AH(H,) = - 11.8 kcal/mol; 

AH(C0,) = -24.6 kcal/mol; 

E,(k) = 16.53 kcal/mol 
E.(k’) = 11.28 kcal/mol 
AH(C0) = - 19.0 kcal/mol; 
AH(HJ = - 11.8 kcal/mol 

AH(CO& = -30.7 kcal/mol; 

AS(C0) = -33.1 cal/mol-deg 
AS(HJ = -22.6 cal/mol-deg 

AS(CO3 = -54.3 cal/mol-deg 

AS(C0) = -33.1 cal/mol-deg 
AS(H,) = -22.6 cal/mol-deg 

AS(CO,) = -40.3 cal/mol-deg 

AS(C0) = -33.1 cal/mol-deg 
AS(H1) = -22.6 cal/mol-deg 

AS(COJ = -55.7 cal/mol-deg 
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atively strongly bound and immobile, while 
CO and Hz are bonded with intermediate 
strength and retain some mobility in the 
adsorbed phase at the reaction tempera- 
ture. Such a behavior is obviously favor- 
able to the reaction in which carbon mon- 
oxide and hydrogen molecules adsorbed on 
different active centers must meet in a reac- 
tive collision to form the product. At the 
same time the strong immobile CO2 adsorp- 
tion points to the retarding effect of this gas 
on the synthesis in CO,-rich synthesis gas, 
which is more pronounced and produces 
flatter plateaus on the methanol yield vs 
%CO, (Fig. 2) as the temperature decreases 
from 250 to 225°C. The understanding of 
this effect is useful for the design of cata- 
lysts for CO,-rich synthesis gases: the 
present model predicts that a reduction of 
the adsorption heat of CO, by only a few 
kilocalories while retaining the rate con- 
stant k and the oxidation potential K 
should dramatically increase conversion at 
concentrations of COZ between 10 and 20%. 
Such a decrease of bond strength of CO, 
may be achieved by additives to the cata- 
lyst that weaken the basic character of the 
zinc oxide surface. Research along these 
lines is in progress in this laboratory and 
will be reported in due course. 

The partial surface mobility of adsorbed 
CO and Hz can best be visualized in terms 
of hopping of these molecules from one site 
to another, and it is possible to estimate the 
residence times 7 of these reactants on the 
catatytically active sites from 

7 = 7. exp(QlRT), (19) 

where Q is the heat of adsorption and T,, is 
defined (19) as 

Here, h and k are the Planck and Boltz- 
mann constants, T is the absolute tempera- 
ture, and the f’s are partition functions of 
the adsorbed (a) or gaseous (g) molecules 
for rotation (rot), free translation (free tr), 
restricted translation (tr), and vibration nor- 

ma1 to the surface (z). The partition func- 
tion J&., ti = 2nmkTA/h2, where A is the 
area available to 1 mol of adsorbate with 
molecular weight m . The partition functions 
are related to the entropies as 

&ot = (Urot - U,)IT + R lnf,, (21) 

and 

s hop = R ln(fhOp/NO)a (22) 

Taking UNt - 17, = RT for gas phase rota- 
tions of CO, HZ, and COz, the partition 
functions calculated from the gas phase ro- 
tational entropies of these gases at 235°C 
are .&&CO) = 254.04, &,XH2) = 5.86, and 
&,kCO,) = 912.15. The surface free-trans- 
lation partition functions were calculated 
assuming A = 3.2 x lo9 cm2 per mole of 
sites based on our earlier finding that there 
are some 0.16 Cu sites per ZnO unit in the 
catalyst (II, 12), and their values are, again 
for 235”C, afRee *(CO) = 1.49 x 102’, J&,, ti 
(H2) = 1.06 x lWs, and .&., dC0,) = 2.33 
x 102’. The partition functions for re- 
stricted rotation on the surface afrot were 
taken equal to 1, implying that rotational 
motion is quenched when the molecule sits 
on the surface site, and f, was likewise 
taken equal to 1, which amounts to neglect- 
ing the small vibrational entropy. The parti- 
tion functions for restricted translation & 
= fhop were calculated from Eq. (22) using 
“experimental” entropies S,,, = Sec2), 
sh,p(CO) = 51.6 - 33.1 = 18.5 cal/mol-deg, 
and S,,,(H,) = 36.2 - 22.6 = 13.6 cal/mol- 
deg (cf. Table 5). These values yield 
f,,op(co) = 6.53 X I@', f,,,(H,) = 5.65 X 
1V6, TV = 1.64 x IO+ s, and TV = 
8.6 x lo-l4 s. Using “experimental” ad- 
sorption heats (Table 5) in Eq. (19), the 
residence times at 235°C are T(CO) = 2.44 
x lOA7 s and 7(H2) = 1.02 x lo-* s. Further 
examination of similar models in which the 
rotational degrees of freedom are not fully 
lost results in a range of residence times for 
CO between 1 x lo-’ and 2.4 x lo-’ s and 
for H, between 4 x 10m9 and 1 x lo-* s. 
Cases I-III give identical results because of 
identical adsorption enthalpies and entro- 
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pies of CO and Hz. Carbon dioxide gives a 
range of residence times for Cases I-III; 
however, for all cases these times are con- 
siderably longer than those for CO and Hz. 

The residence time of carbon monoxide 
may be compared with its reaction time to 
determine the probability that reaction 
takes place when the CO molecule is ad- 
sorbed. From an average 35.4% carbon 
conversion at 235°C in the C02/CO/H2 = 
6/24/70 synthesis gas (cf. Table 1) and tak- 
ing 1.9 x 1014 Cu centers on 1 cm2 of the 
ZnO catalyst of surface area 25 m2/g, the 
turnover frequency is 0.09 s-l and the reac- 
tion time is 11.1 s per conversion of one CO 
molecule on one site. Hence the CO mole- 
cule will hop on the surface 5 x lo7 to 1.1 x 
lOa times before reacting. These time scales 
illustrate that both CO and Hz have ample 
time for establishing their adsorption equi- 
libria, a result that strongly supports the 
kinetic model adopted here. The adsorption 
of COz, because of its longest residence 
times, is the single most important factor in 
attaining the overall adsorption equilibrium 
and consequently a steady-state conver- 
sion. This has been confirmed experimen- 
tally by observing that the time required to 
reach a new steady state is longer when 
syngas composition is changed from high to 
lower CO2 concentration or from low to 
high temperature than when the conditions 
are changed in the opposite direction. 

Nature of the Reduced A,, and Oxidized 
A,, States of the Catalyst 

Although a number of specific mechanis- 
tic interpretations can be advanced to ex- 
plain the redox equilibria between the cata- 
lyst and the synthesis gas, a single model 
will be explored wherein the CO/CO2 ratio 
controls the ratio of lattice oxygen and va- 
cancy concentrations accompanied by the 
corresponding distribution of the valence 
states of copper and zinc in the mixed cata- 
lyst.’ The active form A,, requires the cata- 

1 An alternative mechanism that could qualitatively 
explain the maximum of the methanol synthesis rate 

lyst to be in an oxidized state. It was estab- 
lished that the Cu species undergo 
electronic interaction with the ZnO (12), 
and such electronic interaction will partici- 
pate in the formation of the reduced and 
oxidized states of the catalyst. Redox equi- 
libria that may occur in this system are 
summarized in Eqs. (23) to (29), where the 
defect notation usage is that of Kofstad 
cw. 

CO, + V, + 2e- G= CO + O0 (23) 

Cu; + e- e Cut (24) 

Cub, + e- e Cuk, (23 

Zn; + e- + Zn; (26) 

Zn; + e- e Znt (27) 

Zn,, + e- * Zt& (28). 

2cu + co 2 G Cu,O + CO (29) 

Equilibria involved in dissolution of cop- 
per in the zinc oxide phase were described 

with varying CO&O ratio is one involving a formate 
intermediate made from carbon dioxide and hydrogen 
or from carbon monoxide and water. In the CO,-free 
synthesis gas, the surface formate would not be 
formed because neither COz nor H20 are present, and 
consequently methanol would be formed at a low rate. 
In the Cot-rich synthesis gas, the strong adsorption of 
CO2 would block the sites active in formate genera- 
tion, and the synthesis would be retarded as proposed 
in the model presented in the text. At an intermediate 
CO, concentration, the synthesis rates would be high 
because sufficient amounts of carbon dioxide and/or 
water would be available to produce the surface for- 
mate, and yet its concentration would not be high 
enough to block the active sites by adsorption. In this 
mechanism, the role of A, would be directly assumed 
by CO, or HzO, and CO would serve only as a reser- 
voir of carbon supplied into the surface formate by its 
reaction with water.. However, replacement of carbon 
monoxide by argon in the CO,/CO/H, = 6124170 
vol% synthesis gas resulted in the decrease of conver- 
sion at 250°C by a factor of 17 (Table 1), although the 
carbon content decreased only by a factor of 5. This 
observation shows that methanol synthesis from car- 
bon dioxide is a slower process than from carbon mon- 
oxide, although surface formate should be generated 
more readily from CO, and hydrogen than from CO + 
62. 
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earlier (12) and are summarized for com- 
pleteness in Eqs. (30)-(32). 

cu,o * CL&, + cu; + 00 (30) 

C&O e 2C&” + v’d + 00 (31) 

C&O * 2CUi” + zn’,’ + 00 (32) 

Segregation of copper, which was also ob- 
served (I), is described by 

and 

CU$ $ cu (33) 

cu,, * cu. (34) 

In addition, zinc atoms Zni may move 
into the copper metal phase to form brass 

zni + ncu e cu,zn 

or to the vapor phase 

(35) 

&i = %gj, (36) 

The equilibrium constant K’ used in our 
kinetic model is a summary equilibrium 
constant for all processes described by Eqs. 
(23)-(36). 

Processes (33)-(36) may become irre- 
versible if the copper and brass particles 
agglomerate and if the zinc vapor is carried 
away in the gas stream. The brass forma- 
tion was observed on a related catalyst (21) 
but was found significant only at tempera- 
tures appreciably exceeding 250°C. The sat- 
urated vapor pressure of zinc at 250°C is 
10e4 Torr and, in principle, evaporation by 
process (36) could result in a loss of the 
catalyst. However, all processes (33)-(36) 
are reversed in their initial stages by carbon 
dioxide reactions (23) and (29). Hence the 
deactivation mechanisms (33)-(36) are only 
serious in the absence of COz or at very low 
concentrations of COz in the synthesis gas. 
In our set of experiments, the activity was 
recovered by COz even after prolonged ex- 
posure of the catalyst to CO/H, synthesis 
gas (cf. Results), and therefore the irrevers- 
ible deactivation mechanisms discussed 
above were not operating. Of the deactiva- 
tion mechanisms (33)-(36), the segregation 

of copper as expressed by Eqs. (33) and (34) 
or as induced by additional catalyst com- 
ponents and impurities is the most signifi- 
cant low-temperature deactivation mech- 
anism. 

Mechanistic Considerations 

It has been demonstrated that kinetics of 
the type (17) accommodate mechanisms in 
which CO and Hz are adsorbed on different 
sites as well as those in which these two 
reactants compete for the same sites, and 
hence kinetics alone do not determine the 
location of these two gases in the adsor- 
bate. Given the evidence that CO is 
strongly adsorbed on the Cu centers in the 
ZnO surface (16), the site for hydrogen may 
be the ZnO surface itself as proposed origi- 
nally (2), or the same Cu centers that bind 
carbon monoxide. It may well be that hy- 
drogen is adsorbed on both the zinc oxide 
surface and on the Cu centers, one of the 
two forms being the kinetically significant 
species. Despite the uncertainty as to 
whether the CO and H, adsorption is com- 
petitive or not, all successful models re- 
quire nearly identical adsorption energies 
and entropies and a constant ratio of resi- 
dence times of the reactants. It is these 
properties that determine the relative sur- 
face coverages of CO, Hz, and COz. The 
conversion is then visualized as occurring 
by relatively infrequent reactive encounters 
resulting in extremely unstable intermedi- 
ates that are rapidly converted to the prod- 
uct. A specific version of such a general 
mechanism may be one in which the hydro- 
gen molecules slowly dissociate into sur- 
face atoms, which then immediately react 
with adsorbed CO and with any other parti- 
ally hydrogenated species such as HCO, 
H,CO, and H&O. Given the outlined 
mechanistic considerations, one can both 
understand the observed rapid removal of 
carbon from the surface during the syn- 
thesis (2) and foresee some difficulty in the 
trapping and identification of the partially 
hydrogenated intermediates. 



Hydrogenation of Carbon Dioxide to also undergo hydrogenolysis of the carbon- 
Methanol and Methane oxygen bond, 
Carbon dioxide hydrogenations are minor 

pathways, as documented by its low con- 
version rates to methanol and methane (Ta- 
ble 1). The conversion to methanol may go 
via the reverse shift reaction, 

CO2 + Hz ti CO + HzO, (37) 

followed by hydrogenation of carbon mon- 
oxide Eq. (15). Methane, however, is 
formed by direct hydrogenation of COZ not 
involving reaction (37) since it is not a prod- 
uct from synthesis gas containing hydrogen 
and carbon monoxide only or with a carbon 
monoxide content greater than that of car- 
bon dioxide. The conversion rates to meth- 
ane are shown in Fig. 3 as a function of the 
CO2 concentration and temperature. The 
largest amount of methane is formed at high 
COZ concentration and low temperature, in- 
dicating that adsorbed CO2 is the source of 
methane. Bowker et al. (22) proposed that 
COZ is hydrogenated over zinc oxide to the 
methoxy species by the sequence 

CO, : HCOO- 3 CH30- (38) 
* 

CH30- 2 CHI + HO-, (40) 

which constitutes a pathway to methane. 
Since methane formation is suppressed in 
the CO-rich synthesis gas, methanol syn- 
thesis from CO in the present system would 
not involve methoxy intermediates, if meth- 
ane is formed from CO, by reaction (40). 
Thus the product composition and mecha- 
nisms involved in CO, hydrogenation may 
also shed light on the mechanism of metha- 
nol synthesis from CO. A mechanism for 
the latter, bypassing the methoxy route and 
involving formyl, hydroxycarbene, and hy- 
droxymethyl intermediates, was proposed 
in our earlier work (2). 

SUMMARY 

with a subsequent hydrogenation to metha- 
nol 

CHSO- 2 CH30H. (39) -e- 

Reaction (39) requires hydrogenolysis of 
the bond between the methoxy oxygen and 
an adjacent cation in the catalyst surface. 
We propose that the methoxy species can 

A kinetic model that quantitatively de- 
scribes the dependence of methanol syn- 
thesis on the concentration of carbon diox- 
ide is presented herein. The maximum rate 
is determined by the balance between the 
promoting effect of COZ, which maintains 
the catalyst in an active state through its 
oxidizing power, and the retarding effect 
stemming from strong adsorption of CO, 
when present in high concentrations. 

It has been determined further that COZ 
is, at a slower rate than CO, hydrogenated 
to methanol and methane. The latter reac- 
tion constitutes a pathway specific to COZ. 

APPENDIX I 

The Dejnitions and Values of Equilibrium 
Constants K,, and Kb, 
The equilibrium constants K,, and KL, 

are defined by their relations to the equilib- 
rium partial pressures, 

- 
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FIG. 3. The yield of methane as a function of the 
concentration of carbon dioxide in the synthesis gas at 
225”C(O), 235”C(V), and 25WC(O). 

and 
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K = I)MeO&es 
eq PZH,,wPco.es 

K, = PMeOI-LtwP&O.eq . 
eq P3H,0,esPCOueq 

(Al) 

642) 
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They are related to the true equilibrium 
constants K, and KL at a total pressure of 
one atmosphere through the fugacity ratios 
K, and K\, 

K,, = WK,; Ke, = &/KC. (A3) 

The K, are functions of temperature only, 
while the K, are functions of both tempera- 
ture and pressure. These p,T dependences 
of K, and K, were taken horn Refs. (23) 
and (24) in the form 

(2) Set initial conversions equal to zero; 
(3) Calculate flow rates of reactants and 

products from conversions (Y, cycO, and acoZ; 
(4) Calculate pressures of all components 

from the total pressure multiplied by the 
ratio of their flow rates to the total flow 
rate; 

(5) Calculate incremental conversions 
Aa,,, Aaco2, and Acu from Eq. (18), using 
pressures calculated sub 4 and a constant 
mass increment Am. Add the Aa’s and Am 

K, = 3.27 x lo-l3 exp(11678iT) 
to those accumulated in previous iteration 
cycles. If the accumulated catalyst mass 

K, = 1 - A,P (A4) reached M, store the calculated total con- 

AI = 1.95 x 10e4 exp( 1703/T), 

K6 = 3.826 x 1O-11 exp(6851/T) 

K:, = (1 - AIP)(l - A2P) (AS) 

versions ace, (yco2, and (Y. In the contrary 
case, return to 3. 
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Here KL and Kt were obtained as a product 
of the corresponding constants for metha- 
nol synthesis from CO (A6) and the reverse 
shift reaction (A7), the combination of 
which yields methanol synthesis from CO2 
(A@. 

CO + 2H, = CH,OH b46) 

CO2 + H, G= CO + HZ0 (A7) 

CO, + 3Hz s CH,OH + Hz0 (A8) 

The numerical values of K,, and Kk, en- 
tered in Table 4 result from using Eqs. 
(A3)-(A5) with total pressure P = 75 atm 
and the three synthesis temperatures 523, 
508, and 498 K. 

APPENDIX II 

Algorithm for Computation of Conversion 
Rates Using Eq. (18) 

In the computation of the integral $r,dm 
in Eq. (IS), incremental conversions Aaco, 
Aacop and Acu = Aa,, + Aa,,, were calcu- 
lated from each increment Am s dm by the 
following procedure: 

(1) Read-in all constants, initial flow 
rates of all reactants, total pressure P, and 
catalyst mass M; 

Part III, Herman, R. G., Klier, K., and Simmons, 
G. W., in “Proc. 7th Intern. Congr. Catal.” (T. 
Seiyama and K. Tanabe, Eds.), p. 475. Elsevier, 
Amsterdam, 1981. 

2. Herman, R. G., Klier, K., Simmons, G. W., Finn, 
B. P., Bulko, J. B., and Kobylinski, T. P., J. 
Catal. 56, 407 (1979). 

3. Andrew, S. P. S., Post-Congress Symposium of 
the 7th Intern. Congr. Catal., Osaka, Japan, July 
7, 1980. 

4. Simmons, G. W., et al., to be published. 
5. Natta, G., in “Catalysis” (P. H. Emmett, Ed.), 

Vol. III, pp. 349-411. Reinhold, New York, 1955. 
6. Denny, P. J., and Whan, D. A., Catal., Spec. 

Period. Rep., Chem. Sot. London 2, 46 (1978). 
7. Pasquon. I., and Dente, M., J. Catal. 1, 508 

(1962). 
8. Wermann, .I., Lucas, K., and Gelbin, D., Z. Phys. 

Chem. 225, 234 (1964). 
9. Bakemeier, H., Laurer, P. R., and Schroder, W., 

Chem. Eng. Prog. Symp. Ser. 66(98), 1 (1970). 
10. Leonov, V. E., Karavaev, M. M., Tsybina, E. N., 

and Petrishcheva, G. S., Kinet. Katal. 14, 970 
(1973); Engl. trans., p. 848. 

II. Mehta, S., Simmons, G. W., Klier, K., and Her- 
man, R. G., J. Catul. 57, 339 (1979). 

12. Bulko, J. B., Herman, R. G., Klier, K., and Sim- 
mons, G. W., J. Phys. Chem. 83, 3118 (1979). 

13. Dietz, W. A., J. Gus. Chromatogr. 5, 68 (1967). 
14. Innes, W. B., in “Experimental Methods in Cata- 

lytic Research” (R. B. Anderson, Ed.), p. 84. 
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