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We have studied the hydrogenation of CHzO on a Cu/ZnO catalyst at conditions of P = 1 atm and 
380 K < T < 420 K. In addition to the primary hydrogenation product CHjOH, we observe small 
amounts of the decomposition products CO and CO,, and large amounts of the disproportionation 
product CH30CH0. We propose that the small yields of CO and CO2 show that CHrO hydrogena- 
tion cannot be the rate-limiting step in CH,OH synthesis on this catalyst, while the dependence of 
CH,OCHO yield on CHLO conversion suggests that the former product is likely formed in a 
bimolecular surface reaction between adsorbed CHzO and CH,O species. o 1987 Academic press, IN. 

INTRODUCTION 

In recent years there has been a renewed 
interest among both academic and indus- 
trial researchers in understanding the 
CH30H synthesis reaction on Cu/ZnO cat- 
alysts (Z-4). Discussion has touched on vir- 
tually every aspect of the reaction, includ- 
ing the morphology and oxidation state of 
the active Cu species (5-7), the roles of 
CO2 and Hz0 as reactants or promoters (7, 
8), and (inevitably) the reaction mecha- 
nism. The latter topic has been reviewed by 
several authors (24, and a consensus has 
emerged that all of the proposed mecha- 
nisms can be classified into three groups, 
according to their most distinguishing sur- 
face intermediate: 

1. Formyl: 

Cow x HC%, +H, CH2Ow 1 
x CH3&,+r1i; CH@H (1) 

a d 

11. Formate (ex CO): 

“@) +OH(,) 
- HCOO(,, - +Ht,) CH20%4 

+~rr CH@(a) x C&OH (2) 
d .s 

III. Formate (ex C02): 

C%a) z HCOO(a, t~lr CHzO% d 
x CH3%~ C&OH (3) 

All three mechanisms share the common 
feature of requiring the sequential addition 
of four H atoms to the initial CO or CO2 
reactant in order to obtain the product 
CH30H. This had led to speculation as to 
which of the four H(,, addition steps is rate 
limiting for the overall CH30H synthesis 
reaction (9 ). 

One experimental approach to answering 
this question has been to determine the re- 
action order of the overall rate with respect 
to HZ pressure, and compare this result 
with the values predicted by the rate ex- 
pressions derived from the mechanism(s) 
above when each Hc,) addition step in turn 
is assumed to be rate limiting. Since all of 
the reported rate expressions for the for- 
ward synthesis reaction at low conversions 
contain a factor of ( PCO PH,~) raised to some 
power (I, 3, a-IO), this approach leads to 
the conclusion that the fourth H(,) addition 
step is rate limiting; i.e., the desorption of 
CH30H. 
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However, it is well known that caution is 
needed when using apparent reaction or- 
ders to infer information about the reaction 
mechanism. Therefore, it is desirable to 
have evidence of a different nature to sup- 
port any conclusions regarding the assign- 
ment of the rate-limiting step (RLS). In par- 
ticular, an obvious possibility is to measure 
the hydrogenation rate of the CH20(,) inter- 
mediate directly, by introducing gas phase 
CH20 into the reactant stream. In a related 
study, Vedage and Klier (II) reported that 
the hydrogenation rate of CH3CH2CH0 
and several other unsaturated molecules is 
much faster than the CO hydrogenation 
rate on CuiZnO catalysts. However, they 
did not report results for CH20 itself. 

In this paper we present kinetic results 
for CH20 : H2 mixtures reacting on a model 
Cu/ZnO catalyst at atmospheric pressure. 
We find that CH20 hydrogenation occurs 
quite rapidly at relatively low temperature 
(ca. 400 K). We also observe that CHzO 
decomposition to produce CO or CO1 is 
slower than CH20 hydrogenation, which 
implies that CH20 hydrogenation cannot be 
the RLS for CH30H synthesis at these con- 
ditions. 

In addition, we observe the formation of 
significant amounts of CH,OCHO, which is 
the product of the stoichiometric dispropor- 
tionation reaction: 

2 CHzO -+ CH30CH0 (4) 

Since it has been suggested that CH,OCHO 
itself might be a useful intermediate for 
novel alcohol synthesis routes (I2), we also 
include an analysis of the CH,OCHO for- 
mation kinetics. 

EXPERIMENTAL 

The Cu/ZnO catalyst used in this study 
was prepared by impregnation, in order to 
assure a large Cu particle size and therefore 
reduce the possible influence of metal-sup- 
port interactions. The ZnO support was 
Kadox 25 (Gulf & Western Natural Re- 
sources), with a surface area of 8 + 2 m*/g, 
as measured using a flow BET apparatus 

constructed in our laboratory (13). A 1 wt% 
Cu/ZnO catalyst was prepared by saturat- 
ing the support with aqueous Cu(NO& so- 
lution and evaporating the solvent, fol- 
lowed by calcining in air at 623 K for 16 hr 
and then reducing in the reactor at 473 K in 
flowing Hz. The reduction step was moni- 
tored by observing the Hz0 produced dur- 
ing reduction with the gas chromatograph 
(GC); reduction was judged complete when 
HI0 evolution ceased. 

The Cu surface area of the reduced cata- 
lyst was 1.5 m2/g, based on the results of a 
separately performed CH30H adsorption 
and temperature-programmed desorption 
measurement (14). The Cu loading was 
confirmed by atomic absorption analysis of 
a redissolved sample. 

Kinetic studies were performed using the 
flow system shown in Fig. 1. Hydrogen and 
helium from cylinders are mixed and fed 
into a CHlO generator. The generator con- 
sists of a tube containing ca. 1 g of para- 
formaldehyde powder. The generator re- 
leases a constant flux of CHzO vapor when 
warmed slightly (ca. 368 K). A portion of 
the reactant mixture is removed at a “tee” 
before the reactor. The remainder of the 
reactant stream then enters a + in tubular 
Cu microreactor, which contains the cata- 
lyst sample packed between two plugs of 
glass wool. Separate metering valves on 
both the reactor and bypass streams allow 

FIG. I. Flow reactor system used for CH,O hydro- 
genation kinetic studies. 
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FIG. 2. CH20 hydrogenation light-off curves. Conversion of CH20 as a function of temperature for 
pure ZnO (0) and 1 wt% Cu/ZnO (0). Reactor conditions: PcHp = 0.3 kPa, Paz = 101 kPa, WEA = 
106 g hr/mole for ZnO, and 200 g hr/mole for Cu/ZnO. 

us to vary the flow rate through the reactor 
for residence time studies without having to 
change the flow rate through the CHzO gen- 
erator. All of the tubing between the CH20 
generator and the GC sampling box is 
heated (ca. 330 K) to prevent recondensa- 
tion of paraformaldehyde on the tubing 
walls. 

The composition of both the bypass and 
the product streams were analyzed by gas 
chromatography using a 6 ft x 6 in. Poropak 
T column at 413 K with a He carrier gas. A 
thermal conductivity detector was used to 
monitor the products CO, COZ, CHjOH, 
CH30CH0, and CH20. The carbon atom 
balance was 100 ? 7%. 

RESULTS 

Figure 2 compares the CHzO conversion 
as a function of temperature for pure ZnO 
and the 1 wt% Cu/ZnO sample. The inlet 
composition of the reactant mixture was 
PCH*O = 0.3 kPa and PH* = 101 kPa, and the 
volumetric flow rate was 16 cm3/min. The 
reactor was filled with the same volume of 
catalyst in each experiment, corresponding 
to 0.8 g of ZnO and 1.5 g of 1 wt% Cu/ZnO. 

As expected, the 1 wt% Cu/ZnO catalyst 
is significantly more active than pure ZnO, 
confirming the dominating influence of the 
Cu component. For the reactor conditions 
listed above, the rate of CH20 consumption 
at the 10% conversion point is 10m3 mole 
CH20/g catalyst/hr. The temperature re- 
quired to achieve 10% conversion is below 
390 K on the 1 wt% Cu/ZnO catalyst, and 
above 450 K on the pure ZnO catalyst. We 
estimate that the 1 wt% CulZnO catalyst is 
at least two orders of magnitude more ac- 
tive than the pure ZnO catalyst at 450 K, 
based on an apparent activation energy of 
24 kcallmole for reaction on the 1 wt% Cu/ 
ZnO catalyst. (The latter value was deter- 
mined from an Arrhenius plot of the con- 
version vs temperature results for the 1 
wt% Cu/ZnO catalyst.) We consider only 
the 1 wt% Cu/ZnO catalyst for the remain- 
der of this paper. 

Figure 3 shows the CH20 conversion and 
CH30H and CH30CH0 product yields as a 
function of temperature, for the same reac- 
tor conditions noted above. Yields are de- 
fined as the exit concentration of the prod- 
uct divided by the inlet CH20 
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FIG. 3. Conversion of CHzO (0) and yields of CHjOH (W) and CH3OCHO (0) as a function of 
temperature using 1 wt% Cu/ZnO. Reactor conditions are as in Fig. 2. 

concentration. The yield of CH3OCHO is 
shown multiplied 2x, to illustrate the car- 
bon atom balance. 

At low temperatures. where the conver- 
sion is small, comparable amounts of 
CHjOH and CH30CH0 are produced. 
Above 420 K the conversion increases 
sharply, and reaches 100% at 440 K. The 
absence of an asymptotic approach to the 
limiting 100% conversion axis suggests that 
the reaction may be zero order with respect 
to CH20 pressure. This possibility is exam- 
ined more closely below. 

The second significant feature in Fig. 3 
concerns the product yields. As the CHzO 
conversion reaches lOO%, the CH30H yield 
passes through a sharp maximum, while the 
yield of CH,OCHO continues to increase, 
finally approaching 95% on a carbon atom 
basis. Superficially, this suggests that 
CH30H is a primary product in the stoi- 
chiometric reaction network, while 
CHjOCHO is a secondary (i.e., sequential) 
product: 

CHzO + Hz -+ CH30H (5) 

C&O + CHjOH ---) CH30CHO + Hz (6) 

To further confirm that these two prod- 
ucts are produced in series, we next mea- 
sured conversion and product yields for a 
series of different flow rates through the re- 
actor, holding the reactor temperature and 
other parameters fixed. The results of this 
residence time study are shown in Fig. 4., 
which shows the conversion of CH20 and 
yields of CHjOH, CHJOCHO, CO, and 
CO* as a function of W/E’A,. The symbols 
mark the measured results, while the solid 
lines indicate the predictions of integrated 
rate expressions which are derived below. 

All of the features concerning the reac- 
tion network that were suggested by the 
temperature variation experiments are con- 
firmed in the residence time study. The 
CH20 conversion is observed to vary al- 
most linearly with W/FA, up to 100% con- 
version, which implies that CH20 conver- 
sion obeys zero-order kinetics. At low 
conversions CHJOH is the major product, 
but its yield has already reached a maxi- 
mum below the shortest residence time 
studied. In its place, CH,OCHO becomes 
the largest product at large values of W/FAD. 
This behavior confirms the series nature of 
reactions (5) and (6). The decomposition 
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FIG. 4. Conversion of CHzO (0) and yields of CH,OH (M), CH30CH0 (O), CO (a), and CO1 ((3) as 
a function of WIF,, for 1 wt% Cu/ZnO at 420 K. Solid curves show optimized predictions of Eqs. (18) 
and (19) (see text). 

products CO and CO2 are produced in only 
minor amounts. Their yields both appear to 
increase linearly with increasing W/FA, , 

Finally, to obtain additional confirmation 
of the zero-order kinetics of CHzO conver- 
sion, we performed separate experiments in 
which the temperature of the CHzO genera- 
tor was changed in order to vary the inlet 
CH20 pressure at the reactor. The absolute 
rate of CH20 disappearance (i.e., moles 
CHZO/g catalyst/time) was found to be inde- 
pendent of inlet concentration, again con- 
firming the presence of zero-order kinetics. 

DISCUSSION 

Hydrogenation of CH20 as the RLS in 
CH30H synthesis. As stated in the Intro- 
duction, the initial goal of this study was to 
obtain direct evidence as to whether the hy- 
drogenation of CH20 is the rate-limiting 
step in the CH30H synthesis reaction. We 
believe our results indicate that CH20 hy- 
drogenation cannot be the RLS, based on 
the following reasoning. 

The physical significance of the RLS for 
a sequential, reversible reaction mecha- 
nism at steady state (cf. reactions (l), (2), 
or (3)) is that it represents the elementary 

step whose forward and reverse rates are 
most dissimilar, i.e., whose ratio is most 
different from unity. From this definition it 
follows that the intermediate which is pro- 
duced by the RLS will have a (reverse) de- 
composition rate which is slower than the 
forward rate of any subsequent elementary 
step. 

In this context the most significant fea- 
ture of the present results is the observation 
that CH30H is produced in greater yield 
than CO or CO*. This means that the rate of 
CH20 decomposition is slower than the 
rate of hydrogenation, which in turn implies 
that CH20 must be the product of the RLS 
(or a step which follows it), and not the 
reactant (or predecessor) for the RLS. Thus 
CH20 hydrogenation cannot be the RLS in 
CH30H synthesis, at least under the 
present reaction conditions. 

We emphasize that this conclusion is not 
based on the fact that the observed rate of 
CH30H formation from CH20 hydrogena- 
tion is several orders of magnitude faster 
than the rate of CO hydrogenation under 
equivalent conditions (the latter rate being 
undetectably small with our apparatus at 1 
atm total pressure and 400 K). The latter 
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line of reasoning would require additional 
assumptions involving the partial pressure 
of CHzO in equilibrium with CO and HZ at a 
particular set of reaction conditions, to- 
gether with a measurement of the CH?O hy- 
drogenation rate at that pressure. 

Since there is spectroscopic evidence 
that HCOO(,, is a major species on the sur- 
face of Cu/ZnO catalysts under CO : H2. 
mixtures at CH30H synthesis conditions 
(15), we suggest that the RLS for CH30H 
synthesis will be the HCOO(,, hydrogenoly- 
sis step: 

HCOO(,, + 2 H(,, ---f CHlOc,, + HOta) (7) 

Since reaction (7) implies a termolecular 
surface reaction, it may be more realistic to 
postulate that the reaction proceeds in two 
sequential steps via a CH200(,, intermedi- 
ate: 

HCOO(,, + H(,) G CH200,,, (8) 

CHzOO(,) + H(,, -+ CHrQa, + HOG,, (9) 

Bowker and Madix (16) have reported 
spectroscopic evidence for CH200(,, as an 
intermediate during CH30H decomposition 
on Cu(ll0) surfaces. The same authors also 
report that this intermediate decomposes 
readily above room temperature, which 
suggests that reaction (8) will be reversible 
while reaction (9) should be considered the 
rate-limiting elementary step. 

We note that any mechanism which in- 
cludes reactions (8) and (9) will yield a rate 
expression which is consistent with the 
large reaction order for PH2 noted by most 
authors, because of the total of three H(,, 
atoms that must participate in converting 
the initial CO or CO2 reactant beyond the 
RLS. We are not prepared to speculate re- 
garding the nature of these H(,, atoms at 
this time (i.e., whether they are adsorbed 
on Cu, Zn, or 0 surface atoms). 

Reaction mechanism for CHjOH and 
CH30CHO formation. The second signifi- 
cant result of this work was the unexpected 
formation of large amounts of CH,OCHO. 
As noted above, it appears that CH30H and 

CH,OCHO are produced sequentially in a 
mixed parallel-series network (cf. Eqs. (5) 
and (6)). In addition, the apparent zero-or- 
der kinetics for CHzO conversion indicates 
that the surface is saturated with respect to 
CH20(,), at least at low conversions. At 
higher conversions the rate of CH,OCHO 
formation increases, despite the fact that 
the partial pressures of both CH20 and 
CH30H are decreasing over the range of WI 
FAO values studied. 

We propose that the simplest reaction 
network that can reconcile these observa- 
tions is 

CH@ $3 CW&,, (10) I 

CH&j + HG,, y+ CH&i, (11) 

CWh,, + hi, e CH@H (12) 

CH20(,, + CH30(,, i(-’ CH,OCHO + H(,, 

(13) 

The rate expressions which follow from 
this network have the form 

kl KFf’F 
” = (1 + KFPF + KMePMe) (14) 

k2K~KaPFhe 

r2 = (1 + KFPF + KMeP& (15) 

where yI and r2 are the rates of reactions 
(11) and (13), respectively. In terms of 
overall stoichiometry, yI corresponds to the 
rate of CH20 conversion, r2 corresponds to 
the rate of CH30CH0 formation, and the 
difference (r, - r2) corresponds to the rate 
of CH30H formation. The adsorption con- 
stants KF and KMe have their usual mean- 
ing, as does the bimolecular surface reac- 
tion rate constant k?. We are forced to 
consider the rate constant for the CH20(,, 
hydrogenation step as a pseudo-first-order 
rate constant, k, , which will be a function 
of the H2 pressure. We have not performed 
experiments over a sufficiently wide range 
of H2 partial pressures to accurately resolve 
the form of this dependence. 
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The zero-order kinetics of CHzO conver- 
sion imply that KFPF + 1 over the range of 
CH20 pressures studied here. The fact that 
the rate of CH,OCHO formation increases 
with conversion implies that KFPF > 
KM~PM~, at least at low conversions. These 
two observations lead to further simplifica- 
tion of the expressions for yI and r2: 

rI = kl (18) 

r2 = G~KM~~KF)(PMJPF) = &(PdPF). 

(19) 
The optimum values of kl and ki were 

determined by regression analysis of the 
measured product yields using integrated 
forms of Eqs. (18) and (19). The calculated 
yield vs W/FA, curves for the resulting val- 
ues of kl and ki are shown in Fig. 4. For 
completeness, we also included zero-order 
processes r3 = k3 and r4 = k4 to describe the 
formation of CO and C02, respectively. 
The optimum parameter values are 

kl = 17 mole/g/hr 

ki = 70 mole/g/hr 

k3 = 7 molelglhr 

k4 = 4 molelgfhr. 

Additional experiments using a range of 
H2, CH30H, and CH20 pressures would be 
worthwhile, in order to resolve the individ- 
ual parameters k2, KF, and KM~, and to de- 
termine the true H2 pressure dependence of 
the surface hydrogenation step (reaction 
(11)). 

SUMMARY 

Our results show that phase CH20 is hy- 
drogenated over Cu/ZnO catalysts at 400 K 
and atmospheric pressure at a rate that is 
much faster than the rate of CO hydrogena- 
tion (the latter process being undetectably 
slow at the present conditions). The rate of 
CH20 hydrogenation is also faster than its 
rate of decomposition. The latter result in- 
dicates that the rate-limiting step in CH30H 
on these catalysts cannot be the hydrogena- 
tion of CH20 or its subsequent derivatives. 
Instead, it appears that the RLS during 

CH30H synthesis conditions will be the hy- 
drogenolysis of the HCOO(,, intermediate, 
via a molecular transition state which re- 
quires several H(,, atoms. 

The conversion of CH20 proceeds 
through the rate-limiting hydrogenation of a 
CH20(,) intermediate which saturates the 
surface. At low conversions, the resulting 
CH30caI intermediate is rapidly hydrogen- 
ated to produce CH30H. At higher conver- 
sions, where the concentration of CH30H 
product in the gas phase becomes large 
enough to maintain a significant CH30cBj 
concentration on the surface, then CH20(,, 
instead reacts with the latter species to pro- 
duce CH,OCHO. 
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