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The mutual influence of Lhe chemisorption of hydrogen and carbon monoxide on 
a three-component methanol synthesis catalyst has been studied. The rate as well as 
the equilibrium arno~ln~,s of the ~llemisorption of hydrogen and carbon monoxide are 
mut~~ally enhanced by the presence of the other gas. The mutual enhaneeInent of t,he 
adsorption is explained in terms of the complex formation. It is also suggested that 
the complex formed is the intermediate of the methanol synthesis reaction, and that 
the rate-determining step of the over-all reaction is the reaction between hydrogen 
gas and the surface complex. 

Extensive studies have been carried out 
so far on the methanol synthesis, which lead 
to a variety of mechanisms for the reactsion. 
A termolecular reaction scheme was pro- 
posed by Nat,ta, Mazzanti, and Pasquon 
(1). They ~oneluded from their experi- 
mental results that the adsorption and the 
desorption proceed at much higher rates 
than the surface reaction, and that the 
rat,e-determining step is the reaction be- 
tween t,wo adsorbed hydrogen molecules 
and an adsorbed carbon monoxide. On the 
other hand, a bimolecular reaction scheme 
was also proposed that proceeds as follows: 
In the first step, an adsorbed hydrogen 
molecule react,s with an adsorbed carbon 
monoxide t,o form formaldehyde, which is 
followed by its hydrogenation to give meth- 
anol. The former process was originally 
considered t,o be rate-dete~ining by Natta 
and Pastonesi (.F), while the latter step was 
favored by Ozaki and Saita (3’). Pasquon 
(4) recently suggested that both processes 
can proceed at comparable rates. Uchida 
and Ogino (5)) on the other hand, suggested 
that the desorption of methanol from the 

* This paper was presented at the Annual Meet- 
ing of t,he Chemical Society of Japan in April, 
1963. 

surface is the rate-det,ermining step. 
Cheredmichenko and Temkin (6) discussed 
the mechanism in the kinetic and internal 
diffusion regions and, according to their 
conclusion, the Knudsen diffusion of meth- 
anol in the catalyst pores u-as ascribed to 
be the rate-de~rl~ining step. 

Recently the importance of the adsorp- 
tion ~neasurements during surface catalysis 
has been emphasized by Tamaru (7), and 
such reactions as the decomposition of 
formic acid on metal catalysts (8) and the 
synthesis and decomposition of ammonia 
(9), have been studied with this new 
approach. 

By means of Tamaru’s method, the 
present authors reported in a previous 
paper (10) that the rate of reaction of the 
methanol synthesis is expressed by Eq. (1)) 
or by Uchida-Ogino’s equation (21, 

r = kPrr*Aco (1) 

?” = w51,pco)” (2) 

where A,, is the amount of carbon monox- 
ide adsorbed in any forms of surface com- 
plexes with or without hydrogen, P,, and 
Pco, the ambient pressures of hydrogen and 
carbon monoxide, respectively, and (Y, a 
constant, which is nearly 0.7. During the 
reaction, it was also observed that the ad- 
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sorption of both hydrogen and carbon mon- 
oxide arc enhanced by the presence of the 
other gas, and that the stoichiometric for- 
mula of the adsorbed species is CH,O and 
not CH,O. It is accordingly concluded that 
the react’ion bet,ween hydrogen gas and the 
adsorbed CH:,O is the rate-determining step 
of the reaction (IO), the Eley-Rideal type 
lea&ion taking place. 

Mutual cnhancemcnt in the adsorption of 
gases has been reported by several authors, 
e.g. adsorption of hydrogen and carbon 
monoxide on a Fischer-Tropsch synthesis 
catalyst (11’1, and the adsorption of hydro- 
gen and nitrogen on an ammonia synthesis 
catalyst (Xl,, 12). 

The present authors studied the mutual 
enhancement in the adsorption of hydrogen 
and carbon monoxide more extensively to 
secure furt’her information on the mecha- 
nism of methanol synthesis. 

EXPERIMENTAL 

The apparatus employed in these experi- 
ments was a closed circulating system as is 
shown in Fig. 1. The composition of the 
catalyst employed was Zn : Cr : Cu = 1: 0.49 
:0.16 (10). The catalyst, (19.7 g) was rr- 

duced at 280°C for 280 hr in a hydrogen 
stream, saturat’ed with methanol vapor at 
room temperature, under atmospheric pres- 
sure in the same apparatus shown in Fig. 1. 
Before each experiment the catalyst was 
evacuated for 3 hr at 400°C. Being treated 
as such, the results of the experiments were 
reproducible. The purification of hydrogen, 
carbon monoxide, and methanol were car- 
ried out as previously described (10). The 
adsorption measurements were carried out 
volumetrically in the usual manner. In the 
simultaneous adsorption, the ambient gas 
was circulated t,o maintain a uniform com- 
position throughout the system. The com- 
position of the circulating gas was analyzed 
by means of gas chromatography as de- 
scribed by Murakami (13). Due allowance 
was made for the gas sample which was 
removed from t.he system. 

RESULTS 

Typical results of simultaneous chcmi- 
sorption of hydrogen and carbon monoxide 
on a methanol synthesis catalyst, are shown 
in Figs. 2 and 3. Pure hydrogen (148 ml, 
STP) was first introduced into the reaction 
system. A marked arcelerat,ion of hydrogen 

FIG. 1. Apparatus. A: reaction vessel. B: electric heater. D: thermocouple. F: trap cooled 
nitrogen. K : circulation pump. 

with liquid 
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FIG. 2. Effect of carbon monoxide addition on hydrogen chemisorption at 250°C. 

chemisorption at the addition of carbon than 0.1% of the total gases) even if the 
monoxide was thus observed; as shown in synthesis reaction would reach an equilib- 
Fig. 2. An enhanced adsorption of carbon rium. 
monoxide by the presence of hydrogen was When either carbon monoxide or hydro- 
also observed when hydrogen was added gen was added to the system if the other 
to carbon monoxide as shown in Fig. 3, gas was present beforehand in adsorption 
where pure carbon monoxide (160 ml, STP) equilibrium, the gas preadsorbed was fur- 
was first introduced and then hydrogen was ther adsorbed in amounts corresponding to 
admitted. During t,he simultaneous adsorp- the amount of gas added afterwards. At this 
tion, the methanol formed was neglected, temperature (250°C)) the apparent adsorp- 
because its amount, was very small (less tion equilibrium of the added gas was seem- 
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FIG. 3. Effect of hydrogen addition on the adsorption of carbon monoxide at 250°C. 
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ingly realized in 2 hr or so, while that of 
t,he preadmitted gas attained equilibrium 
much more rapidly. The resu1t.s are shown 
in Fig. 4 (a) and (b) , where t’he amounts of 

Fx. 4(a) and (b). The amounts of hydrogen 
14(a)] or carbon monoxide [4(b)] chemisorbed 
at 250°C in adsorption equilibrium are plotted 
against, those of t,he other gas admitted. 

preadmittcd gas chemisorbed are plot,ted 
against! the amounts of gas added. These 

results suggest that the mutual enhance- 
ment of adsorption has a certain saturation. 
When the amounts of gas introduced were 
less than those at knick points, the pread- 
mitted gases were present in excess 
amounts. When the ratios of the amounts 
of hydrogen introduced to t,he amounts of 
carbon monoxide introduced were less than 
about 1, t,he situat,ions corresponded to the 
“in excess” state of carbon monoxide, and 
when the ratios were more than about 2, 
the situations corresponded to the Yn ex- 
cess” state of hydrogen. 

The mutual enhancement of the adsorp- 
tion of these gases is shown more quantita- 
tively in Figs. 5 and 6. In these two figures, 

FIG. 5. The influence of hydrogen addition on 
the adsorption of carbon monoxide and the ad- 
sorption of carljon monoxide on a hydrogrn- 
coverrcl 511rFacc at 2.5O’C. 

FIG. 6. The influence of carbon monoxide addition on the adsorption of hydrogen and the adsorp- 
tion of hydrogen on the catalyst surface covered by carbon monoxide at 250°C. 
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the same symbols are employed for a series 
of runs. The dotted lines represent the ad- 
sorption isotherms on bare surface, and all 
the points which do not fall on the dotted 
lines represent the results of the enhanced 
adsorption of carbon monoxide or hydrogen 
by the presence of the other gas. The point 
A in Fig. 5 represents, for instance, an 
adsorption equilibrium of pure carbon mon- 
oxide. When a certain amount of hydrogen 
was added, the adsorption of carbon monox- 
ide represented by solid circles changed in 
such a manner as indicated by an arrow, 
corresponding to the amount of hydrogen 
admitted, and when hydrogen is present in 
excess amount, the adsorption of carbon 
monoxide is expressed by the solid curve 
(c) . Similar results were also obtained when 
the amounts of preadsorbed carbon monox- 
ide were varied. The adsorption of hydro- 
gen, in this case, is represented by solid 
symbols which fall on curve (h) shown in 
Fig. 6, excess carbon monoxide being pres- 
ent for the amounts of hydrogen. 

When carbon monoxide was added to the 
system in adsorption equilibrium of hydro- 
gen, the adsorpGon of hydrogen changed in 
a similar way as shown in Fig. 6 by open 
symbols. The curve (c) in Fig. 5 gives the 
adsorpt.ion of carbon monoxide when hydro- 
gen was present, in excess amounts. 

The points x in Figs. 5 and 6, are the 
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results obtained from the simultaneous ad- 
sorption of premixed gas whose composition 
was 1 CO: 2 H, and they fall well on curve 
(c) or (h). A similar enhancement was also 
observed at 3OO”C, as shown by solid sym- 
bols in Fig, 7. The amounts of adsorption at 
250°C were greater than those at 300°C. 

A typical result of the adsorption meas- 
urements during the methanol decomposi- 
tion reaction is shown in Fig. 8. The 
amounts of hydrogen and carbon monoxide 
adsorbed during the course of the reaction 
are greater than those in their adsorption 
equilibria. During the course of the reac- 
tion, the amount of methanol in the gas 
phase could be neglected, because it fell to 
less than 2% in a few minutes and less than 
0.1% in the equilibrium. The relations be- 
tween adsorption and ambient pressure of 
hydrogen and carbon monoxide after the 
decomposition are represented with open 
symbols in Fig. 7, which fall well on curve 
(~1 or (h). 

The surface area of the catalyst was esti- 
mated to be 7.0 X lo6 cm* using the BET 
method with nitrogen adsorption at 
-196% 

DISCUSSION 

Mutual enhancement in adsorption has 
been explained by some workers (IIb, 12, 
14) in terms of the surface potential effect 

Ambient pressure (mm Hg 1 

FIG. 7. The mixed adsorption of hydrogen (solid circles) and carbon monoxide (solid squares) at 
300°C and the relation between partial pressure and adsorption of them after methanol decomposition 
reaction. The dotted lines represent, the adsorption isotherms of hydrogen (solid delta) and carbon 
monoxide (solid atlc;l) on bare surface at 300°C. 



FIG. 8. Adsorption during decomposition of 
methanol at 250°C. 

and/or the complex formation. As shown in 
Figs. 2 and 3, a marked increase in its 
equilibrium amount of adsorption of pread- 

Time (hi-1 

mitted gases was observed when the other 
gas was admitted. It is also shown in Figs. 
5, 6, and 7 that the amounts of adsorbed 
gases in the mixed adsorption were greater 
t.han those separately adsorbed. These re- 
sults might be due to the creation of addi- 
tional sit,es, as was suggested rcccntly by 
Nagarjunan, Sast’ri, and Kuriacose (14). In 
the process of additional creation of sites, 
according t,o them, the chemisorption of 
hvdrogen would create additional donor 
lerrle~n the catalyst and reduce the surface 
charge barrier. sharing its electron to form, 
for inst#ance, a Zn-H bond. The situation 
created in such a wav would be favorable 
for carbon monoxide adsorption. Carbon 
monoxide, on the other hand, by sharing the 
electrons of the catalyst., might facilitate 
the formation of Zn-H, where the hydrogen 
donates it,s elect’ron. These gases would thus 
enhance t.heir adsorntion with each ot)her. 

In the present experiment+ the catalyst 
employed was a typical three-component 
methanol synthesis catalyst and quite dif- 
ferent from their cat.alysts, and in addition, 
the temperature was different. Conse- 
quently, in the mixed adsorption, therefore, 
the formation of surface complex is highly 
probable. A constant composition of ad- 
sorbed species has been reported quite 
recently by Nagarjunan, Sastri, and Kuria- 
case (14), suggesting a complex formation 
on a methanol decomposition catalyst which 
is similar to the present results, although 
the t8emperaturc and catalyst employed 
were different from the present experiments. 
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As is shown in Fig. 7, the results obtained 
after the methanol decomposition reaction 
agree with those of mixed adsorption. In 
addition, a very small amount of methanol 
(less than 0.2% of the total gases) was 
dctcctcd in the gas phase in equilibrium. 
It is therefore conceivable that these curves 
represent equilibrium states between hydro- 
gen, carbon monoxide, and methanol. 

The formation of surface complex during 
t,he reaction was previously suggested (10) 
on the basis of the fact that t,he composition 
of the adsorbed phase hardly depends on 
that of ambient gas. Siddiqi and Tompkins 
(15) considered a complex formation on an 
evaporated Ni film at low t,empcrature, 
-195”C, on the basis of t,he rest&s of 
surface potential measurements. Eischens 
and Pliskin (16’) did not find any evidence 
of complex formation with t~hcir spec- 
troscopical measurements. 

In some cases of the present experiments, 
the sum of the adsorbed amounts of hydro- 
gen and carbon monoxide exceeded 1.52 ml, 
v,,~ in the BET equat,ion, to some extent, 
which does not contradict, a con~plcx for- 
mation on the catalyst. 

Under a certain condit.ion, the adsorption 
of both hydrogen and carbon monoxide fell 
on t.he curves (h) and (c) in Figs. 5 and 6, 
respectively. The ratio of the adsorbed hy- 
drogen to carbon monoxide in t,hese cases 
is nearly 1.5. This result agrees with those 
previously observed during the reaction 
(10). 

The sat,urations in the adsorption in- 
crease, indicat,ed in Fig. 4, suggest the ex- 
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cess adsorption of either hydrogen or car- 
bon monoxide, which does not form a 
complex. Their amounts, however, would 
be small, as the ratio of the adsorbed 
hydrogen and carbon monoxide did not 
change widely by changing their partial 
pressures (10). 
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