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Kinetics of me thano l conversion with water vapour on a low- tempera ture catalyst of the com-
posi t ion C u 0 - Z n 0 - C r 2 0 3 - A l 2 0 3 was studied at 1 a tm, at t empera tu res 220 — 250°C a n d at dif-
ferent C H 3 O H : H 2 0 rat ios . The react ion course can be expressed by a kinetic equa t ion in the 
f o r m r = kpA

4p(Q6, where pA and pB are par t ia l pressures of me thano l and water vapour , res-
pectively. This re la t ion can be simplified with sat isfactory accuracy to the f o r m r — k(pApB)0'5. 
Of the re la t ions, based on the L a n g m u i r - H i n s h e l w o o d concepts , the equat ion r = kKxK2pAp^ : 
: (1 + KxpA + K2PQ)2 was found to be suitable which was derived under the assumpt ion tha t 
the rate control l ing process is the surface react ion C H 3 O H n + H 2 O n — > 3 H 2 (g) + C 0 2 (g) + 
+ 2 n. 

One of the possible ways of p repara t ion of hydrogen for oxygen-hydrogen fuel cells is the catalyt ic 
conversion of me thano l with water vapour . This p rocedure has been the subject of several stu-
d i e s 1 - 1 1 . Most of these works, however , a re concerned with pract ical p rob lems connec ted 
with the appl icat ion of the conversion react ion and they deal above all with the p r epa ra t i on 
a n d appl icat ion possibilities of sui table catalysts. However , detai led da t a on the kinetics of this 
reac t ion are so fa r lacking. This quest ion has been dealt with only in p a p e r s 5 ' 6 ' 9 , 1 0 in which the 
composi t ion of the inlet gas and the fo rma t ion of by-products is s tudied. 

The aim of the present paper was to determine the principal kinetic data of the 
conversion reaction on a selected low-temperature catalyst which could serve in de-
signing the reaction conditions for the above-mentioned method of the preparation 
of hydrogen and at the same time could be a basis for the concepts on the course of the 
reaction itself. 

Conversion of methanol by water vapour can be described by the over-all equation 

CH3OH + H 2 0 ?± C 0 2 + 3 H 2 , AH°298 = 11-83 kcal/mol. (A) 

According to this equation, the outlet gas should contain, at total conversion of me-
thanol after condensation of water vapour, which is always used in excess, 25% C 0 2 

and 75% H 2 . However, the mixture after conversion contains always also carbon 
monoxide. Thus it is evident that the reaction proceeds via a complex mechanism 
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and can be, in the first approximation, considered to consist of two consecutive 
reactions, the first step being the decomposition of methanol to hydrogen and carbon 
monoxide which in the second step reacts with water vapour 

CH3OH ?± CO + 2 H2 , AH°298 = 21-66 k c a l m o P 1 , (B) 

CO + H 2 0 ?± C 0 2 + H 2 , AH°298 = -9 -83 k c a l m o P 1 . (C) 

In addition to these main reactions, several side reactions can of course proceed 
in this system whose products are methane, higher hydrocarbons, alcohols and formal-
dehyde 9 - 1 2 . The course of these side reactions can be minimalized by a suitably 
chosen catalyst and by reaction conditions so that the study can then be limited 
to the analysis of the mentioned two reactions. 

These partial reactions, particularly that of carbon monoxide with water vapour, 
were the subject of a number of studies. Reaction (J3) was investigated mainly from the 
standpoint of methanol synthesis12 '15. A review of works on the shift reactions 
of carbon monoxide with water vapour is given in papers13 ,14 . From this survey 
it is clear that so far no accordance has been attained as to the course of even this 
most simple reaction; on the contrary, the results of different authors are often contra-
dictory. 

Conversion of methanol by water vapour is possible to assume to consist of two 
steps, according to Eqs (J3) and (C). The equilibrium constants of the decomposition 
of methanol, K'2, and of conversion of carbon monoxide by water vapour, K'2, 
are given by the expressions 

(1 + 2x + a)2 (1 - x) v 7 

K'3 = y(2x + y)l(x - y) (a - y), (2) 

where x is the conversion of CH 3OH in mol, y is the conversion of CO in mol, 
a is the number of mol of water vapour, P is the total pressure. The values of thermo-
dynamic quantities necessary for determining the equilibrium constants and for 
calculating the equilibrium composition were taken from the literature16. 

By simultaneous solution of Eqs (l) and (2) we obtained the values of x and y 
from which the equilibrium composition of the mixture at various temperatures 
could be calculated, as shown in Table I. From the values presented it is clear that 
at the given temperatures methanol can almost completely decompose to carbon 
monoxide and hydrogen. Actually, also this reaction proceeds, for kinetic reasons, 
only to a certain degree and it is possible to calculate the equilibrium content of CO 
in the reaction mixture after condensation of the non-reacted water vapour which 
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corresponds to a certain degree of methanol decomposition. These equilibrium 
values of CO are presented in Table II. 

From the practical point of view it is desirable that the content of C 0 2 in the 
gaseous mixture might be as low as possible and the total conversion of C H 3 O H 
as high as possible. The attainable content of CO is the smaller the lower is the con-
version temperature and the lower is the degree of methanol decomposition according 
to Eq. (B). Increase in pressure results in a shift of the equilibrium to the higher 
degree of decomposition, however, even at 10 atm, the equilibrium is shifted rather 
to the right and the pressure dependence in this range of pressures is not too much 
manifested. The equilibrium is also shifted owing to the fact that CO is immediately 
consumed in reaction (C). The decrease of the CO content can therefore be realized 
in two ways, either by lowering the temperature or by using excess of water. A great 
excess of water is of course not advantageous. Lowering of temperature is limited 
by the activity of the catalyst used. 

EXPERIMENTAL AND RESULTS 

Apparatus. The course of the reaction was followed in an isothermal integral reactor, schemati-
cally shown in Fig. 1. A solution of methanol and water is continuously fed by a piston micropump 

Dependence of Equilibrium Values of A: and y and of Equilibrium Content of CO after Condensa-
tion of Water Vapour on Temperature and on Molar Ratio C H 3 O H : H 2 0 

T A B L E I 

C H 3 O H : H 2 0 C y CO eq. 
% 

1 : 2 

1 : 1-5 

1 : 1-2 

1 : 1 200 
230 
250 
300 
200 
230 
250 
300 
200 
230 
250 
300 
200 
230 
250 
300 

0-9988 0-8932 
0-9995 0-8643 
0-9997 0-8368 
0-9999 0-7706 
0-9994 0-9503 
0-9998 0-9264 
0-9999 0-9017 
0-9999 0-8380 
0-9998 0-9756 
0-9999 0-9608 
0-9999 0-9439 
1-0000 0-8946 
0-9999 0-9872 
0-9999 0-9788 
1-0000 0-9688 
1-0000 0-9363 

2-72 
3-50 
4-25 
6-08 
1-24 
1-87 
2-52 
4-22 
0-61 
1-00 
1-42 
2-71 
0-32 
0-53 
0-79 
1-62 
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TABLE I I 

Values of CO Content in Dependence on Methanol Decomposition, Temperature and Molar 
Ratio CH3OH : H 2 0 after Condensation of Water Vapour 

% CO Molar ratio 

200°C 230°C 250°C 300°C 

0-9 1-66 2-36 3-05 4-70 
0-7 0-63 101 1-44 2-68 
0-5 0-26 0-42 0-63 1-29 
0-3 009 0 1 5 0-22 0-48 

0-9 0-84 1-32 1-84 3-31 
0-7 0-40 0-65 0-96 1-90 
0-5 018 0-31 0-46 0-97 
0-3 0-07 0-12 0-17 0-38 

0-9 0-46 0-75 1-09 2-16 
0-7 0-25 0-42 0-63 1-30 
0-5 0-13 0-22 0-33 0-70 
0-3 0 0 5 0-09 0-13 0-28 

0-9 0-26 0-43 0-64 1-33 
0-7 0-16 0-26 0-40 0-84 
0-5 009 0-15 0-22 0-48 
0-3 0-04 0-06 0-09 0-20 

F I G . 1 
Scheme of the Apparatus 

For description see text. 

FIG. 2 
Kinetic Isotherms for Molar Ratio C H 3 O H : 
: H 2 0 1 : 1-5 

Pressure 1 atm. Temperature: 1 250°C, 
2 240°C, 3 230°C, 4 220°C. W\F is given 
in g h m o l - 1 . 
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2 f r o m a measuring buret te 1 into preheater 3, heated to 120°C. Here the solution is evaporated 
and the gaseous mixture proceeds into reactor 4, placed in a block oven 5 with controlled heating. 
Tempera ture within the reactor was measured by means of a Fe-Constantan thermocouple , 
placed in the bed of catalyst 6. The catalyst was coated in the reactor on a suppor t made of 
sintered glass. The converted gas is led f rom the reactor into the cooler 7 where the unreacted 
port ions of water and methanol are condensed and caught in the separator 8. The gas is then 
led through thermostat 9 into the thermostated flowmeter 10. Constant pressure in the appara tus 
was maintained by means of manostat 12. Gas samples for analysis were taken before manostat 11. 
The determinat ion of C 0 2 was carried out in an Orsat apparatus , CO was determined using 
gas chromatograph Chrom 3-1 (Labora torn i pristroje, Prague). In the place, where methanol 
is fed in, an inlet is at tached, allowing to dose the inert gas or the reaction products into the reac-
tion mixture and also to feed the H 2 - N 2 mixture for the reduction of the catalyst. 

The catalyst used. On the basis of prel iminary experiments a low- tempera tu re catalyst of the 
type C u O — Z n O — C r 2 0 3 — A 1 2 0 3 was chosen. The catalyst used, prepared in the laboratory, 

TABLE I I I 

Constants of the Interpolated Polynomials 

C H 3 O H : H 2 0 °C "0 "1 2 3 - 1 
g h mol g h mol g h mol g h mol 

1 : 1 220 0-005 10-335 28-510 
230 0-023 7-032 10-441 
240 0-043 2-702 11-502 
250 0 0 5 9 —1-475 12-649 

1 : 1 - 1 220 —0-005 10-591 28-577 
230 0-050 5-754 13-874 
240 0-021 3-239 10-580 
250 0-033 1-656 9-763 

1 : 1 - 3 220 —0-009 6-414 25-333 
230 —0-005 3-450 19-547 
240 0-017 2-861 8-797 
250 —0-006 11-315 —25-762 24-693 

1 : 1 - 5 220 0-003 2-1512 26-428 
230 —0-005 —0-327 16-972 
240 —0-003 9-782 —21-470 24-483 
250 0-026 —4-220 13 341 

1 : 2 220 —0-044 3-780 21-357 
230 0-017 — 3 103 20-671 
240 0-028 —3-958 14-235 
250 —0-002 28-891 —77-909 58-3855 
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had the following composition: 22-3% CuO, 17-5% A1 2 0 3 , 24-2% ZnO and 22-5% C r 2 0 3 . Loss 
by ignition was 14-5% bulk weight 0-573 g/cm3 , total surface area of the catalyst in non-reduced 
state 262 m 2 /g . For kinetic studies 4 g of the catalyst were used of the grain size 0-8 —1-0 mm. 
The catalyst was mixed with crushed glass of the same grain size in the 4 : 1 ratio. Preliminary 
measurements have shown that at the given grain size the reaction proceeds in the kinetic region. 
Prior to measurement, the catalyst was reduced in the reactor in a nitrogen-hydrogen mixture 
(3% H 2 ) at 170 —240°C and at a flow rate of 3-75 1/g h. 

Kinetic isotherms (dependence of conversion on the feed rate) were determined at 220, 230, 240 
and 250°C, with feed 0-35 — 2-3 mol of the mixture per g and at molar ratios C H 3 O H : H 2 0 1 : 1 , 
1 : 1-1, 1 : 1-3, 1 : 1-5 and 1 : 2. An example of the course of kinetic isotherms is shown in Fig. 2. 

Evaluation of data. The total degree of conversion was calculated f rom the mea-
sured values of the flow rate of the converted gas, f rom the content of C 0 2 and 
of CO, according to the relation 

n = v(% C 0 2 + % CO)/22-4Fn0 (3) 

and the degree of conversion to C 0 2 according to Eq. (4) 

V(C02) = i<% CO2)l22-4Fn0 , (4) 

where v is the flow rate of the gaseous mixture in Nl/h, F is the total feed of the solu-
tion in mol/h, n0 is the mole fraction of methanol in the solution, (% C 0 2 ) and (% CO) 
are the contents of the respective components in the gaseous mixture. 

The reaction rate can be derived f rom the dependence of the conversion on the 
quantity WjF, where Wis the amount of catalyst in g and F is the feed of the solution 
in mol/h, according to the relation 

r - n0 drild{WlF) . (5) 

The determination of reaction rates was carried out both by graphical derivation 
of the individual kinetic isotherms in the respective points of t]{ and by numerical 
derivation. In the latter case, the kinetic isotherms or their inversion functions were 
interpolated by a polynomial of the 2nd or 3rd order 

W/F = a0 + a,rj + a2r]2 + a 3 ^ 3 (6) 

and the values of derivation of Eq. (6) by rj were calculated. The reaction rate, as 
defined by Eq. (5) is then given by the expression 

r = n 0 / (a , + la2r\ + 3a3 t]2) . (7) 

The values of reaction rates, obtained by the two methods, were compared and eva-
luated. It turned out that the differences lie within the limits of 5% maximum which 
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means that with respect to the experimental errors of the kinetic measurements the 
agreement is fairly good. Nevertheless, the numerical method of determining the 
values of reaction rates from the measured kinetic isotherms appears to be more 
suitable, first of all because it is not charged with errors, arising from the graphical 
construction of tangents and also because the numerical method can easily be adapted 
for computing which makes the evaluation easier, especially when a great set of data 
is available. The values of constants of the respective polynomials (6) for kinetic 
isotherms, as obtained by the method of least squares, are summarized in Table III. 

Determination of the effect of reverse reaction. To ascertain the effect of reverse 
reaction conversions of methanol were followed in the presence of higher concentra-
tions of the reaction products, i.e. hydrogen and carbon dioxide. The presence 
of both components was found to have no effect on the reaction course in the mea-
sured temperature range and concentration range and thus the effect of reverse 
reaction is negligible. 

D I S C U S S I O N 

The main products of the conversion reaction are carbon dioxide and hydrogen which 
corresponds to the over-all reaction (A). In all cases the converted gas contains also 
carbon monoxide. In accordance with the theoretical analysis its content is the lower, 
the higher is the excess of water vapour and the lower is the conversion temperature. 
However, the experimentally found content of CO was in most cases lower than that 
derived by theoretical calculations for the respective degree of methanol conversion, 
assuming the two-step course of the reaction. The same conclusion was also made 

T A B L E I V 

Values of Constants of Eq. (8) in Dependence on Temperature and Their Statistical Test 

/, ° c 
( m o l C H 3 O H ) g _ 1 h _ 1 atm ( m + n ) <xk . t±

a m n • ' ± a 

/o 

220 0-0742 0-0003 0-49 0-020 0-48 0-024 4-1 
230 0-1418 0-0003 0-41 0-005 0-61 0-009 3-8 
240 0-2308 0-0010 0-41 0-005 0-60 0-009 3-0 
250 0-3849 0-0035 0-36 0-004 0-74 0-006 2-0 

Average 0-42 0-60 

a c-j . t + Product of scattering of the respective constant and of the critical value of t ± for the 
determination of the reliability interval1 7 . b Arr Mean relative deviation of the reaction rate. 
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by Prigent and coworkers5. This fact can be explained so that a part of CO is con-
sumed in parallel proceeding reactions, yielding higher alcohols, acetic acid and 
formaldehyde which were found in small amounts in the condensed product. 

The content of carbon monoxide, however, is small in all cases so that the dif-
ference between the total conversion and the conversion to carbon dioxide is only 
small, and consequently also the reaction rate of total conversion of methanol differs 
only little from that of conversion to carbon dioxide. At the content of 0-6% CO the 
difference in the reaction rates is about 5%, at 1-4% CO the error is about 14-5%. 
With respect to the fact that in most cases the content of CO is lower than 0-6%, 
only total reaction rates of methanol conversion were determined for simplicity sake 
and these values were used for further deductions and discussions on the reaction 
course. 

In the first step the measured data were correlated with the empirical kinetic 
equation in the power form 

r = kPAPMPo (8) 

(A = CH 3 OH, B - H 2 0 , C = C 0 2 , D = H2). 
Since it was experimentally found that the reaction rate does not depend, in the 

studied region, on partial pressures of carbon dioxide and of hydrogen, the equation 
can be written in the simplified form 

r = PaPB • (9) 

The values of constants kx, m and n were obtained by the method of linear regression 
using the computer Tesla 200. The results are presented in Table IV. From these 
results it follows that the equation of the reaction rate of conversion can be written 
in the form 

TABLE V 

Dependence of the Values of Rate Constant k2 in Eq. (11) on Temperature and Their Statistical 
Test 

3C 3 , , , OY . t+ Arr (mol CH3OH) g h atm k 3 ± „ / 

220 0-0760 0-00001 4-5 
230 0-1433 0-00002 4-3 
240 0-2368 000005 3-0 
250 0-3591 0-00020 2-2 
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r = k2p°Spi6 , (10) 

in which the reaction rate is described with an average error of 3-1%. When written 
in the simplified form 

the equation still fits very well the reaction course with an average error 3-5% which 
still lies within the limits of experimental errors. The values of the rate constant k 3 

were then calculated for equation (11), using the method of linear regression. Their 
temperature dependence is shown in Table Y. The dependence of the logarithm 
of the rate constant /c3 on the reciprocal value of temperature, 1 /T, as shown in Fig. 3, 
was used to calculate the value of the apparent activation energy, £ = 24-8 k c a l m o l - 1 . 

The mentioned kinetic equation (11) allows a relatively easy calculation of reac-
tion rates for different reaction conditions, as it is necessary e.g. for the calculation 
of the quanti ty of the catalyst for the conversion reactor, however, it does not provide 
any data for speculations on the possible reaction mechanism. However, the non-
integer exponents indicate a complex character of the reaction. 

In the second step it was at tempted to derive and interpret the kinetic relations 
on the basis of Langmuir-Hinshelwood assumptions. A general derivation of an 
equation, including both the adsorpt ion of all components and the sequence of ele-
mentary reactions, results in a relation of such complexity that its verification and 
interpretation becomes practically impossible, for the very reason of the great number 

>• = MPaPB) 0 ' * 

0-5 

1-90 1-95 2-00. 1000/7" 205 1-90 1-95 2-00 205 1000/T 

FIG. 3 

Dependence of In k3 on 1/T Dependence of ka on 1/T 
FIG. 4 
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of constants. Therefore, only the simplified scheme and the irreversibility of the 
total reaction were considered in deriving the relations. 

Let us now assume that the reaction course can be described by the following 
scheme 

CH3OH (g) + n * = > CH3OHn , (D) 

H 2 0 ( g ) + n H 2 On, (£) 

CH3OHn COn + 2 H2 (g) , (F) 

COn + H2On < = > C 0 2 (g) + H2 (g) + 2 n . (G) 

Kinetic relations are derived, assuming always one single controlling reaction in which 
the reverse reaction is neglected. The assumptions employed and the respective 
derived equations are summarized as follows: 

a) The controlling step is the adsorption of methanol on one centre: 

(12) 
1 + K2pB + (K2Ka)~' pcpDpB' + (K2K2K,)~1 PcPdPb 1 ' 

b) The controlling step is the adsorption of water vapour on one centre: 

r = . (13) 

1 + KiPa + k1K3jPaPd2 + (K1K3K4)-1 pcplp-1 

c) The controlling step is the surface decomposition of methanol on one centre: 

k6K1pA 
r — 

1 + KtpA + K2pB + (K2K4) 1 pcpDpB 
(14) 

d) The controlling step is the surface reaction of carbon monoxide with water vapour 
on two centres: 

r = 
k7K{K2K3pApBpD 

(1 + KiPa + K2pB + KiK3pAp^2)2 
(15) 

e) The controlling step is the surface conversion of methanol by water vapour on 
two centres: 
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R = K8K1K2PAPB , X 

(I + KIPA + K2PB)2 ' 

T h e values of the indiv idual c o n s t a n t s fo r the suggested E q s (L 2) — (L 6) were evalua ted , 
similarly as fo r the power f o r m of the equa t ion , f r o m the exper imenta l ly ob ta ined 
reac t ion ra tes us ing the m e t h o d of non- l inear regression a n d the validity of the p ro -
posed re la t ions was verified. 

T h e f o u n d dependence of the reac t ion ra te on concen t r a t ion of the c o m p o n e n t s 
in the feed indicates tha t the reac t ion ra te depends on the par t ia l p ressure of m e t h a n o l 
app rox ima te ly in the same way as on the par t ia l pressure of wate r v a p o u r , which 
fo l lows also f r o m the power e q u a t i o n (11). Howeve r , E q s (12) —(14) d o n o t c o n f o r m 
with th is a s sumpt ion . In numer ica l evaluat ion the cons tan t s of these equa t ions can 
even a t t a in negat ive values a n d the dependences of react ion rates der ived f r o m these 
equa t ions d o n o t agree wi th the exper imenta l ly f o u n d ones. This m e a n s tha t Eqs 
(12) —(14) d o n o t p rov ide an a d e q u a t e descr ip t ion of the react ion course a n d their 
validity fo r this case is n o t sa t i s fac tory . O w i n g to the non-rea l i ty of the values of indi-
v idual cons t an t s nei ther Eq . (15) can be appl ied t o descr ibe the kinet ics of the system. 
An express ion fo rma l ly ident ical wi th Eq. (16) is also ob ta ined f r o m Eq . (15) which 
can be simplified unde r cer ta in a s sumpt ions . T h e exper imenta l ly m e a s u r e d reac t ion 
ra tes in excess hydrogen revealed the independence of the reac t ion ra te of pD. In this 
case the pa r t i a l p ressure of h y d r o g e n can be t a k e n as cons tan t a n d re la t ion (15) is, 
a f te r s impl i f icat ion, identical with Eq . (16), except fo r cons tan t which then repre-
sents a c o m b i n a t i o n of the a d s o r p t i o n cons tan t of m e t h a n o l a n d of the equi l ibr ium 
cons tan t of the m e t h a n o l decompos i t i on . T h e values of the eva lua ted cons t an t s 
toge ther wi th the tes t ing of Eq . (16) are p resen ted in Tab le VI. F r o m the results 
f o u n d it fo l lows tha t the f o r m of Eq . (16) expressed the course of the s tudied react ion 
u n d e r the given exper imenta l cond i t ions with an average e r ror 5-8%; as shown in Fig. 
4. T h e value of the a p p a r e n t ac t iva t ion energy, calcula ted f r o m the p lo t In ks vs l / T 

TABLE V I 

Dependence of the Values of Constants of Eq. (16) on Temperature and Their Statistical Test 

°c 
* 8 

(mol CH 3OH) 
g - ' h " 1 

^kg • T± KY K2 °"k2 • f ± 
Ar r 

% 

220 0-332 0-013 2-33 0-52 1-51 0-31 3-6 
230 0-577 0-014 3-35 0-34 1-37 0-15 5-8 
240 0-716 0-016 4-63 0-59 1-30 0-17 5-9 
250 1-277 0-084 5-61 0-72 1-25 0-13 8:5 
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is E' — 18-9 k c a l m o l " \ Its n u m e r i c a l va lue is in th is case lower in c o m p a r i s o n wi th t he 
va lue of t he ac t i va t i on energy ca lcu la ted f r o m t h e t e m p e r a t u r e d e p e n d e n c e of t he 
r a t e c o n s t a n t k2 f r o m E q . (11). O n e e x p l a n a t i o n is t h a t in E q . (11) c o n s t a n t k2 

r ep resen t s t h e r a t e c o n s t a n t of the over-a l l r e a c t i o n wh ich inc ludes f u r t h e r t e m p e r a -
t u r e - d e p e n d e n t p a r a m e t e r s , w h e r e a s in E q . (16) c o n s t a n t k8 is mere ly t h e r a t e c o n -
s t an t of t he r a t e l imi t ing r e a c t i o n a n d the t e m p e r a t u r e - d e p e n d e n t p a r a m e t e r s 
a n d K2 wh ich w o u l d a lso affect t h e va lue of t he t o t a l a c t i va t i on ene rgy a p p e a r in E q . 
(16) explicit ly. 
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