Kinetics of the Methanation of Carbon Monoxide on an
Alumina-Supported Nickel Catalyst
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The kinetics of the methanation of carbon monoxide has been investigated on an alumina-
supported nickel catalyst having an average particle size of 1.2 mm. The following experimental

conditions were applied: 0.001 =< pco

= 0.6 bar, 1 = py, = 25 bar, 453 = T =< 557 K. The kinetics

can be satisfactorily explained by assuming equilibrium of dissociative carbon monoxide and hy-
drogen adsorption and hydrogenation of surface carbon to a CH;-species involving two adsorbed

hydrogen atoms as the rate iimiting step:

kCHzKCKH peo” PH

ey =

(1 + Kepeo®® + Kupu,P

Both the hydrogenation of the surface oxygen to water and of the CH,-species to methane are
considered to be fast processs. The formation of ethane, which occurred to a small extent, could be

described by a kinetic model which tentatively postulates the dimerization of the CH,-species to an
alkyl carbenic surface species and its consecutive hydrogenation.

INTRODUCTION

For the methanation of carbon monoxide

+ ha cho c ha
tw{ oasic mednanisms nave been Suggested

in the past. On the one hand, some re-
searchers such as Vlasenko and Yuze-
fovich (1) and Vannice (2) have postulated
that reaction occurs between molecularly
adsorbed carbon monoxide and hydrogen
via C/H/O-intermediates. On the other
hand, according to more recent evidence
(3-13), dissociative adsorption of carbon
monoxide and hydrogen followed by reac-
tion between surface carbon and hydrogen
atoms via CH,-species appears to be more

likely. Based on these two mechanisms var-

ious rather divergent kinetic models have
been derived. However, careful analysis
(14) shows that the range of conditions in-
vestigated, particularly with respect to the
pai‘tial PIessures of carbon monoxide and
hydrogen, was often too small to discrimi-
nate between the models. Furthermore,
suspicion seems justified that some of the
earlier results have been disguised by pore

diffusion within the catalyst. Recently a
very comprehensive and careful Kkinetic

study (15) has been published from which
t tha
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present work leads to a different kinetic
model with respect to the rate determining
step, as will be discussed later.

The objective of this work was to investi-
gaie the methanation kinetics of carbon
monoxide over a wide range of partial pres-
sures of carbon monoxide and hydrogen as
well as temperature, to derive a suitable ki-
netic equation, and to obtain new indica-
tions about the reaction mechanism.

EXPERIMENTAL

Method of investigation. The Kinetic
measurements were performed in a contin-
uously operated gradientless recycle reac-
tor under conditions such that it behaved as
a perfectly reactor.
Therefore the reaction rates could be de-
rived from the difference between inlet and
outlet streams of a key component. The
rates could be assigned to the partial pres-
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sures of the reactants prevailing in the reac-
tor. Based upon the two basic reaction
mechanisms mentioned above, Kinetic
models were derived applying the principle
of one rate-determining step and assuming
that the adsorption of the kinetically rele-
vant species can be described by Langmuir
adsorption isotherms. The only ones con-
sidered were those which were able to de-
scribe qualitatively the experimentally ob-
served relationships between the rates of
formation of methane and the partial pres-
sures of the reactants. The resulting kinetic
models are summarized in the following
general equation:

_ kK \Kapco'puy

= )
(1 + X Kpy

rcHy

The parameters k& and K; of Eq. (1) were
estimated for 15 models with different ex-
ponents x,y,z and various combinations of
the adsorption terms Kp;” within each
model. The various combinations of the ex-
ponents and of the rate-determining steps
(rds) are listed in Table 1. Furthermore,
models 10 to 15 assume an irreversible step
in the formation of water, which is not con-
sidered to be the limiting step for the over-
all rate. The coverage of the surface with
oxygen is supposed to be low according to
results from Goodman et al. (9), who found
only carbon and no oxygen on an active
nickel catalyst surface by AES analysis,
i.e., the adsorbed O- or OH-species are not
the most abundant surface intermediates.

For parameter estimation a nonlinear re-
gression procedure was applied, which uses
a modified Gauss—Newton method (I6).
The resulting model equations were sub-
jected to various statistical tests: the vari-
ance, the standard deviation of the model
parameters and the deviations between
measured and calculated reaction rates
were taken as criteria for model discrimina-
tion.

The variances of all models, of which pa-
rameters could be estimated, were tested

KLOSE AND BAERNS

TABLE 1

Kinetic Models According to Eq. (1) Considered for
Discrimination

Model Rate determining step” Exponents
of Eq. (1)
X y z
1 *CO + *H, 1 1 2
2 *CO + *H 1 0.5 2
3 *CO + 2*H 1 1 3
4 *CHO + *H, 1 1.5 2
5 *CHO + *H 1 1 2
6 *CHO + 2*H 1 1.5 3
7 *CHOH + *H, 1 2 2
8 *CHOH + *H 1 1.5 2
9 *CHOH + 2*H 1 2 3
10 *C + *H 05 1 2
*O + *H
11 *C + 2*H 05 1 3
*O + 2*H
12 *C + *H 0.5 05 2
*0 + *H
13 *C + *H 0.5 075 2
*OH + *H
14 *CH + *H 0.5 075 2
*0 + *H
15 *CH + *H 05 1 2
*OH + *H

¢ For models 10 to 15 the assumed irreversible step
in the formation of water is also given.

against the variance of the best model on a
99% level of significance by the F-test (17).
Models showing standard deviations over
100% in the parameters were rejected. Fur-
thermore, on a 95% level of significance the
symmetric Williams—Kloot test (I7) was
applied to models passing the F-test;
hereby it is tested whether an assumed
model describes the observed reaction rates
better than another model with respect to
the deviations between measured and cal-
culated values.

Catalyst. A commercial nickel (18
mass%) catalyst supported on alumina
(RCH 18/10 supplied by Ruhrchemie AG,
Oberhausen) was used. This was crushed to
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TABLE 2
Physical Properties of the Reduced Catalyst

Peat SgET Tpore” SNickel
(g cm™) (m?g™h) (nm) (m?g™")
1.33 169 4.1 ca. 14

2 Mesopores between 1.5 and 50 nm.

particle sizes of 1.0 to 1.4 mm in order to
avoid pore diffusion effects. The catalyst
was reduced by hydrogen (99.999%) at 1
bar and 623 K during 17 h (space velocity =
2000 iiters (STP)/h liter catalyst), The phys-
ical properties determined for the reduced
catalyst are listed in Table 2.

During the kinetic measurements the cat-
alyst deactivated; this process was fol-
lowed by determining at reference condi-
tions (pco = 0.2 bar, py, = 9.6 bar, T = 485
K) the rate of methane formation r*f after
various experimental conditions had been
established. The relationship between ¢
and operating time is shown in Fig. 1. If one
assumes that only the number of active
sites is diminished by deactivation, the re-
action kinetics and the deactivation kinetics
are separable. This view was supported by
the fact that based on the kinetic model ob-
tained in this work (compare Eq. (2)) the
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ratio of the kinetic rate constants kcy, de-
termined at different activity levels was
equal to the ratio of the respective metha-
nation rates at comparable reaction condi-
tions while the pseudoadsorption constants
did not change significantly. Therefore all
data points measured at time ¢ were cor-
rected to an activity level at ¢, = 230 h
(which corresponds to the end of catalyst
conditioning) by the rate of methane forma-
tion at reference conditions:

ro = (r o<tlr Tr,

Procedure. A schematic diagram of the
apparatus is shown in Fig. 2. The kinetic
measurements were performed by means of
a Berty-type recycle reactor (Autoclave
Engineers Inc., Erie, Pa.). Carbon monox-
ide (99.97%), hydrogen (99.99%), and nitro-
gen (99.99%) were fed by flowmeters at to-
tal pressures of 20 or 30 bars. After passing
a mixing chamber filled with molecular
sieves M 13X the gases entered the reactor.
The reaction mixture leaving the reactor
was cooled to room temperature; hereby
most of the water was separated. After re-
ducing the total pressure to 1 bar the re-
maining proportion of water vapor
amounted to about 0.2 vol%; this concen-
tration did not disturb the subsequent anal-
ysis of the other products. The gas was ana-
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FiG. 1. Effect of operating time on the rate of methane formation measured at reference conditions:

T = 485 K; Pu, = 9.6 bar; pco = 0.2 bar.
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FiG. 2. Schematic diagram of the apparatus used for the kinetic study (BPR, back pressure regulator;
GM, gas meter; IRD, infrared detector; TCD, thermal conductivity detector; WS, water separation;

EG, exit gas).

lyzed by gas chromatography using a
thermal conductivity detector. N,, CH,,
and CO were separated on a molecular
sieve M13X column (d = 0.32 mm, L = 3
m; 30 ml/min helium; temperature program
4°C/min starting from 55 to 100°C); for sep-
aration of CO,, C,Hg, and higher paraffins a
Porapak Q column (d = 0.32 mm, L = 2 m;
30 ml/min helium; 2 min isotherm at 45°C,
then temperature program 15°C/min to
200°C) was used. In addition, a continu-
ously operating infrared gas analyzer
{BINOS-Leybold Heraeus GmbH, Hanau,
W. Germany) was used for determining CO
(0-0.3 vol%) and CH, (0-1.5 vol%). The
analytical error associated with the concen-
trations generally amounted to +7%; only
at very low concentrations of CO, and C,Hg
was the error higher. The gas analysis was
corrected to moist gas conditions in the re-
cycle reactor on the basis of the condensed
proportion of water vapor. Further details
on the experimental procedure have been
reported elsewhere (14).

Reaction temperatures applied were 453,
463, 473, 485, 496, and 557 K. Partial pres-
sures of carbon monoxide and hydrogen
were varied from 0.001 to 0.6 bar and from
1 to 25 bar, respectively. Under these con-
ditions the ratio of hydrogen and carbon
monoxide partial pressures amounted in

each experiment to at least 10 to avoid ex-
cessive carbon deposition on the catalyst.

RESULTS
Reaction Products

The main products were methane and
water. Ethane was found in small concen-
trations while higher paraffins occurred in
traces only. The selectivity of the methane
formation based upon the sum of formed
hydrocarbons amounted to 80 to 100%; the
latter value was nearly reached at high ra-
tios of hydrogen and carbon monoxide or
high temperature. The formation of carbon
dioxide was negligible. Traces of methanol
and ethanol were detected in the condensed
water phase. The carbon mass balance
amounted in all experiments to more than
95% of the carbon monoxide input.

Dependence of Reaction Rate on Partial
Pressures and Temperature

The experimentally determined depen-
dences of the methanation rate upon the
partial pressures of hydrogen and carbon
monoxide are presented in Figs. 3 to 5; the
respective results on ethane formation are
shown in Fig. 6. At constant hydrogen par-
tial pressure, the rate of methane formation
as a function of carbon monoxide partial
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FiG. 3. Rate of methane formation at py, = 9.9 bar (symbols show experimental points, lines

calculated by Eq. (2)).

pressure passes through a maximum. At
constant carbon monoxide partial pressure
the rate increases with increasing hydrogen
partial pressure. The rate maximum shifts
to higher carbon monoxide partial pres-
sures with increasing temperature as well
as increasing hydrogen partial pressure.
Under the applied reaction conditions, the
rate of methane formation is not affected by
the partial pressures of water vapor and
methane (/4). The rate of ethane formation
increases with increasing carbon monoxide
partial pressure; it is slightly decreased by
hydrogen partial pressure.

3
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Influence of Heat and Mass Transfer on
the Chemical Reaction

By appropriate tests as summarized in
Ref. (18) the effects of inter- and intraparti-
cle temperature and concentration gradi-
ents on the reaction rates were determined.
Thus:

(i) Interparticle gradients were smaller
than experimental accuracy and hence
were neglected.

(i) No intraparticle temperature gradi-
ents occurred.

(iii) Concentration gradients within the

Y
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F1G. 4. Rate of methane formation at T = 496 K (symbols show experimental points, lines calculated

by Eq. (2)).
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F1G. 5. Rate of methane formation at T = 557 K (symbols show experimental points, lines calculated

by Eq. (2)) (PD: range of pore diffusion).

catalyst pellet could generally be excluded;
only under those conditions where the
methanation rate exhibited a maximum as a
function of carbon monoxide partial pres-
sure did small gradients exist, especially at
higher reaction temperatures (compare Fig.
5).

For evaluation of the various proposed
kinetic models the only data used were
those for which the modified Thiele modu-
lus was smaller than or equal to 1.7. (A de-
tailed analysis of the interaction of pore dif-
fusion and chemical reaction for carbon

4
rozné 10
mole/g-h

1

monoxide methanation will be presented in
a subsequent paper.)

Evaluation of the Kinetic Models

Model discrimination and parameter esti-
mation for the rate equations listed in Table
1 were based on 168 data sets, i.e., combi-
nations of rates of methane formation and
reaction conditions. Details on the results
of the statistical tests are given elsewhere
(14). The following rate equation for the
methanation of carbon monoxide is consid-
ered to be the best on the basis of the statis-

0 T L) L T L]

—

03 04  pglbar

F1G. 6. Rate of ethane formation at pu, = 1.1 (@),5.1(A),9.9 (), 15.0(X), 18.4(¥) bar,and T =
485 K (symbols show experimental points, lines calculated by Eq. (4): upper line pu, = 1.1 bar, lower

line py, = 18.4 bar).
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TABLE 3

Parameters ; and K; of the Rate Eqs. (2) and (4) for
the Formation of Methane and Ethane, Respectively:
ki = kP exp(—E;/RT); K, = K? exp(—AH//RT)

o

0 ’

ken, Ecu, CoHy Ec,u,
(mol/h g) (kJ/mol) (mol/h g) (kJ/mol)
4.8 =2.1) x 10° 1032 (1.8 1.7)x 10 102 + 4

k¢ AHc Ky AHy
(bar="%) (kI/mol) (bar %% (kJ/mot)
(5.8+38 x107* —-42=3 (1.6 =13)x 102 —-16=3

tical tests mentioned above:
2 0.5
kcw, KcKu'peo Py,

rcHy (2)

(14 Kepeo®® + Kupi,™)

This equation agrees rather closely to the
one proposed by Rautavuoma and van der
Baan (/9) for the consumption of carbon
monoxide during Fischer-Tropsch synthe-
sis catalyzed by cobalt:

e = kpcoo.ssz
7+ Kepeo™’

The only difference between the two rate
equations is the fact that Rautavuoma and
van der Baan neglected inhibition of the re-
action by hydrogen adsorption.

For the above rate Eq. (2) the preex-
ponential factor and the activation energy
as well as the pseudoadsorption constants
and the respective adsorption enthalpies
are summarized in Table 3. The standard
deviations of the preexponential factors are
high because they are strongly affected by
only small changes in the activation energy
E and enthalpies of adsorption AH, respec-
tively.

The agreement of measured and calcu-
lated methanation rates is satisfactory over
the whole range of experimental conditions
investigated, as is shown in Figs. 3 to S.
Some systematic deviations between ex-
perimental and calculated rates exist in
Figs. 3 and 4; this may possibly be caused
by model deficiency but it appears more
likely that this is due to inaccuracy of the
parameters of Table 3, which are average

€)
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values resulting from the nonlinear regres-
sion analysis over a wide temperature
range. Furthermore, at low carbon monox-
ide partial pressures the calculated rates are
higher than the measured ones because
pore diffusion as rate limiting factor could
not be completely excluded under these
conditions (compare Fig. 5).

The temperature dependence of the
model parameters is given as an Arrhenius
plot in Fig. 7. The symbols represent the
constants resulting from fitting the kinetic
data to Eq. (2) at one temperature only,
whereas the straight lines are calculated
from the model parameters in Table 3,
which were determined by simultaneous fit-
ting of all data obtained at all temperatures
applied.

The formation of ethane was best ap-
proximated by:

B k&Koo
el = T T Kepeod + Kapi,

The quality of this equation, however, is
restricted since due to the low concentra-
tions of ethane the analytical error was
high. Therefore it should be only consid-
ered as an overall rate equation with no fi-
nal significance with respect to the underly-
ing mechanism, although some tentative
mechanistic suggestions will be mentioned
later.

The preexponential factor of the rate
constant and the respective activation en-
ergy of Eq. (4) were obtained by simulta-
neous fitting of all kinetic data at all temper-
atures applied; for estimation the model
parameters K¢, Ky, AHe, and AHy were
used which had been previously derived for
methane formation (compare Table 3). The
relationship between the rates of ethane
formation at 485 K and carbon monoxide
partial pressure as experimentally deter-
mined (symbols) and calculated (solid lines)
by Eq. (4) using the parameters of Table 3 is
shown in Fig. 6. Agreement appears to be
satisfactory, i.e., the general effects of car-
bon monoxide and hydrogen partial pres-
sures are correctly presented.

(4)
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FiG. 7. Temperature dependence of model parameters of Eq. (2) (symbols show fitting of rate data at
one temperature; lines show simultaneous fitting of all rate data at all temperatures).

DISCUSSION

Interpretation of the Kinetics of Methane
Formation

The kinetics of carbon monoxide metha-
nation according to Eq. (2) may be ex-
plained by the following reaction scheme:

(1) Carbon monoxide and hydrogen are
dissociatively adsorbed and equilibrium is
established; i.e., both processes are fast:

CO,+ 2+ 8B Cx+0* (D

Hy, + 2* == 2H*

an

(2) Interaction of surface carbon and ad-
sorbed hydrogen to a carbene species is the
rate determining step (rds). Two reaction
paths to the CH,-surface intermediate, be-
tween which no discrimination is possible,
may be considered:

(a) One surface carbon atom reacts si-
multaneously with two hydrogen atoms:

C* + 2H* % H,C* + 2¢

(Illa)

(b) Equilibrium is established between a
carbine surface intermediate attached to
two active sites and one surface hydrogen
and one surface carbon atom:

C*+ H* = C H (IMIb.1)

* *

Then, the carbine species is further hydro-
genated to CH,, this being the rate deter-
mining step:

kcHy

C H + H* — H,C* + 2* (IlIb.2)

* *

(3) Subsequently, the carbene surface in-
termediate is quickly hydrogenated to
methane, which easily desorbs. The reac-
tion may be simplified as:

H,C* + 2H* “% CH,, + 3* (IV)

(4) Surface oxygen reacts to water in a
similar manner as reaction (IIla):

O* + 2H* % H,0, + 3* (V)

It is also conceivable that oxygen and hy-
drogen react alternatively in analogy to re-
actions (IIIb.1) and (IIIb.2). All steps are
assumed to be fast.

On the basis of the above assumptions
the kinetic Eq. (2) can be derived as ex-
plained in Appendix A. The above reaction
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scheme is consistent with recent results on
the mechanism of the formation of methane
(3-13); it is always concluded that carbon
monoxide as well as hydrogen are disso-
ciatively adsorbed. However, no final con-
clusion with respect to the rate determining
step can be drawn: Happel et al. (5, 6) sug-
gested that either the hydrogenation of a
C-, CH-, CH,-, or CHj-surface species may
be rate determining; carbon and carbine are
considered to be the most abundant surface
intermediates (6). van Meerten et al. (15),
who recently studied methanation on Ni/
Si0O,, assumed that the interaction between
a CH-surface intermediate and the ad-
sorbed hydrogen atom is the slow step
(model 15, Table 1). Aiso the present
results suggest that either hydrogenation of
surface carbon or of a CH-intermediate is
the rate limiting step; however, the number
of adsorption sites involved deviates from
the proposal of van Meerten et al. (van
Meerten: 2 sites; this work: 3 sites). The
suggestions of Zagli et al. (13) and Dalla
Betta and Shelef (20) that dissociation of
carbon monoxide is rate limiting could not
be confirmed; those proposals were defi-
nitely excluded under the conditions of this
study.

Comparison of the Present Kinetics to
Power Law Rate Equations

Frequently power law rate equations of
the following form

)

are used to describe the formation of meth-
ane (2, 21, 22). Generally, a positive value
close or equal to unity has been found for
m. However, negative as well as positive
exponents for n have been mentioned,
ranging between —1 and +0.5. The devia-
tions in the reaction order with respect to
carbon monoxide can be explained by the
kinetics in this study. At high partial pres-
sures of carbon monoxide and low tempera-
tures the following relationship holds:

fcuy, = kO exp(_Eapp/RT)pCOanzm

Kepeo® = 1 + Kypy,’. (6)
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Hence rate Eq. (2) reduces to
feyy = kCHzKC-?'KHZPCO-lsz (7

At very high temperatures inhibition by ad-
sorption of carbon monoxide and hydrogen
can be neglected; the same is also true for
low partial pressures of carbon monoxide
and hydrogen. In both cases the denomina-
tor of Eq. (2) approaches 1; i.e., the rate
equation reduces to:

- 2 85
CHy = kCHzKCKH Pco P,

8
At conditions when
Kupu, = 1 + Kepeo®™’ ®

the reaction order with respect to hydrogen
may become less than 1. Such a relation-
ship has recently been reported by Sughrue
and Bartholomew (22).

Interpretation of the Kinetics of Ethane
Formation

Based upon the reaction scheme for the
methanation of carbon monoxide the kinet-
ics of the ethane formation according to Eq.
(4) may be explained by rapid dimerization
of two carbene species to an alkyl carbenic
surface intermediate,

2H,C* 2 *[C,H,]* (VD)
which is subsequently hydrogenated to eth-
ane:

kCgHﬁ

*[CH4* + 2H* — CyHe, + 4% (VID)

On this basis Eq. (4) can be derived as out-
lined in Appendix A. The proposed reac-
tion scheme is consistent with results of
Bell (4), Biloen e al. (23), and Rautavuoma
and van der Baan (/9). They assumed that
the formation of olefins and higher paraffins
occurs on Group VIII metals, which disso-
ciatively adsorb carbon monoxide, by poly-
merization of surface hydrocarbons. Inser-
tion of CHy-species between a CH;-group
and metal as discussed by Bell (4) and Bi-
loen et al. (23) could be excluded in this
study by the above discussed dependence
of the rate of ethane on partial pressures of
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hydrogen and carbon monoxide. The same
argument holds for a mechanism presented
by Ponec (3) assuming insertion of carbon
monoxide between a CH,-group and the
metal. Therefore, polymerization of CH,-
groups as suggested by Rautavuoma and
van der Baan (/9) seems to be a possible
route to other hydrocarbons than methane.
This view is supported by Brady and Pettit
(24) who decomposed diazomethane in ni-
trogen on nickel and other transition metals
and showed that the CH,-species formed
dimerised to ethylene.

Evaluation of Model Parameters

The activation energy of carbene forma-
tion as determined in this study amounts to
103 kJ/mol (see Table 3). Vannice (2), who
investigated different supported nickel cat-
alysts, reported values between 70 and 130
kJ/mol. This range is characteristic for
methanation of carbon monoxide. Sughrue
and Bartholomew (22) found a decrease in
activation energy from 130 to 70 kJ/mol
when increasing temperature from 473 to
623 K; the activation energy was derived
from the temperature dependence of the
rate constant of the general power law rate
Eq. (5). The authors account for this effect
by assuming a change in the reaction mech-
anism or the rate-limiting step. On the basis
of the present results the change in activa-
tion energy can be explained without any of
these assumptions. For low temperatures
the kinetic Eq. (2) for the methanation of
carbon monoxide reduces to the power law
rate Eq. (7). Hence, for the apparent activa-
tion energy

Eyp = Ecu, — 2AHc + 2AHy  (10)

a value of 155 kJ/mol is obtained taking the
data from Table 3. At very high tempera-
tures Eq. (8) results. Therefore the appar-
ent activation energy

Eapp = ECH2 + AHC + ZAHH

diminishes to 29 kJ/mol.
The true enthalpies of adsorption for dis-
sociatively adsorbed hydrogen and carbon

1y
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monoxide according to reactions (I) and (I1)
AHHZ,D and A Hco p are related to the appar-
ent enthalpies of adsorption AHy and AH
as well as to the activation energies of wa-
ter formation Ey,o, whose value could not
be estimated by regression procedure, and
of carbene formation Ecy, of the model Eq.
(2) in the following way (compare Egs.
(A10) and (A11) of Appendix A):

AHy,p = 2 AHy (12)

AHCO,D = 2 AHC + ECH2 - EHzO (13)

Taking the data from Table 3 the heat of
dissociative hydrogen adsorption AHy, 1, is
—32 = 6 kJ/mol. The heat of dissociative
carbon monoxide adsorption AHcop can
only be calculated if Ey,o is known. The
unknown value of Ey,o was approximated
as follows. For the reaction of gaseous hy-
drogen with oxygen adsorbed on a nickel
surface Savchenko ef al. (25) reported an
activation energy E,p,(H,0) of 54 kJ/mol at
an oxygen surface coverage of 0.5. Assum-
ing the above reaction scheme for the meth-
anation of carbon monoxide, this value
contains the heat of dissociative hydrogen
adsorption (compare reactions (II) and

(V)):

Eopp(Hy0) = Egyo + AHy,p  (14)
The true activation energy of water forma-
tion Ey,o depends now on AHy, p. Taking
as lower limit —32 kJ/mol resulting from
this work and as upper limit —66 kJ/mol
measured by Wedler et al. (26) for dissocia-
tive adsorption of hydrogen on nickel at a
surface coverage of 0.5, Ey,o is estimated
to be 103 = 17 kJ/mol. Hence, taking the
values of AH and Ecy, from Table 3 the
true heat of dissociative carbon monoxide
adsorption resulting from Eq. (13) is —84 +
25 kJ/mol, which value is clearly more exo-
thermic than the one obtained for dissocia-
tive hydrogen adsorption. This is consistent
with results from adsorption measurements
(26) and calculations of enthalpies of ad-
sorption on nickel (27).
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CONCLUSIONS

In this study on the methanation of car-
bon monoxide a wide range of experimental
conditions was covered. One rate equation
resulted for the methanation reaction which
was significantly better than others. For the
respective kinetic model it is assumed that
the reaction between surface carbon and
two surface hydrogen atoms resulting from
dissociatively adsorbed carbon monoxide
and hydrogen to a carbene species is the
rate-limiting step. The thermodynamic pa-
rameters of the model, i.e., the activation
energy of CH, formation and the enthalpies
of adsorption for carbon monoxide and hy-
drogen, are in agreement with other data
known from the literature and obtained by
other approaches. For the formation of eth-
ane which is present as a minor by-product
a tentative kinetic equation was derived by
postulating that the CH,-species dimerize
to an alkyl carbenic surface intermediate,
which is hydrogenated to ethane.

APPENDIX A

The rate equations for methane and eth-
ane formation which have been found to be
most significant to describe the kinetics of
the two reactions are derived below.

(a) The reaction rates according to reac-
tions (Illa), V), (V), (VI), and (VII) de-
pend on the degree of surface coverage by
species i.

—rco = kenyfcOu®  (rds) (AD)
reny = ken,Ocn,fu® (A2)
1,0 = Kuyoboby’ (A3)
reog = KeangfomOu® = keubon,  (A4)

Assuming that the carbene formation via a
carbine surface intermediate according to
reactions (IIIb.1) and (I1lb.2) is valid, Eq.
(A1) can be derived also from the following
equations:

—rco = keupfenbu  (rds)
_ bcn
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(b) The equilibrium adsorption constants
for carbon monoxide and hydrogen adsorp-
tion according to reactions (I) and (II) are
given by:

00

Kcop = pc(;O(jz (AS5)
9H2

Ky,p = —p_Hvaj (A6)

(c) The overall mass balance amounts to:
(A7)

(d) Surface coverage of oxygen and car-
bene results from Egs. (Al), (A2), and (A3)
neglecting the ethane formation in (A7),
ie., if

—rco = rcuy t 2reaug = THy0

—rco = TH,0 = FcHy
is valid:
kCHz

kHzO

_ kCH2
Ocn, = Fen, Oc

o Oc (A8)

(A9)

(e) Surface coverage of carbon and hy-
drogen atoms is obtained from Egs. (A5),
(A6), and (AS8):

bc = Kcpco™6,

ko >0.5
(7(;}2{; Kcop

0H = KHPHZO‘SBV
Ky = (KHZ,D)O'5 (A1)

(f) The surface balance can be approxi-
mated assuming only adsorbed carbon, hy-
drogen atoms, and vacant sites on the cata-
lyst and neglecting the coverage by oxygen
and hydrocarbons:

Kc = (A10)

1= 0‘, + 0C + OH (AIZ)

(g) Surface coverage of vacant sites is
calculated from (A10) to (A12):

1
"1+ Kepeo®® + Kupw,"?

8, (A13)

(h) Then the rate Equation (2) of methane
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formation results from combination of (A1)
with Egs. (A10), (A11), and (A13) keeping
in mind that —rcg = rcy, is valid. The ki-
netic Eq. (4) of ethane formation is ob-
tained by combining Eq. (A4) with Egs.
(A9), (A10), and (A13). Thereby the rate
constant kc,y, is defined as follows:

. kcu,)?
kC2H4 = kC2H4 (}aﬁ)

(Al14)

APPENDIX B: NOMENCLATURE

E activation energy, kJ/mol

k reaction rate constant, variable
K adsorption constant, variable
P partial pressure, bar

r reaction rate, mol/h g-catalyst
T reaction temperature, K

enthalpy of adsorption, kJ/mol
0 degree of surface coverage
* vacant surface site

Indices

app apparent

D dissociation

g gas phase

A vacant
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