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Steady-state rates of carbon formation on a silica-supported nickel catalyst exposed to CH, +
H, gas mixtures have been measured for a range of gas compositions (partial pressure of methane,
20-80 kPa, and of hydrogen, 5-15 kPa) and temperatures in the range 723-863 K. The data are used
to test various kinetic models suggested previously in the literature. It is shown that the data are
in conflict with previous suggestions that the rate is, at a given temperature, solely a function of the
carbon activity of the gas. but compatible with a kinetic model based on the elementary steps
suggested by Grabke [Grabke, H. J., Ber. Bunsenges. Phys. Chem. 69, 409 (1965)] to explain
results for carbon formation on iron. However. the data cannot be explained by using the Grabke
assumption that the dehydrogenation of surface methyl is rate-limiting. Also rate measurements for
two silica-supported Ni—-Cu catalysts with 1:99 and 1:9 Cu: Ni atom ratios, respectively. are
reported. They show that the same Grabke-type kinetic model can explain the results at low carbon
activity for the Ni~Cu catalysts, but that at the higher carbon activities. the rates for the Ni, 4Cuy
catalysts are higher than the model rates. The results for the Ni,Cuyq catalyst indicate that a

small amount of Cu promotes the carbon formation.

{. INTRODUCTION

Carbon formation on metals by the de-
composition of carbon-containing gases has
been studied for many years, mainly be-
cause of its importance in catalysis and cor-
rosion. New promising applications, such as
the production of high-quality carbon fibres
and of diamond or diamond-like thin film
coatings, have recently added to this in-
terest.

The increasing utilization of natural gas,
consisting mainly of methane, as an im-
portant raw material for the chemical indus-
try makes it highly important to understand
the interaction of methane with various sur-
faces.

The steam reforming process is the princi-
pal industrial process for converting natural
gas into hydrogen or synthesis gas (/). A
major problem in this process is to avoid
carbon formation, as this can cause very
serious operational problems. One way to
reduce the risk and still be able to operate
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close to the carbon formation limit could be
to dilute the nickel surface of the catalysts
with atoms which are much less reactive
toward CH, than nickel, e.g., by alloying
with copper, taking advantage of the differ-
ent ensemble requirements for the steam re-
forming and the carbon formation process
(2).

The chemisorption of methane on nickel
surfaces is observed to have a very low
probability and a high activation energy
(3-5). By molecular beam studies (3), it was
recently shown that the chemisorption on
Ni(111) is dissociative, resulting at low sur-
face temperatures in stable CH; surface spe-
cies, which dehydrogenate stepwise on the
surface at higher temperatures.

Long ago, Grabke et al. (6-8) demon-
strated that kinetic measurements of carbon
deposition on «- and vy-iron surfaces ex-
posed to CH, + H, gas mixtures could be
explained quantitatively by assuming a
mechanism based on stepwise dehydroge-
nation of surface species after chemisorp-
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tion of the methane molecule and with the
dehydrogenation of methyl as the rate-lim-
iting step. Grabke er al. (9) showed that the
same kinetic model could account for mea-
surements on iron—-nickel alloys with 10 and
20 wt% nickel. Lazar et al. (10) found that
the deposition of carbon on nickel foils does
not obey the Grabke model at low carbon
activities. They also reported that Grabke
and co-workers found the rate of hydrogasi-
fication to be proportional to the hydrogen
partial pressure. Figueiredo and Trimm (/7)
found the same hydrogen pressure depen-
dence for the time-independent rate of hy-
drogasification of carbon on nickel foils and
Ni/ALO; catalysts. Moreover, they ob-
served that in the case of nickel foils, the
rate of hydrogasification was proportional
to the amount of carbon initially present,
while no correlation was observed in the
case of the supported catalysts. Audier and
Coulon (/2) showed that the rate of carbon
deposition on an iron—-nickel catalyst with
75% nickel inboth CH, + H,and CO + CO,
mixtures depended linearly on the carbon
activity a, of the gas. Bernardo et al. (13)
fitted a modified version of the Grabke ki-
netic expression to a small number of rates
measured for carbon deposition from CH,
+ H, mixtures on silica-supported Ni-Cu
catalysts. Baker er «l. (/4) and Rostrup-
Nielsen and Trimm (/5), on the other hand,
suggested that the diffusion of carbon
through the nickel particle is the rate-lim-
iting step during the steady-state growth of
carbon filaments on Ni catalysts. Recently
Safvi et al. (16) studied the rate of carbon
formation from CH, + H, gas mixtures on
carbon-supported nickel catalysts and
found at low g a smooth but curved depen-
dence on ac, while the rates essentially satu-
rated above a critical a-. Also recently
Demicheli et al. (17) studied carbon forma-
tion on alumina-supported nickel catalysts
from CH, + H, gas mixtures and found that
the results could be explained by a model
based on the elementary steps suggested by
Grabke but with the adsorption step being
rate-limiting.
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In the present work we report on a study
of the steady state rates of carbon deposition
onsilica-supported catalysts, one nickel cat-
alyst and two nickel-copper alloy catalysts
with 1:99 and 1:9 Cu: Ni atom ratios, re-
spectively, in CH, + H, mixtures as a func-
tion of the partial pressures of CH, and H,
and as a function of temperature. Various
kinetic models are tested on these data. It is
shown that the rate at constant temperature
is not solely a function of the carbon activity
of the gas, but that linearized versions of
the Grabke-type kinetic models can be fitted
accurately to the experimental results for
the nickel catalyst, but only below a critical
carbon activity, which depends weakly on
the temperature, to the results for the
NigoCuy, catalyst. The linearization is
based on the assumptions that the coverages
of the surface species, with the exception
of carbon, are small and that the carbon
coverage stays constant at constant temper-
ature.

2. EXPERIMENTAL
2.1. Catalyst Preparation

The catalysts were prepared by **dry’’ im-
pregnation with a 20% weight of the metallic
phase. The silica support material (Cab-O-
Sil H5) was mixed with an aqueous solution
of Ni(NO,), - 6H,0 and Cu(NO,), - 3H,O in
the right proportion to obtain the desired
molar composition of the metallic phase.
The volume of the solution was equal to
the measured pore volume of the support
material. Three different compositions of
the metallic phase were considered in the
present work: 100% Ni, 1% Cu + 99% Ni,
and 10% Cu + 90% Ni. The mixing gave a
thick, homogeneous liquid, which was dried
at room temperature and calcined at 773 K
for 3 h. After addition of a plasticizer (Mel-
horel Dow A,C) and water, small cylindrical
pellets with 4 mm diameter and 4 mm length
were extruded from the powder. The pellets
were calcined for 2 h at 873 K. Finally, the
catalysts were prereduced at 773 K in H, for
44 h.
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2.2. Characterization

Reduced catalyst samples were charac-
terized by hydrogen chemisorption, X-ray
diffraction, and nitrogen physisorption. The
nickel area of the fresh nickel catalyst calcu-
lated from the hydrogen chemisorption re-
sults was about 6 m?/g-cat, while the X-ray
diffraction peak width corresponded to an
average nickel particle size of about 20 nm,
in excellent agreement with results obtained
previously for catalysts prepared in the
same way (/3, 18). Also the X-ray diffrac-
tion and hydrogen chemisorption results for
the Ni-Cu catalysts were in good agreement
with the results obtained in Ref. (13), i.e.,
X-ray diffraction spectra of the reduced cat-
alysts showed only one metal phase to be
present and the lattice parameters corre-
sponded closely to an alloy with the nominal
composition. The hydrogen chemisorption
showed that Cu was segregated to the sur-
face of the metal particles of the reduced
Ni—Cu catalysts.

2.3. Reactor System

The reactor system consisted of a micro-
balance (C. 1. Electronics, MK2CTS3) and
associated flow reactor, furnace, flow, and
temperature controllers. The temperature
was measured with a chromel-alumel ther-
mocouple placed close to the pellet. The
rates of carbon deposition were determined
from the slopes of the curves drawn by the
microbalance recorder. High-purity gases
(CH,, H, and N,, >99.95%) were used.

2.4. Experimental Conditions

Before each experiment the reactor and
tube system were flushed with N,. The cata-
lysts were reduced at 753 K for 1 h in H,
diluted with N, at a flow of 2 X 10-* Nm’
h~'. Py, = 15 kPa. The flow rate during
reaction was 2.5 X 10~* mol s '. The con-
version, determined by mass balance, was
less than 5% so the reactor can be consid-
ered a differential one in the present condi-
tions. Estimates based on this flow rate
show that external diffusional restrictions
are neghgible. It was also verified that the
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reaction rate did not change when the flow
rate was varied. Internal diffusion restric-
tions cannot be ruled out at the higher reac-
tion rates, as indicated by a comparison be-
tween pellet activity and powder activity at
863 K and as treated further in the Discus-
sion section. Also large amounts of carbon
could give diffusional restrictions. The ex-
perimental conditions were chosen so that
the weight of the carbon formed never ex-
ceeded 50% of the original sample weight.
Steady-state carbon deposition rates were
measured at temperatures in the range 723
to 863 K. Most of the experiments were
carried out with the abovementioned ex-
truded catalyst pellets, but in addition a few
were performed with catalyst powder made
by crushing the pellets. For each tempera-
ture, a fresh catalyst was used and the par-
tial pressures of methane and hydrogen
were varied independently in the ranges 20
to 80 kPa and 5 to 15 kPa, respectively. For
all three catalysts measurements were made
at five pressure conditions at each of eight
temperatures, while for the 1009 Ni catalyst
in addition rate measurements were made at
24 pressure conditions at each of the temper-
atures 723, 773, and 823 K. The resulits from
the latter experiments form the basis of the
kinetic modelling in the present paper and
also in another paper (/9) in which a micro-
kinetic mode] is developed and discussed.

3. RESULTS

In this Section, both the experimental re-
sults and kinetic expressions are presented.

3.1. Rate versus Carbon Activity

In several papers (12, 16, 20, 21), rates
of carbon formation on metals at constant
temperature in CH, + H, or CO + CO, gas
mixtures or more complicated gas mixtures
are presented as a function solely of the
carbon activity a. (or RT In ac). Thus, in
these papers it is tacitly assumed that other
parameters need not be taken into account.

The carbon activity a- of a CH, + H, gas
mixture is defined by
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de = KplPCH4/P£{2

where K, is the equilibrium constant of the
reaction

CH, = C(graphite) + 2H,.

The carbon activity a- of a CO + CO, gas
mixture is defined by

dc = KpZP%O/PC0:~

where K ,; is the equilibrium constant of the
Boudouard reaction

CO + CO = C(graphite) + CO,.

Audier and Coulon (/2) presented plots of
rates of carbon formation on Fe-Ni cata-
lysts in both CH, + H, and CO + CO, gas
mixtures versus d.. In both cases, a linear
relation was demonstrated and the same
slope was obtained in the two cases. Bian-
chini and Lund (20) presented measure-
ments of rates of carbon formation on an
iron catalyst in CH, + H, gas mixtures plot-
ted as function of «. at various tempera-
tures. The plots showed that above a critical
ac, the rates became essentially indepen-
dent of ac, while at low a the results were
similar to those obtained by Audier and
Coulon although some deviations from lin-
earity were evident. Recently, Safvi et al.
(16) presented similar results for a carbon-
supported nickel catalyst.

Grabke (6-8) showed long ago, as men-
tioned above, that the kinetics of carbon
formation on iron catalysts in CH, + H, gas
mixtures can be accurately accounted for
by assuming that CH, is chemisorbed and
dehydrogenated stepwise on the surface and
that the first dehydrogenation step is rate-
limiting. The Grabke resuits and model are
thus not compatible with the assumption
that the carbon formation rate depends
solely on a. at constant temperature.,

The rates obtained for the Ni catalyst at
723 K in the present work are plotted versus
ac in Fig. 1. The rates obtained at 773 and
823 K give a similar scatter when plotted
versus «¢. It is thus clearly demonstrated
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that a description of the kinetics of carbon
formation based solely on a. and the tem-
perature as independent variables is not
meaningful under our experimental condi-
tions.

3.2. Grabke-Type Models

We use the model of Grabke (6) for carbon
formation on iron as a starting point for the
construction of a kinetic model for carbon
formation on nickel. Molecular beam stud-
ies (3) of methane interacting with Ni(111)
confirm the stepwise dehydrogenation of
surface species assumed by Grabke, but in-
dicate that no precursor is involved in the
dissociative chemisorption of the methane
molecule. A direct dissociative chemisorp-
tion of methane is also in agreement with
the results obtained by Chorkendorff et al.
(5). Therefore, we assume that the steps be-
low are governing the rates of carbon forma-
tion on the nickel catalyst,

H, + 2x = 2H* (1

CH, + 2+ CH,* + Hx (2)
CH;* + *= CH,* + H=x (3)
CH.x + * =2 CH* + H=* 4
CH# + *22Cx + H=* (5)
Cx + sslaCy, + * (6)
Cp + 38222 Cy; + ssl 7

(8)

Ci, + ws=2C,, + ss2,

where * signifies a surface site and CH
with x = 0-3 are chemisorbed species. C,,
means a carbon atom in the bulk phase of
the nickel crystal at a subsurface site ssl
just below the surface on which the surface
reactions take place and C,, a carbon atom
at a subsurface site $s2 just below the inter-
face between the nickel particle and the car-
bon segregating out of the nickel particle.
C,, is a carbon atom at a site ws in the final
carbon phase, which in the present condi-
tions is most likely to be a carbon filament
(whisker) (/3).

In order to be able to obtain a rate expres-
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F1G. 1. Plot of the experimental rates of carbon for-
mation at 723 K on Ni/SiO, catalyst in CH,; + H, gas
mixtures versus the carbon activity ¢ of the gas.

sion, we make the following additional as-
sumptions:

(i) All the steps are in quasi-equilibrium
except one, which can be either step (2), the
dissociative CH, chemisorption step, or one
of the subsequent dehydrogenation steps,
(3)-(5).

(1) The surfaces species are all competing
for the same surface sites and the occupa-
tion of a site is independent of the occupa-
tion of the other sites (Langmuir-type
model).

The information necessary for a descrip-
tion of the steps (6)—(8) is not available, but
is not needed because of assumption (i),
which means that these steps enter the rate
expression through a constant carbon cov-
erage.

For each of the steps (2) to (5) assumed
to be rate-limiting we can then derive a rate
expression, which if step (2) is rate-limiting
turns out to be

5 1
r: = /(2([)(‘“40*_ - ZB(‘H_(QH), (9)
with
ayy

6(‘H1 = K3K4K5 H(‘ N

(10)

where
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ay = VK Py,

and if step (3) is rate-limiting the expression

!
’.3 = kJ(OCH‘B* - ’E‘ BCH:GH) (11)
3
is obtained with
K,
Bo, = — Pey 0% (12)

where K, n = 1-5, are equilibrium con-
stants of steps (1) to (5) and k, and &, are
rate constants of the forward rate of step (2)
and (3), respectively. 68+ is the concentration
of unoccupied sites, i.e..

Ox =1 — 0y = Ocy, — Ocn, — Ocn — O

(13)

where 6, is the concentration of sites occu-
pied by species x. 6, is calculated from equi-
librium expressions corresponding to steps
(1, (5),and (4)forx =H,x=CH,and x =
CH,, respectively:

Ay Ay
o = D00, ey = By,
CH K5 C CH- K4 CH

0y = ayb=,
Expressions similar to (9) and (11) are easily
derived assuming one of the steps (4) or (5)
to be rate-limiting. A consequence of the
assumption of quasi-equilibrium is, as men-
tioned above, that 6. stays almost constant
irrespective of the hydrogen and methane
pressures. If we assume that the coverages
of the other surface species are negligible
the expressions (9) and (11) can be trans-
formed into expressions linear in x, where

Pey,
PHg

X

The dependent variables are

and ~—
PHS PHI‘:

respectively.
The experimental results obtained for the
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Fi1G. 2. Experimental rates of carbon formation on
the Ni/SiQ, catalyst in CH; + H, gas mixtures at 723
K compared with the linearized kinetic model with the
CH, chemisorption step being rate-limiting.

Ni catalyst at 723 K are plotted in Figs.
2 and 3 in accordance with the linearized
Grabke-type model based on the above as-
sumptions and with step (2) or (3) as the
rate-limiting step, respectively.

Plots corresponding to either step (4) or
step (5) as rate-limiting do not give a similar
good agreement. The plot corresponding
to step (5) being rate-limiting is shown in
Fig. 4. Thus we conclude that it is highly
probable that either step (2) or step (3) is
rate-limiting or that none of them can be
considered to be close to equilibrium,

Plots of the results for the Ni catalyst at
773 K corresponding to step (3) or step (2)
being rate-limiting are shown in Fig. 5 and
Fig. 6, respectively. In this case only the
latter plot gives a linear dependence. Figure
7 shows the results for the Ni catalyst at 823
K plotted in accordance with the linearized
model with step (2) being rate-limiting. The
results are in good agreement with a straight
line plot. It thus appears that the latter
model gives good agreement with the data
for the Ni catalyst at all three temperatures.

The same model is used in Fig. 8 to com-
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F1G. 3. As Fig. 2, except that the dehydrogenation
of surface methyl is assumed to be rate-limiting.

pare results for the Ni catalyst with results
obtained at the same conditions for the
Ni, oCuq ; and Nig 4Cuy o, catalysts. The re-
sults for the Ni,4,Cu,, catalyst give linear
plots at the temperatures 723-823 K only at
carbon activities lower than a critical one
which depends on temperature. The ob-
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FiG. 4. As Fig. 2, except that the dissociation of
surface CH is assumed to be rate-limiting.
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FiG. §. As Fig. 3, except that the rates are measured
at 773 K.

served rate is significantly higher than the
model rate at activities higher than the criti-
cal one. The rate results for the Nij ooCuy g,
catalyst are all above the results for the Ni
catalyst indicating that a small addition of
Cu enhances the rate of carbon formation.

Figure 9 shows an Arrhenius plot of the
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F1G. 6. As Fig. 2. except that the rates are measured
at 773 K.
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F16. 7. As Fig. 2, except that the rates are measured
at 823 K.

slopes of the linearized model correspond-
ing to step (2) being rate-limiting fitted to the
results for the Ni catalyst and to the low a
results for the Ni, ,Cu, | catalyst. The slopes
of the Arrhenius lines correspond to an acti-
vation energy for k,0+* of about 90 kJ/mol
for both the Ni catalyst and the Ni,,Cu,,
catalyst.

4. DISCUSSION

The results plotted in Fig. | clearly show
that the practice used by several authors
(12, 16, 20, 21) of plotting rates of carbon
formation at constant temperature T versus
the carbon activity a. of the gas is mis-
leading as it cannot in general be assumed
that the rate for a given catalyst is only a
function of T and a. In some cases, a fortu-
itous cancellation may take place making
such an assumption valid within a limited
range of reaction conditions. For instance,
if in the Grabke-type kinetic model the hy-
drogen coverage is not small we have

0% = (1 — 6cM(1 + (K, Py)"™)
and if K Py, > 1, which might be the case at

high hydrogen pressures and/or if the hydro-
gen chemisorption bond is stronger than on
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nickel, and if the chemisorption of CH, re-
quires four empty sites, which is reasonable
to assume (5), then the model with the rate
limited by step (2) gives

4
o __anbe
=k (P ey K:K3K4Ks) o

or
ry = (k,/(K, K))ae — constant.

However, obviously this cancellation does
not take place for carbon formation on
nickel in our conditions nor for carbon for-
mation on iron or iron-nickel alloys in the
conditions used by Grabke et al. (6-9). Also
in the abovementioned papers (/2, /6, 20,
21y in which the carbon formation rate has
been plotted versus a¢, such a cancellation
has not been demonstrated and is not likely
under the conditions used.

The Grabke-type kinetic models consid-
ered were linearized in order to be able to
compare them easily and reliably with ex-
perimental results. The two main assump-
tions made are that only one step deviates
from equilibrium and that all the coverages
with the exception of the carbon coverage
were small. The excellent agreement ob-
tained makes the model plausible but does
not prove the validity of the assumptions.
The fact that the plots in Fig. 2 and Fig. 3
do not allow us to decide whether step (2)
or step (3) is rate-limiting at 723 K might
indicate that both of these steps deviate
from equilibrium. A more general model is
thus required to test the assumptions. This
means, however, that more parameters
have to be introduced, making the fitting
procedure difficult and ambiguous. How-
ever, the number of parameters to be fitted
to the data at one temperature can be re-
duced to essentially the two rate constants
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k, and k; by treating a more general model,
in which step (2) and step (3) are allowed to
deviate from equilibrium, as a microkinetic
model, i.e., by calculating the equilibrium
constants of all the steps by using available
information about vibration and chemisorp-
tion bond energies of the surface species
for a steady-state model. As the activation
energy of k. is known for nickel single-
crystal surfaces from surface science exper-
iments (4, 5) only one parameter, k,, has
to be adjusted at other temperatures. The
construction of such a more general micro-
kinetic model has been carried out by the
present authors and is discussed in another
publication (/9). This microkinetic model
gives excellent agreement with the data ob-
tained at 723 K. The agreement with the data
obtained at 773 and 823 K is also quite good,
although small, one-sided differences be-
tween model rates and experimental rates
are observed at the higher rates. We suggest
that these deviations may be due to the in-
fluence of a finite rate of gas diffusion
through the pellet and/or to deactivation at
the high rates where more carbon has been
accumulated. The suggestion that diffusion
restrictions may play a role is supported by
estimates of the effective methane diffusion
coefficient for the catalyst pellet, indicating
that Knudsen diffusion is dominating. This
means that a significant drop in methane
concentration may be present in the pellet at
the higher rates. An experiment was carried
out in which the carbon formation rates
were measured at 863 K on the Ni catalyst
in the form of powder, produced by crushing
pellets, and compared with rates measured
at the same conditions on pellets of the Ni
catalyst. The rates were between 20 and
25% lower on the pellets than on the powder
indicating diffusion restrictions. However,
it should be kept in mind that the enhance-
ment obtained by crushing the pellet could

F16. 8. Experimental rates of carbon formation on Ni/S105 (). Nig oCuy /8105 ( +). and Nij ooCuy ¢
Si0, (0) catalysts in CHy + H- gas mixtures compared with the linearized kinetic model with the CH,
chemisorption step being rate-limiting: (a) 723 K, (b) 763 K. (c) 823 K. (d) 843 K, and (e) 863 K.
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F1G. 9. Arrhenius plots of the slopes of r./ P2 for the
Ni/Si0, catalyst (O) from Figs. 2, 6, and 7 and of the
slopes for the NiggCuy,/Si0, catalyst (+) from the
straight lines corresponding to the low rates on the
Niy ¢Cuyg/5i0,. The two linear regression lines both
correspond to an activation energy of about 90 kJ/mol
for k6%,

partly or entirely be due to the creation of
new active sites by the crushing.

The microkinetic modelling (/9) shows
that neither step (2) nor step (3) are close to
equilibrium in the entire range of experimen-
tal conditions. It also shows that the as-
sumption that the coverages of all the sur-
face species except carbon are small is quite
well fulfilled except at the highest hydrogen
pressures, which corresponds to the lowest
rates, where in any case the measurements
are least accurate. It would clearly be better
to improve the linearized models by keeping
the hydrogen coverage in the 8% expression,
i.e., by introducing the equilibrium constant
K, as a separate, free parameter to be ad-
justed in a nonlinear fitting as done by Demi-
cheliet al. (17). However, such an improve-
ment would not help us to solve the problem
of which steps are deviating from equi-
librium.

It is interesting to note that the Ni, ,Cuy
catalyst at low a. values has rates which
depend on partial pressures in accordance
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with the Grabke-type model but are only a
fraction (~12% at 723 K) of the rates of the
Ni catalyst at the same conditions, while at
higher a. values the rate differences be-
tween the two catalysts are much smaller.
A similar change in the kinetic behavior as
a function of a- was observed by Bernardo
et al. (13). They modelled only the high a.
region of the data and suggested that the
deviation from the model at the lower ac
values (higher Py ) was due to saturation of
the backward gasification reaction. A conse-
quence of this explanation, however, would
be that the equilibrium of the carbon forma-
tion on the Ni,4Cu, catalyst corresponds
to a much higher a than the equilibrium for
the Ni catalyst, in conflict with the results of
the equilibrium studies in Ref.(/3). Instead it
can be suggested that adding Cu to Ni at
the lower temperatures and lower ac values
diminish the rate strongly due to copper seg-
regation on the surface. At the higher ac
values the segregation is partially reversed
due to the fact that the chemisorption bonds
between carbon and metal atoms are much
stronger when the metal atom is nickel than
when it is copper.

Enhancement of rates of reaction on
nickel catalyst due to the addition of small
amounts of copper have been reported
before. Barcicki et al. (22) reported that
very small amounts of Cu (0.02-0.1 at%%)
in Ni-Cu/Al,O, catalysts strongly enhance
the rate of methane steam reforming, while
Cu contents of 1 at% or higher diminished
the rate. A small part of the enhancement
was ascribed to an increased reduction
rate, while most of it was suggested to be
due to a reduction of the self-poisoning of
the catalysts. Van Barneveld and Ponec
(23) and Martin and Dalmon (24) observed
that copper addition to a Ni/SiO, catalyst
enhances the hydrogenation of benzene at
high temperatures. Tavares and Bernardo
(25) observed that a Ni, ,Cu, (,/SiO, cata-
lyst showed a higher rate of CO methana-
tion than the corresponding Ni/SiO, cata-
lyst and higher than Ni-Cu catalysts with
higher Cu contents. More investigations
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are required to fully understand this pro-
motion effect.

The Arrhenius plot of the slopes of the
linearized kinetic model with step (2) rate
limiting in Fig. 9 gives with the assump-
tions about #* an activation energy for k,
of about 90 kJ/mol. This is far higher than
the value (about 50 kJ/mol) derived from
surface science experiments (4, 5). This
deviation is undoubtedly due to the as-
sumption that only step (2) deviates from
equilibrium, which is in conflict with the
microkinetic modelling (/9). Thus the ‘“‘ef-
fective’ activation energy usually deter-
mined from an Arrhenius plot of the overall
carbon formation rate may in many cases
be an ill-defined parameter from which it
is very difficult or impossible to derive
information about the mechanism of the
reaction.

5. CONCLUSION

Various kinetic models for carbon forma-
tion on nickel surfaces exposed to CH,; +
H, gas mixtures have been tested on the
results obtained for a Ni/SiO, catalyst. It is
shown that the rates cannot be considered
as a function solely of the temperature and
the carbon activity of the gas. A Grabke-
type model based on a rate-limiting dissocia-
tive chemisorption step and stepwise dehy-
drogenation of the chemisorbed methyl
gives good agreement with the experimental
rates for the Ni/SiO, catalyst. A more gen-
eral microkinetic model shows, however,
that also the first dehydrogenation step devi-
ates significantly from equilibrium. This
means that the activation energy of the rate
constant for the chemisorption of methane
cannot be determined from an Arrhenius
plot of the overall rate. The model has also
been used on results for a Ni,,Cu, ,/SiO,
and a Nj, 4,Cu, ,/Si0, catalyst. The rates of
carbon formation on the NiCu catalyst with
19¢ Cu are higher than the rates for the Ni
catalyst. The rates for the 10% Cu catalyst
are much smaller than the rates for the Ni
catalyst and only the results corresponding
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to low carbon activities are in agreement
with the kinetic model.
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