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The steady-state rates of simultaneous carbon formation and
methanation on silica-supported nickel and nickel-copper cat-
alysts in CO + H, gas mixtures have been measured in the
partial pressure range 10—30 kPa and the temperature range
583-873 K. The steady-state kinetic results for carbon forma-
tion can be explained by a model previously used for carbon
formation in pure CO gas, but modified to take into account
the influence of hydrogen. Comparisons between the results for
Ni/si02, Nio_ggCUo.(]]/SiOz, Nig,gCum/SiOZ, and Ni(]jsCll(].zs/SiOz
show that the specific rate of carbon formation is increased
when 1 at.% of Cu is added to a nickel catalyst, but that the
rate decreases when the Cu content is increased to 10 at.%,
and that no carbon formation is seen for the Nij;sCuy,s/SiO,
catalyst. The addition of a small amount of Cu, on the other
hand, decreases the methanation rate while at higher Cu con-
tents the rate goes up again and a maximum is observed at
about 7 at.% Cu. Thus a simple ensemble model cannot explain
the influence of copper on the rate of carbon formation or
methanation. Comparison of carbon formation and methana-
tion rates for the Ni/SiO, and the NiCuy(/SiO, catalysts
indicates that the two reactions have different rate-controlling
steps and that the carbon formation influences the methanation
rate mainly through poisoning of the catalysts.
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1. INTRODUCTION

Carbon formation on transition metal catalysts from the
decomposition of hydrocarbons or carbon monoxide has
been studied extensively for many years. One major reason
for this interest in carbon formation is that it can cause very
important operational problems in a number of industrial
catalytic processes (1). Under usual conditions, long carbon
filaments grow out of the catalytic metal particles without
blocking the processes responsible for their growth. In this
way accumulation of huge amounts of carbon in and on
the catalyst pellets is possible, which can create very severe
problems in the reactors.

One way to reduce the risk of carbon filament growth
is to add to the surface an agent which poisons the carbon
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formation reaction more than the desired process. In indus-
trial steam reforming this can be achieved by using sulfur
as the selective poisoning agent (2). A similar effect might
be obtained by adding copper to the nickel surface (3).

Recently, Alstrup and Tavares (4) showed that kinetic
data for carbon formation on a Ni/SiO, catalyst from
CH, + H, gas mixtures can be explained by a kinetic model
similar to one suggested previously by Grabke (5) for car-
bon formation on iron but with another rate-controlling
step, the dissociative chemisorption of CH,. The same
type of model could also explain the observed rates for a
Nig.99Cug01/SiO, catalyst, which were higher than for the
Ni/SiO, catalyst. On the other hand, it could only explain
the rates for a NiyyCuy1/SiO, catalyst at low carbon activi-
ties, where the rates were much lower than for the Ni/
SiO, catalyst. At higher carbon activities the observed rates
increased much faster than predicted by the model. Alstrup
and Tavares (6) were also able to construct a microkinetic
model based on experimental and theoretical values for
the binding and vibrational energies of the surface species
involved. However, the modeling indicated that the as-
sumption of a single rate-controlling step is not realistic,
but that both the chemisorption step and the first dehydro-
genation step are far from equilibrium. Very recently Ta-
vares et al. (7) reported studies on Ni/SiO, and NiCu/SiO,
catalysts of the equilibrium of carbon formation in CO +
CO, gas mixtures and of the kinetics of carbon formation
in pure CO. It was found that the kinetics could be ex-
plained by a model based on disproportionation of CO as
the rate-controlling step. The rate of carbon formation on
the NigoCug,/SiO, was also lower than for the Ni/SiO,
catalyst and the dependence on the CO pressure was
weaker.

The influence of Cu in NiCu catalysts on various hydro-
carbon reactions including CO methanation has previously
been discussed in several papers (8-12). Ponec (8) and
Sachtler and van Santen (9) have reviewed work up to 1983
and 1977, respectively. The dependence of the reactivity of
the alloy catalysts on the composition of the metal particles
has often been discussed from the point of view of ensem-
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ble theory. Ensemble theories have in particular been dis-
cussed by Martin and Dalmon (10-13), by Andersen et al.
(14), and by Alstrup and Andersen (14). Martin and Dal-
mon (11, 12) used a simple ensemble model for the inter-
pretation of the copper dependence of the rates, i.e., they
used the expression

rate(fcu) = k(1 — 6cu)”, [1]

where k is the rate for 0 at.% Cu, 6, is the copper surface
coverage of the alloy particles, and N is the number of
atoms required for a surface ensemble of nickel atoms to
be able to catalyze the process. For CO methanation they
found N = 13 = 2. On the other hand, Bernardo et al. (3)
found that rates of carbon formation from CH, + H, gas
mixtures on NiCu alloy catalysts were not compatible with
an ensemble theory.

In the present work we have studied the influence of
hydrogen on the rate and the mechanism of carbon forma-
tion from CO on the same types of silica-supported nickel
and nickel-copper catalysts as in our previous carbon for-
mation studies (3, 4, 6, 7). In addition we have measured
the rate of CO methanation taking place simultaneously
with the carbon formation. The rates of carbon formation
are discussed on the basis of the model developed to ex-
plain the rates of carbon formation by disproportionation
of CO (7). Also the dependences of the rates of carbon
formation and methanation on the copper content of the
catalyst and the relation between carbon formation and
methanation are discussed.

2. EXPERIMENTAL

2.1. Preparation of Catalysts

The Ni/SiO; and NiCu/SiO, catalysts were prepared by
“dry” impregnation with 20 wt.% metal phase Cu:(Ni +
Cu) ratios of 0, 0.01, 0.1, and 0.25. The required amounts
of nickel and copper nitrates were dissolved in an amount
of water equal to the measured pore volume (1.89 ml/g)
of the silica powder (Cab-O-Sil Hs from Cabot Corp., BET
area: 325 m?/g) used as support material. The solution and
the support material were mixed, dried at room tempera-
ture, and calcined at 773 K for 3 h. The resulting powder
was mixed in a mortar with 1% methyl-cellulose-ether plas-
ticizer (Methocel A4C from Dow Chemical Co.) and water.
The final paste was extruded in small, cylindrical pellets
with 4 mm diameter and 4 mm length. The pellets were
calcined for 2 h at 873 K and prereduced at 773 K in H,
for 44 h.

2.2. Characterization of Catalysts

The samples were characterized by hydrogen chemisorp-
tion, nitrogen adsorption, X-ray diffraction and by trans-
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mission and scanning electron microscopy. The composi-
tion of the catalysts was checked by elemental chemical
analysis.

2.3. Reactor System and Reactants

The determination of the rate of carbon formation was
based on monitoring the weight variations of the catalyst
samples under reaction conditions by means of a C.1. Elec-
tronics MK IIB microbalance. The microbalance has a
capacity of 1 g and a sensitivity of 1 ug. The sample was
suspended in a silica basket inside a flow reactor with
associated furnace and flow and temperature controllers.
A thermocouple was placed inside the reactor, close to the
sample, in the flat part of the furnace temperature profile.
The temperature of the reactor wall was measured by an-
other thermocouple at the same level as the sample.

The methanation rate was measured on-line by means
of a Pye Unicam gas—solid chromatograph. A small part
of the exit gas went through a six-port valve (Pye Unicam
104). A column with Poropak Q 80/100 mesh heated to 373
K was used together with a hydrogen—air flame ionization
detector for the measurements of the methane concen-
tration.

The gases used (CO, H,, and N,) were of high purity
(>99.95%). The hydrogen was cleaned further by being
passed through a Cu furnace, held at 523 K, and mixed
with the other reactants in a silica gel and in a 4A molecular
sieve trap.

2.4. Experimental Conditions

The system was cleaned by an N, flow before each run.
All samples were reduced for 1 h in a hydrogen flow of
6.7 X 107° mol s! after which the temperature of the
sample was adjusted to the selected reaction temperature
and the system was cleaned again by a flow of N,. A total
flow of 2.98 X 107* mol s™! of reactants was admitted
to the reactor when the temperature had stabilized. The
balance was made with nitrogen. The rates of carbon depo-
sition were determined from the slopes of the straight line
parts of the curves drawn by the microbalance recorder
after the initial transients had died out subsequent to a
change of conditions. The same steady-state rate of weight
change was observed whether the changes were from
higher or from lower values of the partial pressure of CO
or H,. A fresh sample was used in each isothermal run.

A few experiments were made to investigate whether
the temperature measured outside the sample was different
from the sample temperature. In those experiments a Ni/
SiO, catalyst was suspended, attached to a thermocouple
in the center of the catalyst sample. The tests were made
at typical conversions attained in this work, 0.3-0.6%, and
at temperatures between 650 and 715 K. The difference
between the temperatures measured by the two thermo-
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TABLE 1
Hydrogen Chemisorption Results

Total H, Strongly bound H,
Catalyst (umol/g) (nmol/g)
Ni/SiO, 166 88
Ni()_()gCU()_m /SIOZ 64 36
Nip9Cuq;/SiO, 37 10
Ni0_75CUO_25/SiOZ 31 4

couples was in all cases in the range 1-3 K, i.e., within the
uncertainty of the measurements.

3. RESULTS

3.1. Catalysts

The fresh Ni/SiO, and NiCu/SiO, catalysts had a BET
area of 250 m? g~!, which after carbon deposition was
reduced to about 150 m? g~!. The average pore radius
changed from 6.7 nm for the fresh catalysts to ca. 9 nm
after deposition. The width of the X-ray diffraction peaks
indicated an average diameter of the metal crystallites of
about 24 nm, with a slightly lower value for the Nig 99Cuy g,/
SiO, catalyst than for the other ones. The total hydrogen
uptake and the chemisorption of “‘strongly held” hydrogen
(3) was determined for the fresh catalysts at 298 K and at
hydrogen pressures in the range 5-15 kPa. The results are
shown in Table 1. The results obtained for the NijoCuy;/
SiO, and Nij75Cug,5/Si0O, catalysts relative to the results
for Ni/SiO, catalyst are very similar to the results obtained
in Ref. (3). For the Nij¢9Cuq(;/SiO, catalyst the relative
values are lower than in Ref. (3). In Ref. (3) it was con-
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cluded on the basis of the significant drop in strongly held
hydrogen with increased Cu concentration that copper sur-
face segregation had taken place on the alloy particles.
This conclusion was also supported by XPS measurements.
The same conclusion may be made for the fresh alloy
catalysts of the present study. It should be stressed, how-
ever, that the composition of the alloy surfaces during
steady-state reaction is not known.

3.2. Experimental Carbon Formation and
Methanation Rates

Experiments were made for a number of temperatures
in the range 573-873 K. The CO and H, partial pressures
were varied independently. The CO pressures used were
10, 20, and 30 kPa and the H, pressures were 10, 15, 20,
25, and 30 kPa. A selection of the most interesting rate
results obtained are shown in Tables 2—4. Under conditions
where the rates were below the limit of detection no rate
values are given in the tables.

4. DISCUSSION

4.1. Carbon Formation

Recently Tavares et al. (7) used a kinetic model based
on the elementary steps

CO + * 2 COx* [2]
CO#* 4+ CO# — C# + COy [3]
CO,x— CO, + * [4]

to explain the observed kinetics of carbon formation from
CO on the same type of Ni/SiO, and NiCu/SiO, catalysts
as used in the present work. With the assumptions that

TABLE 2

Rates of Carbon Formation and Methanation at Various Temperatures on Ni/SiO,

Rates of C formation (rc, in units of mg s™! mg™') and methanation (rcu,, in units of ml s™' mg™")
623 K 673 K 723 K 773 K
Pco Py,
(kPa) (kPa) re X 10° reu, X 10° re X 10° reu, X 10° re X 100 reu, X 10° re X 100 reu, X 10°
20 10 5.36 2.66 19.3 3.06 23.8 2.15
15 2.95 2.52 2.80 0.58 333 14.4 231
20 221 2.64 2.92 4.29 5.07 2.80
25 2.79 323 4.54 3.76 2.86
30 2.97 3.45 5.64 1.57 3.41
30 10 3.93 335 2.63 23.0 271 338.0 2.58
15 2.40 22.4 3.04 21.3 3.79 26.4 2.86
20 2.55 12.0 3.13 11.5 3.95 6.59 324
25 2.66 10.2 331 2.94 4.01 2.50 3.49
30 2.69 7.18 3.59 0.58 5.03 0.73 4.45
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TABLE 3

Rates of Carbon Formation and Methanation at Various Temperatures on NijgCuy,/SiO,

Rates of C formation (rc, in units of mg s™' mg™!) and methanation (rcy,, in units of ml s™" mg™")

673 K 723 K 773 K 873 K
Pco PH2
(kPa) (kPa) re X 100 reu, X 10° re X 100 reu, X 10° re X 100 reu, X 10° re X 100 reu, X 10°
10 10 0.32 0.73 0.61 227 1.05 0.77 7.96
15 0.21 0.98 0.22 2.51 1.10 2.66 1.94
20 0.17 1.30 0.20 2.74 1.32 0.55 217
25 1.63 2.92 1.43 0.38 2.31
30 1.96 3.25 1.54 0.29 2.35
20 10 2.02 223 11.3 1.92 27.8 0.53 23.9
15 0.29 2.62 2.68 2.70 175 0.84 13.7 2.23
20 0.27 2.86 0.39 3.17 0.21 1.26 7.98 2.53
25 3.05 0.14 3.88 1.68 7.31 2.92
30 3.44 4.58 2.00 5.54 2.92
30 10 3.64 2.35 50.0 1.84 414 2.26 59.4 2.10
15 1.49 3.25 34.3 3.21 332 2.60 41.2 2.69
20 0.42 3.55 22.9 3.49 247 3.33 21.7 3.29
25 3.65 15.4 4.58 22.4 3.50 154 3.70
30 415 103 5.56 16.1 4.07 7.41 4.03
step [3] is rate-controlling, that step [2] is in quasi-equilib- H, + 2% 2 2Hx, [6]

rium, that step [4] is irreversible due to the absence of CO,
in the feed, and that the adsorbed species are competing
for the same type of sites on the surface, a rate expression
is easily derived (7),

K3Pzo

0+ KoPoo)” .

r3=k3

where k; is the rate constant of step [3] and K, is the
equilibrium constant of step [2]. The simplest way of taking
the presence of hydrogen atoms on the surface into account
in this model would be to add a hydrogen chemisorption
step,

assuming that step [6] is in quasi-equilibrium and that hy-
drogen atoms are competing with the CO molecules for
the same surface sites. The rate expression for carbon
formation then becomes

. KiPeo
BT AF KoPoo + KSPPIP)

[7]

where K is the equilibrium constant of step [6].
However, it turns out that the hydrogen dependence of
expression [7] is much too weak to describe the observed

TABLE 4

Rates of Carbon Formation and Methanation at Various Temperatures on NijyCu,,;/SiO,

Rates of C formation (rc, in units of mg s™' mg™') and methanation (rcp,, in units of ml s™' mg™")
623 K 673 K 723 K 773 K
Pco Py,
(kPa) (kPa) re X 10° rem, X 10° re X 100 ren, X 10° re X 108 reu, X 10° re X 100 reu, X 103
20 30 2.53 4.77 7.32 4.39
30 10 2.97 0.69 3.77 1.83 2.80
15 3.29 0.39 5.45 1.25 3.59
20 3.55 0.15 5.63 0.92 4.10
25 4.63 6.10 0.52 4.54
30 2.18 4.73 6.34 0.39 5.16
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TABLE 5

Parameters of Kinetic Model for Carbon Formation on
NiCu/SiO, in CO + H,

Cu T E. Eco.(0) a
(at.%) (K) (kJ/mol) (kJ/mol) (kJ/mol/ML)
0 723 250 120 50
0 773 250 120 90-100
1 673 245 110 71
1 723 245 110 50
1 773 245 110 38
1 873 245 110 94
10 723 242 105 92
10 773 242 105 77

hydrogen dependence of the carbon formation rates. This
failure is in accordance with the observation in several
papers (16-19) that coadsorbed hydrogen has a strong
influence on the adsorption of CO. The adsorbed hydrogen
and CO can be either segregated or mixed. The mixed
phases are formed on the open surfaces Ni(100) and
Ni(110), and here the presence of hydrogen lowers the
chemisorption energy of CO locally (16-19). The hydrogen
coverage dependence of the CO chemisorption bond en-
ergy, Eco., cannot be determined from the published
coadsorption studies. Consequently, to investigate whether
the influence of coadsorbed hydrogen can qualitatively
explain the observed hydrogen dependence of the carbon
formation rate we use the simple assumption of a linear
dependence on the hydrogen coverage, 6y,

Ecod6n) = Eco.(0) — aby. (8]

The rates of carbon formation as function of hydrogen
pressure have been calculated using expression [7]. The
equilibrium constants, K, and K, are assessed by first
calculating the partition functions of the adsorbed and the
gaseous species as discussed in Refs. (6) and (20). The
vibrational and rotational data used for hydrogen are
shown in Ref. (6) and for carbon monoxide in Ref. (7). The
binding energy used for chemisorbed carbon monoxide,
Eco.(6n), is calculated using expression [8], with « treated
as an adjustable parameter. The values used for Eco.(0)
and for the binding energy of chemisorbed hydrogen
atoms, Ey., are shown in Table 5 together with the values
of a. Some of the results obtained are shown in Figs. 1-5.
The binding energy used for chemisorbed hydrogen atoms
is close to the one used in the successful modeling of carbon
formation from CH4 + H, mixtures in Ref. (6). It is slightly
lower than the experimental values for clean nickel single-
crystal surfaces. Many measurements of the binding energy
of CO on nickel surfaces have been reported in the litera-
ture. The most recent determination is the microcalori-
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FIG.1. Ratesofcarbonformation on Ni/SiO, as function of hydrogen

pressure. T = 723 K, Pco = 30 kPa (M) and 20 kPa (A). Curves are
calculated using expressions [7] and [8].

metric study by Stuckless et al. (21). In the present model-
ing, as in the previous studies (4, 6, 20), data for the Ni(100)
surface have been used. The CO binding energy varies
from 123 kJ/mol for the clean surface to 99 kJ/mol for a
CO coverage of about 0.8 ML (21). The value used here,
120 kJ/mol, is a reasonable compromise in the temperature
range considered where the coverage is quite low. We
choose not to distinguish between linear and bridge-
bonded CO because it has recently been shown by Gross-
man et al. (22) and by Yoshinobu et al. (23) that the differ-
ence in chemisorption bond energy between the two types
is negligible on Ni(100) (of the order of 1-2 kJ/mol). Thus
in the case of the nickel catalyst only two parameters, the
rate constant k; and «, are adjusted for each temperature.
The shapes of the curves are determined solely by « be-
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FIG. 2. Rates of carbon formation on NijoCug;/SiO, as function
of hydrogen pressure. 7' = 673 K, Pco = 30 kPa (M) and 20 kPa (A),
and 10 kPa (@). Curves are calculated using expressions [7] and [8].
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FIG. 3. Rates of carbon formation on NijoCugo;/SiO, as function
of hydrogen pressure. 7' = 723 K, Pco = 30 kPa (M), 20 kPa (A), and
10 kPa (@®). Curves are calculated using expressions [7] and [8].

cause k3 acts only as a scaling parameter. It was found
that, when the catalysts contain copper, a small reduction
of the binding energies, as shown in Table 5, improves
the agreement between model and experiment. The good
overall agreement, in particular at Pco = 30 kPa, between
calculated and measured (nonnegligible) rates indicates
that the model contains the most important elements of
the mechanism of carbon formation on nickel and nickel-
copper catalysts in CO + H, mixtures.

The carbon formation rates for the NiCu/SiO, catalysts
relative to the rates for the Ni/SiO, catalyst are shown in
Fig. 6 as functions of the hydrogen partial pressure. It is
seen that at the higher hydrogen pressures the carbon
formation is strongly promoted by the addition of 1 at.%
Cu but is poisoned by higher amounts of copper under
all conditions.
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FIG. 4. Rates of carbon formation on NijoCug:/SiO, as function
of hydrogen pressure. 7' = 773 K, Pco = 30 kPa (M) and 20 kPa (A).
Curves are calculated using expressions [7] and [8].
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FIG. 5. Rates of carbon formation on NijoCug;/SiO, as function
of hydrogen pressure. 7' = 873 K, Pco = 30 kPa (M), 20 kPa (A), and
10 kPa (@). Curves are calculated using expressions [7] and [8].

4.2. Relation between Carbon Formation
and Methanation

The carbon formation rates are plotted versus methana-
tion rates in Fig. 7 for the Ni/SiO, catalyst and in Fig. 8
for the Nijg9Cuy0,/SiO, catalyst. In spite of the scatter in
the plots, a clear tendency is seen, most pronounced at the
highest CO pressure, 30 kPa (filled symbols), toward an
inverse relationship between the two rates, i.e., a large
carbon formation rate corresponds to a low methanation
rate and vice versa, indicating that the two reactions have
different rate-controlling steps. This is in agreement with
the kinetic model for carbon formation discussed above,
where the disproportionation of adsorbed CO is rate-con-
trolling, and with the kinetic model for the methanation
reaction on nickel suggested by Alstrup (20), according to
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FIG. 6. Rates of carbon formation on Nig¢9Cug/SiO, at T = 723
K (@) and 773 K (M), and on NiyoCug/SiO, at T'= 723 K (A) and 773
K (<), as function of hydrogen pressure. Pco = 30 kPa.
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FIG.7. Rates of carbon formation on Ni/SiO, versus rates of simulta-
neous methanation. 7' = 673 K (@), 723 K (A, A), and 773 K (CJ, W).
Open symbols, Pco = 20 kPa; filled symbols, Pco = 30 kPa.

which hydrogenation of CH* surface species is rate-con-
trolling.

Although it is expected that the main part of the carbon
formed on Ni and NiCu catalysts under the present condi-
tions grows out of the metal particles as long filaments,
which do not poison the surface on which the catalytic
reaction takes place (24), it is conceivable that a small part
of the carbon atoms on the surface form C-C bonds to
other C atoms on the surface. In this way, patches of graph-
ite are poisoning part of the surface at a rate proportional
to the overall carbon formation rate, explaining the trends
seen in Figs. 7 and 8.

4.3. Cu Concentration Dependence of the Activities

In several previous studies of catalytic reactions on NiCu
catalysts ensemble models have been used in the discussion
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FIG. 8. Rates of carbon formation on Ni¢9Cuyg;/SiO, versus rates
of simultaneous methanation. 7' = 723 K (A, A), 773 K (CJ, W), and 873
K (<, #). Open symbols, Pco = 20 kPa; filled symbols, Pco = 30 kPa.
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of composition dependences (8-13). By applying expres-
sion [1] to measurements of the rates of CO methanation
on NiCu/SiO, catalysts, Dalmon and Martin (11) con-
cluded that ensembles of ca. 13 Ni atoms are required for
this process to take place. Ensemble models can of course
be applied only if the surface concentration and distribu-
tion of copper and nickel atoms during reaction are known.
Dalmon and Martin (11) concluded from hydrogen chemi-
sorption and magnetic studies that the surface composition
of the metallic particles of their catalysts was very similar
to the bulk composition. Martin (13) discussed previous
investigations of the short-range order in the distribution
of nickel and copper atoms in the surface of NiCu alloys
and concluded that the distribution is not random for a
sample which has been cooled slowly from a high annealing
temperature, while no short-range order will be present if
the sample has been rapidly quenched. No information is
available about the distribution during reaction. Bernardo
et al. (3) showed by hydrogen chemisorption and XPS
measurements that the surface of the alloy particles of the
reduced NiCu/SiO; catalysts, prepared in the same way as
the ones used in the present work, were enriched in copper
compared to the bulk composition, in agreement with the
copper surface enrichment generally observed on macro-
scopic samples of NiCu alloys. Bernardo et al. (3) suggested
that the lack of copper enrichment of the samples of Dal-
mon and Martin might be due to the high reduction temper-
ature (920 K) used by them, which makes possible preven-
tion of surface segregation because of incorporation in the
surface of Si atoms from the support.

A precondition for attributing a critical ensemble size
to a reaction is that a straight line is obtained in a logarith-
mic plot of rate versus Ni surface concentration in accor-
dance with expression [1]. Bernardo et al. (3) found, as
mentioned above, that this condition was not fullfilled for
their carbon formation results. Nor are the present results
in agreement with this condition. As already mentioned,
the carbon formation at the higher hydrogen pressures is
strongly promoted by increasing the Cu concentration from
0to 1 at.%, but decreases strongly when the Cu concentra-
tion is increased to 10 at.%.

The methanation rates in Tables 2—4 also depend non-
monotonically on the Cu concentration. At Pcg = 20 kPa,
Py, = 30 kPa, and T = 723 K the rate is decreased by
about 20% when the Cu content is increased from 0 to 1
at.%, but it is increased by about 30% when going from 0
to 10 at.% Cu and decreased by about 70% in going from
0 to 25 at.% Cu. To investigate this dependence closer, a
new series of NiCu/SiO, catalysts with Cu concentrations
0,1,2,5,7, 10, 15, and 20 at.% was prepared as before
and methanation rates were measured at the above condi-
tions, i.e., at Pco = 20 kPa, Py, = 30 kPa, and T = 723
K. The results obtained are shown in a logarithmic plot in
Fig. 9 (open symbols) together with the above mentioned
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FIG. 9. Logarithmic plot of rates of methanation on Ni,Cu;_,/SiO,
catalysts as a function of x. Pco = 20 kPa, PH2 = 30 kPa, T = 723 K.
Filled symbols, results from Tables 2—4.

results from Tables 2—4 (filled symbols). It is seen that the
rates of this series show qualitatively the same behavior
as a function of the Cu concentration with a maximum at
about 7 at.% Cu, but with a smaller variation than the
results from Tables 2-4.

The inverse relation between carbon formation and
methanation rate shown in Figs. 7 and 8 may help to explain
that the addition of 1 at.% Cu promotes carbon formation
and has the opposite influence on the methanation reac-
tion. It is to be expected that the surface concentration of
carbon atoms increases when a small amount of Cu is
added to nickel, reducing the rate of hydrogenation to
methane. This means that the carbon filament growth in-
creases and that, at the same time, the increased surface
poisoning reduces the methanation rate further. However,
higher Cu concentrations strongly diminish the carbon poi-
soning of the methanation reaction due to the strong reduc-
tion of the carbon formation rate.

The hydrogen and carbon monoxide binding energies
used in modeling the kinetics of carbon formation on the
NiCu catalysts were, as mentioned above, sligthly lower
than the values used for the nickel catalyst. Comparison
between model and experiment does not allow a very accu-
rate determination of these changes in binding energies.
However, it is in good agreement with experimental obser-
vations (25-27) to assume such a reduction. From the ki-
netic model of carbon formation [7] and the kinetic model
of methanation on nickel, suggested by Alstrup (20) and
tested on single-crystal and foil data, it can be concluded
that the reduction of Eco. does not influence directly the
rate of carbon formation but promotes the rate of methana-
tion. It is seen that the nominator and the denominator of
the rate expression [7] depend in the same way on Eco..
On the other hand, the main role of chemisorbed CO in
methanation is to block active sites (20), with the conse-
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quence that the overall activation energy of methanation
is mainly determined by Eco. at the lower temperatures.
We may therefore suggest that the different dependences
of carbon formation and methanation on the CO chemi-
sorption energy explain why the latter is promoted and
that the methanation rate has a maximum at a copper
concentration which poisons the carbon formation.

5. CONCLUSIONS

The hydrogen pressure dependence of carbon formation
rates on Ni/SiO, and NiCu/SiO, catalysts in CO + H, gas
mixtures with partial pressures in the range 10-30 kPa and
temperatures in the range 583-873 K can be qualitatively
explained by the kinetic model derived for the carbon
formation rates in pure CO, if it is taken into account that
hydrogen coadsorbed with CO on nickel strongly weakens
the chemisorption bond energy of CO.

Similar to what has been found previously in studies of
carbon formation from CH, + H, and from CO on NiCu/
SiO, catalysts, the present results show that a small concen-
tration of Cu promotes the rate of carbon formation in
CO + H, mixtures while higher Cu concentrations poison
this reaction.

The rate of methanation on the NiCu/SiO, catalysts
depends in a nonmonotonic way on the Cu concentration.
A relative minimum is seen at about 2 at.% Cu and a
maximum at about 7 at.% Cu and the rate decreases rapidly
at higher Cu concentrations.

The Cu concentration dependence of the two reactions
cannot be explained by a simple ensemble model.
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