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The complex process of deactivation of Ni-based catalysts during CO methanation and
disproportionation is studied by means of coupled kinetic and in situ physical methods (magnetism
and infrared spectroscopy). Detailed analyses of the two main phenomena, namely metal sintering
and carbon deposition, which contribute simultaneously to the overall deactivation are provided.
The initial dispersion, the composition and pressure of the methanation feed, and the ability of the
support to favor the water gas shift reaction are shown to play major roles in both the sintering

mechanism and the surface poisoning by carbon.

INTRODUCTION

Loss of metal surface area by poisoning,
coking, or sintering is a serious problem in
a number of processes involving Ni cata-
lysts. High temperature processes on Ni
metal catalysts are particularly affected by
sintering of the particles. However, other
parameters such as the surrounding gases
may also affect the catalyst sintering; for
instance, metal carbonyl formation (7, 2)
and low temperature methanation can also
result in growth of Ni particles. The exten-
sive published data dealing with carbon
deposition have been reviewed by Mills and
Steffgen (3), Rostrup-Nielsen (4), Trimm
(5), and more recently by Bartholomew (6)
and by Wolf and Alfani (7). In spite of the
absence of massive C deposition on Ni
catalysts (3, 8), blocking of active sites may
occur under methanation conditions.

The deactivation of Ni-based catalysts
for low temperature methanation has often
been studied with particular focus on one
of the deactivation processes, carbon de-
position, metal sintering, or sulfur poison-
ing. In this work, as a first stage, we report
a study of the two first-mentioned aging
phenomena, namely metal sintering and
carbon deposition, under the usual condi-
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tions of low temperature methanation on a
series of nickel catalysts. The two phenom-
ena occur simultaneously.

Both catalytic reaction and physical
characterization of the catalysts were car-
ried out in order to determine the actual
changes in the nickel state and the adsorbed
species which may cause the deactivation.
As it is known that the properties of nickel
catalysts are influenced by the support or
by the presence of additives, several sup-
ports have been considered: SiO,, MgO,
A1203, Cr203, MgSlO3, and MgAle4 Addi-
tives (chromium, molybdenum, potassium)
have also been added to a silica-supported
Ni solid. In the present paper three sup-
ports Si0O;, ALO;, MgO and one additive
(potassium) have been selected, each of
them illustrating well the different types of
deactivation which were observed with the
whole series of catalysts.

EXPERIMENTAL
Materials

The precursors were obtained by
contacting the supports (SiO,, MgO, Al,Os)
with a nickel nitrate hexammine solution.
After decomposition of the complex, sup-
ported Ni(OH), was formed (9). In order to
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obtain the doped solids the precursor
Ni(OH),/SiO, was added to a solution of
KNO; and stirred (10). The water was
evacuated to dryness under reduced pres-
sure at 353 K in a rotary evaporator. All the
precursors were dried at 393 K for 15 h.
Reductions were carried out overnight in
flowing hydrogen (4 liters h™!) with a linear
increase in the temperature up to the re-
quired value at the heating rate of 2 K
min~'. As the reducibility depends on the
nature of the support, the final reduction
temperature was low enough to avoid
strong metal support interaction (SMSI)
and high enough to obtain a reduction as
complete as possible and to minimize any
interaction between the metallic phase and
the unreduced one (/7). Table 1 lists some
characteristics of the selected solids.

Magnetism

Degrees of Ni reduction were deduced
from saturation magnetization measure-
ments of the outgassed samples (1.3 x 107*
Pa, 700 K for 2 h) using the Weiss extrac-
tion method (12). Average Ni particle diam-
eters (Table 1) were calculated from the
Langevin low and high field methods for
superparamagnetic samples (/2). During
adsorption or reaction, the Ni atoms in-
volved in chemical bonding cease to partici-
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pate in the collective ferromagnetism (12).
The changes in saturation magnetization
then led to the magnetic ‘‘bond number’’ n.

It was possible to perform magnetic mea-
surements after the methanation reaction
without exposure to air and at various
pressures (0.1 to 2 MPa) with a high pres-
sure stainless-steel cell.

Surface average diameters of Ni particles
were also obtained from hydrogen chemi-
sorption measurements using a classical
volumetric apparatus equipped with a pres-
sure gauge. Some samples, especially the
nonsuperparamagnetic ones, were also ex-
amined in a transmission electron micro-
scope. For fully superparamagnetic solids
(Table 1) a good agreement between diame-
ters deduced from the various methods was
achieved. For partially superparamagnetic
samples, e.g., sintered catalysts, the most
reliable data were obtained from TEM.

Infrared Spectroscopy

For infrared experiments, the precursors
were compressed under 4 tons cm™? pres-
sure in order to obtain disks (1.8 ¢m in
diameter, weight comprised between 30
and 50 mg). The infrared spectra of CO
adsorbed on in situ reduced and outgassed
samples were run on a Fourier transform
spectrometer (Bruker IFS 110). The spectra

TABLE 1

Morphological Characteristics of the Catalysts after Reduction

Solids Ni Potassium Reduction Reduction  Average®
(Wt%) additive temperature level diameter
(wt%) K) (%) (nm)
Ni/SiO, 20.1 0 923 100 4.2
Ni/MgO 17.4 0 973% 80 7.8
Ni/ALO, 21.1 0 923 100 7.0
Ni-K/Si05¢ 23.2 2.5 923 100 6.0

Note. Supports: SiO, (Degussa) 200 m*g; AL,O; (Degussa) flame method,
100 m¥g; Mg(OH), from MgCl, + KOH, 117 m¥g.

% Average diameters deduced from magnetic measurements.

b As the reduction of catalysts containing magnesia presents some problems
we have verified that the reduction level of the magnesia-supported Ni solids
does not alter the properties here reported.

¢ The chemical state of the potassium additive is discussed in Refs. (10, 16).
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were computed from accumulated spectra
recorded before and after adsorption (4
cm™! resolution, 200 scans) and ratioing
both spectra. Changes in the surface-
adsorbed species following adsorptions or
methanation were also followed in a heat-
able cell (14).

Catalytic Activities

After in situ reduction of the catalysts,
the carbon monoxide hydrogenation (flow-
ing 3H, + CO mixture, 1.5 liters h™') was
performed at atmospheric pressure using a
fixed bed differential dynamic reactor. The
effluents were analyzed in a gas chromato-
graph equipped with catharometric detec-
tion. In typical experiments the solids were
compared for the same reaction tempera-
ture (507 K) and for similar initial conver-
sions (between 3 and 8% of CO converted).
The space velocities ranged from 30 to 40
liters g7! h™!'. The deactivation runs were
stopped after various times on stream in
order to determine the changes in particle
size and the amounts of carbon deposited
on the solids. It was also possible to per-
form the reaction at various temperatures
between 473 and 600 K and at pressures up
to 2 MPa. For this latter case a high pres-
sure stainless-steel cell allowing both a ki-
netic study in flowing conditions and in situ
magnetic measurements was used. The re-
action of CO disproportionation was also
performed in order to discard the possible
effects of H, in deactivation processes. In
this case the catalytic activity was evalu-
ated from the conversion of CO into CO,
according to the reaction

2CO— C + CO,. (1]

Temperature-Programmed Reactions

Temperature-programmed  hydrogena-
tions of carbon deposits (TPH) were per-
formed, methane being the main gaseous
product. After standard deactivation exper-
iments, the catalysts were cooled to room
temperature in flowing helium and then
heated at a programmed rate (8 K min™') up
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t0 923 K in flowing hydrogen (3.6 liters h!).
The methane concentration was plotted
against the programmed temperature.

The carbon deposits were also reacted
with carbon dioxide as follows. After meth-
anation, hydrogen was admitted at the reac-
tion temperature in order to remove the
‘“‘active’’ carbon deposits (see further be-
low). After purging with helium the cata-
lysts were contacted with flowing CO, (1.1
liters h™') at the reaction temperature. Car-
bon monoxide evolution was measured.
Chemical analyses of the carbon deposits
after reaction were also performed after
treatment with flowing hydrogen at 507 K.

RESULTS AND DISCUSSION
CATALYTIC ACTIVITIES

The overall deactivation which occurs
during the methanation reaction at atmo-
spheric pressure with the selected solids is
presented in Fig. 1. The curves report the
normalized activities versus time on
stream. Normalized activity is defined as
the ratio of the instantaneous activity A, to
the initial one Ay, A, and A, being expressed
by the number of CO molecules converted
into hydrocarbons (and CQO,) per second
and per square centimeter of active surface.
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F1G. 1. Normalized activity 4,/A4 vs time on stream.
Curve a, Ni/Al,O,; curve b, Ni/MgO; curve ¢, Ni-K/
Si0,, conversion, 8%, selectivity toward CO,, 32%;
curve d, Ni-K/SiO,, conversion, 3%, selectivity to-
ward CO,, 18%; curve e, Ni/SiO,. Curves a, b, e,
reaction temperature, 507 K. Curves ¢, d, reaction
temperature, 573 K.
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Let us first concentrate on the three
solids Ni/Si0O,, Ni/MgO, Ni/ALO; for which
the deactivation has been studied under the
same reaction conditions. The initial activi-
ties at 507 K are respectively 1.2 x 103, 2.3
x 10", 4.1 x 10" molecules s~ (cm? Ni)~*.
No changes in the rate of deactivation are
observed as a function of the initial degree
of conversion (which is monitored by the
weight of catalyst and the overall flow rate
for given T, P conditions). As already
shown and discussed in Ref. (/1), the se-
lectivities toward methane and higher hy-
drocarbons vary with the support (96% of
the CO converted is CHy for Ni/SiO,,
81% for Ni/MgO, and 60% for Ni/ALO;).
Furthermore, the selectivity toward CO,
increases with the support basicity and with
the reaction temperature. For instance, for
Ni/MgO, 2 to 4% of the CO converted is
CO; at 507 K and 8% at 543 K. We will only
emphasize that in no case do the selec-
tivities vary upon deactivation. The curves
of Fig. 1 and the values at #y5 or 7y (times
for which the activity equals 50 or 20% of
the initial activity) show that the overall
deactivation is very important for Ni/SiO,.
By contrast the Ni/MgO and Ni/ALO; sol-
ids display a much more stable activity.

Concerning the Ni—K/SiO; solid, the ad-
dition of potassium to Ni/SiO; is already
known to decrease the methanation rate
strongly (15, 16). Hence to reach similar
conversions the reaction has been per-
formed at higher temperatures (Fig. 1), the
initial activity thus being equal to 2.8 x 10%
molecules s~! (cm? Ni)~! at 573 K. In this
particular case, even in the range of conver-
sions studied (3—-8%) greater quantities of
CO; are observed at higher CO conver-
sions, as already noticed by Moeller and
Bartholomew for Ni—-Mo solids (7). This is
assigned to the water gas shift reaction
(WGS)

CO + H,O0 — CO; + Hy (2]

since the WGS reaction rate is a positive
function of the partial pressure of water and
since the concentration of water produced
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by the methanation increases with the con-
version. At the same time the rate of deac-
tivation decreases as the initial conversion
(and the selectivity toward CO,) increases
(Fig. 1). We will return later to this particu-
lar point by studying the influence of CO,
partial pressure in the reactant mixture.

The effect of pressure on the deactivation
both in the methanation and in the dispro-
portionation reactions has been studied on
the Ni/SiO, solid (Fig. 2). When increasing
the total pressure up to | MPa the decay of
the methanation rate is faster for around the
first 10 h (Agn/Ap = 0.45 for 0.1 MPa and
0.20 for 1 MPa) but tends to be pressure
independent after 20 h on stream. Concern-
ing the reaction (1], 2CO — C + CO,, in the
absence of hydrogen, the overall deac-
tivation is faster and larger than that for
methanation and increases with the CO
pressure (0.1 MPa, Ag/Ap = 0.1; 0.5 MPa,
A6h/A(} = 0)

Since no sulfur compound is present in
the feed, the decreases in activity observed
in this study are assigned to carbonaceous
deposits and/or to metal sintering. Both
processes of deactivation are successively
analyzed.

NICKEL SINTERING

The occurrence of metal sintering during
the reaction of methanation is clearly dem-
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F1G. 2. Normalized activity A,/A, vs time on stream
for the Ni/SiO, solid. Curve a, methanation at 0.1
MPa; curve b, methanation at 1.0 MPa; curve c,
disproportionation at 0.1 MPa; curve d, dispropor-
tionation at 0.5 MPa.
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onstrated in Figs. 3 and 4 which report the
changes in particle diameters as a function
of time on stream, for various catalysts,
feed composition, and pressure.

As shown in Fig. 3, the Ni/SiO; sample
displays the largest trend to sinter, inas-
much the initial particle size is small. This
is the case for the sample reduced at mild
temperature (curve a) which initially shows
a high metal dispersion and a narrow distri-
bution of particle sizes centered around 4
nm. After 20 h on methanation stream this
sample is heterodispersed because it dis-
plays not only spherical superparamagnetic
particles of average size 8 nm but also some
kinds of rafts of ca. 10 nm (thickness) x 25
nm (width) X 60 nm (length) detected by
electron microscopy. By contrast, starting
from samples poorly dispersed but never-
theless presenting a narrow distribution of
particle sizes (Ni/Al,Os;, Ni/MgO, Ni-K/
Si0;, or high temperature reduced Ni/SiO,)
the sintering phenomenon is much more
limited (Fig. 3) and the final size distribu-
tion remains narrow (average size, 8 nm).

Considering now the effect of feed com-
position and pressure (Fig. 4), it looks
obvious that there is a straightforward rela-
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Fi16. 3. Changes in average particle diameter vs time
on stream in methanation at 498 K with Ni/SiO, re-
duced at 923 K (a); Ni/SiO, reduced at 1103 K (b);
Ni/MgO reduced at 973 K (c); and Ni/Al,O; reduced at
923 K (d) and in methanation at 559 K with Ni-K/SiO,
reduced at 885 K (e). The average particle diameters
reported here correspond to the superparamagnetic
particles (magnetic measurements).
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FiG. 4. Changes in average particle diameter vs time
on stream for Ni/SiO, catalysts as a function of the
feed composition and pressure. (a) 3H, + CO, 2.1
MPa; (b) 3H, + CO, 0.1 MPa; (c) CO, 0.1 MPa; (d) H;
+ H,0, 0.1 MPa.

tion between the CO pressure and the rate
and extent of sintering, whereas hydrogen
and water partial pressures do not induce
any sintering process at the methanation
temperature.

From these observations one can easily
conclude that the sintering of nickel which
is observed in the presence of CO proceeds
via the formation of nickel carbonyl species
in agreement with the work of Shen er al.
(2). As (i) no loss of material i1s observed
even after severe sintering, (ii) the nickel
transport occurs at temperatures far below
the temperature of spontaneous migration
of metal particles (the Tammann tempera-
ture is 946 K for Ni), and (iii) this process is
favored by a high nickel dispersion and a
low temperature of reaction, a plausible
mechanism of nickel sintering is the mi-
gration of molecular nickel carbonyl, prob-
ably along the surface. This is consistent
with the observations of van Meerten et al.
(I) and could be related to the general
model of interparticle transport proposed
by Wanke and Flynn (/8). More quantita-
tively, the changes in nickel dispersion, D
(a reverse function of particle diameter),
versus time on stream can be satisfactorily
described by the power law rate equation,
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—dD/dt = kpPcoD?, following the Leven-
spiel concept of parallel deactivation.

This loss of active surface with time on
stream accounts for most of the overall
deactivation which is observed on the vari-
ous catalysts during the first 15 h on stream.
Particularly, it explains well the fast decay
of activity observed with the well-dispersed
Ni/SiO; solid during the first period of reac-
tion (Fig. 1), this being still more pro-
nounced when the CO partial pressure is
increased 20-fold. Later on, the phenome-
non of nickel sintering stabilizes. This cor-
responds probably to an equilibrium of
formation/migration/decomposition of the
carbonyl species between the nickel parti-
cles. Nevertheless, the deactivation still
proceeds, although at a lower rate: another
process must be invoked to account for the
overall deactivation. This statement that
the nickel sintering occurs mainly in the
first period of reaction with a fresh and
well-dispersed catalyst will lead us to study
the carbon deposit phenomena on ‘‘used
catalysts’’ (after ca. 15 h on stream).

CARBON DEPOSITS

The amounts of carbon which are formed
on the solids during the reaction vary
largely with the time on stream and the type
of catalyst. Table 2 shows the amount of C
(determined by chemical analysis) depos-
ited on the selected catalysts at different
stages of reaction. This amount is quite
high in the case of Ni/AL,Os;, Ni/MgO,
Ni-K/SiO; and it increases with time.

By means of temperature-programmed
hydrogenation, at least three types of car-
bon deposit formed during the methanation
are detected (Fig. 5). They are referred to
as low, intermediate, and high temperature
species, respectively. The effects of sup-
port, reaction time, and pressure on the
formation of these carbon species and the
related changes in the magnetic properties
of nickel have been studied. The deposited
amounts are evaluated for each type of
carbon and reported in Table 2.
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F1G. 5. Temperature-programmed hydrogenation (8
K min™!) of carbon deposits after methanation during
15 h at 507 K on Ni/Si0O, (a), Ni/Al,Os (b), and Ni/MgO
(c), and at 559 K on Ni-K/SiO, (d). Changes in
methane concentration with temperature.

(i) Low Temperature Species

For nickel supported on various sup-
ports, without additive, a first peak of
methane is observed at temperatures below
523 K which corresponds, therefore, to the
most reactive species. As a matter of fact
this carbon species is eliminated by a treat-
ment in flowing hydrogen at the reaction
temperature (507 K). The amount of this
species is little affected by the reaction
time, is nearly pressure independent, and
does not vary significantly with the support
(Table 2, species 1). This species increases
when the temperature is decreased during
the methanation reaction. Magnetic mea-
surements performed in situ during metha-
nation show a decrease in the saturation
magnetization of around 8-10% after 2 h.
Afterward no change in saturation magneti-
zation 1s observed. The initial value is re-
stored by a hydrogen treatment at 573 K.
Determination of the bond number (n. = 3)
shows that three Ni surface atoms cease to
participate in the collective ferromagnetism
per atom of C added. This is consistent with
the Ni;C surface carbide species postulated
as the active intermediate in methanation
(19, 20). We call this first type of carbon
‘‘reactive carbon.”’ It may be related to the
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TABLE 2

Amounts of Carbon {Percentage of Sample Weight} Formed during
the Methanation Reaction

Samples CO, pressure Time on Chemical TPH
in the feed stream analysis”
(kPa) (h) 1 11 HI
Ni/SiO, 2 0.008 0.085 — 0.009
0 15 0.05 0.099 — 0.044
49 0.19
66 0.25
3.1 15 0.1 — 0.009
49 0.11
Ni/AL O, 0 15 0.50 0.090  0.469 —
Ni‘MgO 0 5 1.7 0.067 0.620 —
Ni-K/SiO,’ 0 15 0.75 0.87° 044 —

Note. Reaction temperature: 507 K for Ni/Si0O,, Ni/ALO;, Ni/MgQ; 573 K for Ni-K/SiO,.
¢ Carried out after treatment under a hydrogen flow at the reaction temperature for 1 h after

elimination of the active carbon (peak I).

¢ Conversion 8%; selectivity toward CO,, 32%.
¢ Surface + bulk carbide as discussed in the text.

C, species described by McCarty and Wise
(21) and discussed by Bartholomew (6). Let
us recall that if during methanation the
formation of Ni carbide is restricted to the
surface of the Ni particle, interstitially dis-
solved carbon rapidly transformed into
bulk carbide is observed during dispropor-
tionation (22). Geus and co-workers have
also found that Ni;C strongly changes the
magnetic properties of nickel (23).

For the potassium-containing solid (Fig.
S, curve d), two peaks instead of one are
observed at low temperature. The first one
at 500 K corresponds to the surface Ni;C as
for the other catalysts. The second one,
very large, at 550 K is assigned to bulk
nickel carbide since the related amount of
carbon, evolving as methane, implies a
carbidization of ca. 70% of the nickel load-
ing, which agrees very well with the 66%
decrease in the sample magnetization noted
after the CO/H,; reaction. It has been stated
that the surface carbide formed from the
CO dissociation can either react into meth-
ane or dissolve interstitially into bulk car-
bide, i.e., can undergo two competing reac-
tions (22). The tendency for Ni-K/SiO,
samples to form builk carbide can therefore

be simply explained by the low methana-
tion activity which favors the carbidization.

(ii) Intermediate Temperature Species

The adsorption of CO has been followed
at room temperature by infrared spectros-
copy on the selected samples. The hydroge-
nation of adsorbed carbon monoxide was
studied as a function of the temperature.

Ni/SiO, catalyst. Adsorption of CO at
300 K leads to the appearance of vCO
bands at 2060-2030, 1930, and 1850 cm™!,
respectively attributed to CO bonded to
one, two, and four nickel surface atoms
(24, 25) (Fig. 6). By contacting the previous
sample with hydrogen under a 33.3 kPa
pressure at 300 K, the »CO bands due to the
linear form become sharper and are shifted
toward higher wavenumbers (2075 cm™!);
the distribution of the CO molecules multi-
bonded to nickel is also modified; i.e., the
bands due to the bridged species almost
completely disappear whereas the NisCO
species grow. By heating under hydrogen at
423 K, the linear forms remain unaffected.
On the contrary, the most reactive multi-
bonded CO species progressively disappear
and their vCO frequencies are continuously
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FiG. 6. Ni/SiO,. Infrared spectroscopy. Range
1600-2300 cm~'. (1) Irreversible chemisorption of CO
at room temperature. {2) After CO chemisorption,
hydrogen treatment (33.3 kPa) during 17 h at room
temperature. (3) Hydrogen treatment (33.3 kPa) 1 h at
423 K. (4) Hydrogen treatment 1 h at 473 K.

shifted toward lower wavenumbers in ac-
cordance with a stronger interaction of the
remaining CO molecules with the surface
nickel atoms. After heating at 473 K under
hydrogen, adsorbed carbon monoxide is
fully converted into methane, no interme-
diate species linked or not to the support
being observed.

NilALO; catalyst. As for the Ni/SiO;
sample, irreversible adsorption of CO at
300 K leads to the formation of linear (#CO
= 2032 cm™"), bridged (#CO = 1960 cm™),
and multicentered species (WCO = 1885
cm™"). The intensity of the latter band is
very weak (Fig. 7). In addition, bands due
to hydrogen—carbonate species (1650, 1460,
1230 cm™") (26) linked to the support are
observed (Fig. 8). The addition of hydrogen
(pressure = 13.3 kPa) at 300 K on the
CO-covered sample leads to the following
changes:

—sharpening and shift of the 2032-cm™

band to 2075 cm™!,
—increase in the intensity of the band
due to NiyCO groups,
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Fic. 7. Ni/ALO;. Infrared spectroscopy. Range
1800-2100 cm ™. (1) Irreversible chemisorption of CO
at room temperature. (2) Hydrogen treatment (13.3
kPa) during 16 h at room temperature. (3) H, (13.3 kPa)
1 hat373 K. (4) H, (13.3 kPa) 1 h at 473 K.

—increase in the intensity of the bands
due to hydrogen—carbonate species.

Heating at 373 K under hydrogen does

—

transmission
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Fic. 8. Ni/ALO,. Infrared spectroscopy. Range
1100-1700 cm~!. (1) Irreversible chemisorption of CO
at room temperature. (2) Hydrogen treatment (13.3
kPa) during 16 h at room temperature. (3) H, (13.3 kPa)
1 hat473 K. (4) H, (13.3 kPa) 1 h at 673 K.
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not significantly change the intensity of the
2075-cm ™! band; at the same time the multi-
bonded species are affected whereas bands
at 1595, 1395, and 1375 cm™! develop at the
expense of the bands due to the HCO3
groups (Figs. 7 and 8). Heating at 473 K
under hydrogen leads to the disappearance
of carbon monoxide molecularly adsorbed
on nickel with the formation of methane.
After this treatment, the bands at 1595,
1395, and 1375 cm™! are still present. They
must be attributed to formate species
bonded to the Al,O; support according to
previous work devoted to the adsorption of
methanol or formic acid on oxides (27-30).
The intensity of these bands progressively
decreases by increasing the temperature of
treatment under hydrogen; they disappear
after hydrogen reduction at 673 K leading
to the formation of additional amounts of
methane. After heating at 673 K under
hydrogen, a band at 1185 cm™! is observed
in the IR spectrum of the resulting sample;
this band is no longer observed when the
sample is contacted with deuterium at 473
K. The origin of this band will be discussed
later.

Ni/MgO catalyst. Carbon monoxide ad-
sorption at 300 K on the Ni/MgO samples
gives as for the two previous samples an IR
spectrum showing linear and multibonded
species. Nevertheless the vCO bands are
split; i.e., every linear or multicentered
species exhibits multiple IR bands. Bands
at 1670, 1495, and 1315 cm™! were also
observed; they might be assigned to biden-
tate carbonate groups bonded to the MgO
support (30, 31). The introduction of hydro-
gen at 300 K induces changes in the fre-
quencies of the linear forms and in the
value of the ratio of bridged forms to multi-
centered forms. The carbonate groups were
reduced between 300 and 373 K into for-
mate species also bonded to the support
and detected by their IR absorptions at
1605, 1380, 1360 cm™'. Hydrogen treatment
at 473 K leads to the complete transfor-
mation of CO adsorbed on Ni into CH,,
whereas the sample still exhibits formate
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groups bonded to the support. As in the
case of the Ni/Al,O; sample, the formate
ions are not fully reduced into CH, below
673 K.

After heating under hydrogen at 673 K,
the IR spectrum shows a band at 1155 cm™!
which is shifted to 920 cm™! under deuter-
ium, This band disappears under vacuum at
473 K and is restored under hydrogen at the
same temperature. According to inelastic
neutron scattering studies (32), this band
could be attributed to hydrogen adsorbed
on nickel in sites of C;, symmetry. The
band at 1185 cm™! observed in the case of
the Ni/Al,O; sample could be attributed to
the same species. Its corresponding vibra-
tion with deuterium falls in the absorption
range of alumina.

The comparison of the IR data with the
results of TPH plotted in Fig. 5 leads to the
following conclusions. The Ni/SiO; sample
does not show any TPH peak at interme-
diate temperatures (between 523 and 723
K). At the same time, the IR spectrum
recorded after hydrogen treatment at 473 K
is free of bands ascribable to species linked
to the support. On the contrary, the Ni/
AlLO3, Ni/MgO, and Ni-K/SiO, catalysts
exhibit TPH peaks at intermediate tempera-
tures. For the Ni/Al,O; and Ni/MgO solids,
IR spectra show the presence of formate
groups which are not reduced into CH, at
temperatures lower than 673 K. Thus the
formation of CH, between 523 and 723
K in the TPH measurements is connected
with the hydrogenation of formate groups
bonded to the support. Since the amount of
formates increases with the time of reac-
tion, these species are responsible for the
large amount of carbon determined on Ni/
ALO; and Ni/MgO catalysts by chemical
analysis (Table 2).

(iti) High Temperature Species

A third type of carbon deposit is only
hydrogenated when the temperature is
raised to ca. 780 K. This species is mainly
detected on Ni/SiO,; however, it cannot be
excluded on the other catalysts. This car-
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bon builds up without magnetic interaction
(n = 0) with the nickel phase since after
elimination of the first ‘‘active’” carbon
under hydrogen at 507 K, heating under
flowing hydrogen up to 873 K does not alter
the saturation magnetization.

This species develops with time of reac-
tion (Table 2): after 15-20 h of reaction,
when the sintering is stabilized, its concen-
tration still increases and the catalyst still
deactivates. After regeneration of the
catalyst by hydrogen treatment at 873 K,
a further run produces a new deactiva-
tion without sintering and again with the
formation of this ‘‘high temperature”
carbon.

As already pointed out in a previous
study (22) this form of stable carbon de-
velops to a higher extent during CO dispro-
portionation than during methanation. At
the same time, the overall deactivation ap-
pears to be faster and larger for the dispro-
portionation when Pco is increased (Fig. 2).
This holds even after having deduced the
part of deactivation related to nickel sinter-
ing. It may therefore be concluded that this
third form of carbon deposit is CO pressure
dependent. The simultaneous occurrence
of this carbon deposition and of the cata-
lytic deactivation suggests that this species
poisons the catalytic surface. Being mag-
netically noninteracting with the nickel, it
could be present as amorphous or graphitic
deposits or whiskers, acting as a fouling
agent, limiting the access of the reactants to
the active nickel sites.

Our results are consistent with previous
studies showing that during methanation or
disproportionation or steam reforming sev-
eral types of surface carbon with different
reactivity toward hydrogen are formed
(21, 33-36). A reactive surface carbon of-
ten called C, is generally considered the
intermediate in the methanation process
and also the precursor for the catalyst
coking (21, 37, 38). It can be transformed at
higher temperatures into less reactive spe-
cies which may encapsulate the Ni crystal-
lites (39).

MIRODATOS, PRALIAUD, AND PRIMET

INFLUENCE OF CO;, IN THE REACTANT
MIXTURE AND ON THE POISONING
CARBON SPECIES

The question was whether the deac-
tivation accounted for by high temperature
carbon deposition could be limited by ad-
justing the effluents and not only by raising
the H,/CO ratio. It has been noticed with
the Ni—~K/SiO, sample (Fig. 1) that, when
the water gas shift reaction occurs and the
selectivity toward CO, increases, the deac-
tivation is less marked. A simultaneous
decrease in carbon content is observed.

In the present study we have compared
the deactivation of the Ni/SiQ, solid, which
has no ability to catalyze the water gas shift
reaction, in the absence and in the presence
of CO, in the reaction gas (mixture 3H, +
CO with 3.1 kPa of CO,; reaction tempera-
ture, 507 K). A significantly slower deac-
tivation is observed in the presence of CO,
(Fig. 9), the sintering being similar for both
cases. For identical reaction times the
amount of carbon measured from chemical
analysis is decreased by ca. 80% in the
presence of CO, (Table 2). Furthermore,
after 20 h of deactivation the temperature-
programmed hydrogenation shows that the
“‘high temperature’’ poisoning carbon spe-
cies is strongly decreased when the reac-
tion is performed in the presence of CO,
(Table 2, Fig. 10). The effect of CO, in the
reactants is therefore to limit the deposition
of deactivating carbon. Moreover, these
experiments show that the high tempera-

o time (hr)

Fi6. 9. Ni/Si0,. Normalized activity A,/A, versus
time on stream at 507 K. (a) With the reactant mixture
3 H; + CO; (b) in the presence of CO, (3.1 kPa) in the
reactant mixture.
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Fi16. 10. Ni/SiO,. Temperature-programmed hydro-
genation (8 K min~!) of carbon deposits after methana-
tion during 15 h at 507 K without CO, (curve a) and in
the presence of CO, in the reactant mixture (curve b).

ture peak obtained after reaction without
CO, is not arising from a conversion of the
““‘active’’ carbon into an ‘‘inactive’’ species
occurring during the hydrogenation treat-
ment itself.

The formation of the ‘‘poisoning’’ carbon
being favored by CO and inhibited by CO»,
it could be related to the equilibrium [1]
2CO = CO;, + C, the latter being displaced
according to the changes in either P¢o or
Pco,. In order to ascertain this relation, the
reactivity of the ‘‘poisoning’ carbon to-
ward CO; has been tested. Ni/SiO, was first
deactivated under the usual conditions (25
h without CO,) and then treated overnight
in flowing hydrogen at 570 K to elimi-
nate the “‘active”’ carbon deposit, already
known to react with CO, (21). It was then
flushed with helium at 507 K and afterward
contacted with flowing carbon dioxide at
the same temperature. After 1 h of reaction,
a large amount of carbon monoxide was
detected in the effluent, even exceeding by
ca. 40% the amount corresponding to the
complete reaction of the poisoning carbon
deposit with CO;. Such an excess probably
comes from the dissociation of CO; on
nickel according to

Ni + CO, = Ni-0O + CO [3]
as proposed in Ref. (21) and checked by
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reacting freshly reduced nickel with CO,
which effectively gives CO and Ni-O (i.e.,
a decrease in nickel magnetization). How-
ever, the main feature is that a much
smaller amount of CO is detected when the
initial deactivation step is carried out in the
presence of CO,. This amount corresponds
roughly to the CO formed from Eq. [3]. It
can be therefore concluded that the ‘‘poi-
soning’’ carbon reacts with CO, at the
reaction temperature. Since this carbon is
not removed by hydrogen treatment at the
temperature of reaction, it appears that CO,
would be kinetically more reactive toward
poisoning carbon than molecular hydrogen.
This difference in reactivity is rather sur-
prising; further work is necessary to eluci-
date this behavior.

Our present results appear to be able to
elucidate the specific role of CO, addition in
the methanation feed or the specific resis-
tance to deactivation which is observed for
the catalysts which are able to favor the
water gas shift reaction, i.e., a production
of CO, (basic supports or potassium addi-
tion). Our interpretation of the CO; effect is
at variance with other works. For Moeller
and Bartholomew (17), on Ni-Mo catalysts
which present a similar behavior, the high
activity for the water gas shift reaction
results in a larger H,/CO ratio, thereby
attenuating the formation of inactive car-
bon species. Furthermore, the lowering of
the deactivation of a Ni-La,0;-Ru/SiO,
composite catalyst in the presence of a low
concentration of additional CO, is ex-
plained by the competitive adsorption of
the additive inhibiting the carbon deposi-
tion (40). Kuijpers et al. (41) have shown
that an increased interaction between the
Ni particles and the support reduces the
formation of filamentous carbon, the ‘‘high
temperature carbon”™ being whisker-like.
This hypothesis could be taken into
account for the Ni/MgO, Ni/Al;O;, and
Ni-K/Si10, systems but cannot explain the
behavior of the Ni/SiO; sample for the
reaction of methanation in the presence
of COz
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CONCLUSION

By means of in situ physical methods
(magnetism and infrared spectroscopy)
coupled with kinetic measurements, the
complex process of deactivation of nickel-
based catalysts during low temperature
methanation and CO disproportionation
has been investigated. The sintering of the
nickel phase has been shown to proceed at
the first stage of the reaction, being favored
by a high initial dispersion and being depen-
dent on the CO pressure. A mechanism via
surface carbonyl formation is postulated.
The deposition of carbon species in the
course of the reaction can be described as
follows:

(i) continuous formation of surface
nickel carbide Ni;C which is highly reactive
and can either hydrogenate into methane or
dissolve into bulk carbide if the hydrogena-
tion is hindered (potassium effect or CO
disproportionation);

(ii) reaction of the basic supports like
MgO and AlLO; with the methanation re-
acting or intermediate species for giving
carbonate and formate adspecies which are
not involved in the deactivating process;
and

(i) build-up of stable carbon species,
not interacting magnetically with the
nickel, which progressively poison the ac-
tive nickel surface. These species are in
chemical equilibrium with CO and CO,,
being favored by the former and hindered
by the latter.

Thus, the deactivation has been shown to
be limited by either adding CO, in the
methanation feed or using catalysts which
favor the WGS reaction (basic supports,
potassium addition) and thus produce CO;.

Such a specific analysis of each of the
various phenomena which contribute to the
overall deactivating process should be, in
our opinion, carefully achieved before any
modeling and optimization of the catalytic
deactivation.
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