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A series of nickel catalysts supported on pumice was prepared
by precipitation and impregnation techniques. The influence of the
calcination and reduction temperatures on the structural proper-
ties such as lattice parameters and particle dimensions of the ox-
ide precursors and of the reduced catalysts was investigated by
X-ray diffraction measurements. The effect of structural changes
on the catalytic activity in the hydrogenation of carbon monoxide
has been evaluated. The turnover frequencies, as well as product
distributions, are discussed in terms of the influence of the support
properties and of its interaction with the metal. Changes of the Cy,.
yield over CH, yield ratio versus nickel dispersion are attributed to
the presence of the alkali ions in the support structure. The cata-
Iytic performance of the catalysts does not change after 15-18 h
time on stream. Indeed, the X-ray diffraction and photoelectron
spectroscopy analysis of the catalysts, before and after reaction, ex-
cluded sintering of the metal particle, as well as coke formation.
(© 1997 Academic Press

INTRODUCTION

Supported nickel catalysts are widely used in CO hydro-
genation. Formation of methane and higher hydrocarbons,
very important for the production of synthetic fuel, has been
studied in great detail from the kinetic point of view. The
reaction has been considered in many studies as structure
insensitive (1, 2), but the supports interacting with the metal
are shown to have an important role (3-5). The carrier af-
fects the catalytic properties of the supported metal either
because, in the presence of a structurally sensitive reac-
tion it promotes dispersion of the metal, or because of the
so-called SMSI (strong metal-support interaction) effects
(6, 7). Results from surface studies on nickel single-crystals
have revealed that the methanation reaction is structure
insensitive (8); that is, the coordination number of a partic-
ular atomic site, either a corner, edge, or planar atom, does
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not affect the reactivity of the site itself. Moreover, data on
Ni/AlL,O3, Ni/TiO, catalysts provided evidence that strong
metal-supportinteractions increase the activity of nickel for
CO hydrogenation (4).

The addition of promoters such as alkali metals to
nickel catalysts improves the selectivity toward alkenes and
higher hydrocarbons (9-11). They decrease the hydrogen
chemisorption capacity of the transition metal and, there-
fore, by reducing the rates of hydrogenation, allow for
more carbon—carbon bond formation before the desorp-
tion of the hydrocarbon products (12-14). From ferromag-
netic measurements and temperature programmed hydro-
genation, it was shown that alkali promotion produces a
marked increase of carbon deposits interacting with metal-
lic nickel and forming surface and bulk carbides (11, 15).
This accumulation of carbon was explained either with an
increase of the rate of CO dissociation or (and) with a de-
crease in the rate of hydrogenation and would be directly
related to the observed change of selectivity, particularly
an increase of the C,, hydrocarbon formation. In order
to reduce the formation of carbon, causing serious prob-
lems in the reactors, a poisoning agent for the coking reac-
tion, such as sulphur or copper, is added (16, 17). Studies
on Ni/SiO; and Ni/Cu/SiO; catalysts indicated that the car-
bon formation and the methanation reaction have different
rate-controlling steps (18). The disproportion of adsorbed
CO s rate-controlling in the carbon formation, whereas the
hydrogenation of CH surface species is the rate-controlling
step in the methanation reaction (19, 20).

A recent study on the morphological changes and deac-
tivation mechanism of alkali-promoted Ni/SiO, in CO hy-
drogenation indicated that the alkali ions, at least when the
atomic ratio Alkali/Ni does not exceed 0.15, prevent nickel
sintering. The role of the alkali ions would be to reduce the
mobility of subcarbonyl species Ni(CO)y, therefore slowing
down the process of sintering (10).

Pumice, an aluminosilicate naturally doped with alkali
ions, has been recently used as support for Pd catalysts
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(21, 22). The improved catalytic properties of these cata-
lysts, in the hydrogenation of alkadienes (23) and alkynes
(24, 25) over an extended range of metal particle disper-
sions, was attributed to an increased electron density of the
Pd atoms interacting with the support (26). A Fourier trans-
form infrared study of CO on supported palladium catalysts
illustrated the role of alkali metal ions being part of the sup-
port structure (27). The electronic charge transfer from the
support to the palladium atoms, shown by the X-ray photo-
electron spectroscopy studies (XPS), produced a decrease
in intensity and a shift toward lower frequencies of the IR
spectra bands of the chemisorbed CO. Both these effects,
increasing with the increase of the Na/Pd atomic ratio, were
attributed to an electron charge transfer to the supported
metal (27). The down-field shift is due to the electron trans-
fer from the metal to the =* molecular orbitals of CO and
the reduced intensity being a consequence of a decreased
Pd < CO o-type interaction.

Based on the above results and on the finding of a pre-
liminary XPS study of pumice-supported nickel catalysts
indicating a preferential interaction of nickel with the alu-
mina component (28), a series of nickel catalysts supported
on pumice were prepared and characterized. To investigate
for possible influence of the catalyst precursors, two prepa-
ration procedures were followed; deposition—precipitation
and ion exchange. The hydrogenation of carbon mono-
xide was used as a test reaction and the catalytic behav-
ior was related to structural properties of the catalysts be-
ing changed by using different calcination and reduction
temperatures.

EXPERIMENTAL

Catalysts Preparation

Pumice, obtained from Pumex Spa in Lipari, Italy, is char-
acterized by a specific surface area of 5-7 m?g~ (21). Fol-
lowing a previous procedure, it was purified by treatment
with diluted HNOj3 before being used as support (21). The
acid treatment did not affect the specific surface area, but
slightly depleted the amount of sodium, potassium, and
aluminum, yielding a pumice of the following composi-
tion: SiO, =87.7 wt%, Al,O3=7.0 wt%; Na,O = 2.0 wt%o;
K,0 = 3.3 wt%, as determined by atomic absorption analy-
sis. Possible structural and chemical changes of the support,
occurring at the high temperature used for the calcination of
the catalysts have been checked by X-ray diffraction anal-
ysis: according to the wide angle (WAXS) measurements
the high temperature did not change the amorphicity of the
support; from small angle measurements (SAXS), only a
slightincrease in the specific surface area of the support (not
appreciable with the BET analysis) was determined upon
calcination at the highest temperature of 1273 K, probably
due to loss of structurally bound water. As shown previ-
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ously by XPS technique (28), the increased temperature
induced surface segregation of the alkali ions.

One series of catalysts was prepared by a homogeneous
deposition—precipitation method developed by Van Dillen
et al. for Ni on silica (29); the method involved thermal
decomposition of urea to CO, and ammonium hydroxide,
and the subsequent precipitation of nickel hydroxide which
slowly deposited on the hydroxylic sites of the pumice sup-
port (28). The other series labeled with (E) was obtained
by the ion-exchange method involving an exchange of the
cation complex [Ni(NH3)¢]**, formed in an ammoniacal
solution of Ni(NO3), - 6H,0, with the acidic protons of the
support surface. Both methods produced good dispersion
of the nickel particles. The precursors were then calcined
overnight at different temperatures. Subsequently they
were reduced under a hydrogen flow of 30 cm®/min at
various temperatures with a heating rate of 10 K/min.
The samples were kept at the desired temperature for 8 h
and then slowly cooled down to room temperature. The
completeness of the reduction process was checked by tem-
perature programmed reduction (TPR) performed on the
samples after the hydrogen treatment described above. The
X-ray diffractograms of the samples before and after re-
duction were typical of NiO and nickel metal, respectively.
Only the sample which was calcined at 1273 K still contained
some unreduced nickel oxide and nickel-silica antigorite
phase (28). The nickel concentration was determined by
atomic absorption spectroscopy with an accuracy of +10%.

Catalytic Tests

The activity and stability of pumice-supported nickel
catalysts in carbon monoxide hydrogenation have been
evaluated at 533 K by a continuous flow fixed-bed micro-
reactor (I =100 mm, ID =4 mm) operating at atmospheric
pressure. The reaction mixture, consisting of CO (30%o vol),
H, (60% vol), and N, (10% vol) as standard for GC, was
fed into the reactor containing the catalyst (W, = 0.25 g;
40-70 mesh) with a flow rate of 30 STP cm®min (GHSV =
7200 h™Y). Prior to each test the catalyst was reduced in situ
at 673 K under hydrogen flow (30 STP cm®min) for 1h
(heating rate =10 K/min), then conditioned to reaction
temperature under the H, atmosphere. The extent of CO
conversion (mol%) was taken as a measure of the cat-
alyticactivity. In order to obtain reliable turnover frequency
(TOF s71) data, a series of experiments under differential
conditions (CO conv. <10 mol%) were carried out. The
absence of any influence of diffusion effects under oper-
ating conditions was adequately checked. Reactants and
reaction products were analysed by on-line GC (Dani 3800
instrument) equipped with a two-column analysis system
(i) Porapack QS column (80-100 mesh); I, 2.5 m; ID, 4 mm)
and (ii) Molecular Sieves SA (80-100 mesh; I, 2.5 m; ID,
4 mm).
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Structural Characterization

The X-ray diffraction measurements were performed
with a Philips X-ray diffractometer using Cu K radiation,
as described previously (28). The metal particle sizes of the
reduced catalysts were estimated as volume-average crys-
tallite dimension, through the line broadening (LB) of the
(111) and (200) peaks using the Scherrer equation accord-
ing to the method reported in the literature (30).

TPR measurements of selected samples in the tempera-
ture range 373-1073 K were carried out in alinear quartz re-
actor using a 5% Hy/N, mixture flowing at 40 STP cm®min—1
and using a heating rate of 15 K min~*. The H, consump-
tion was monitored by a TCD (thermoconductivity detec-
tor) connected to a personal computer for data storage
and processing. The TCD was calibrated quantitatively, for
the whole temperature range investigated, using known
amounts of Ni(ll), Cu(ll), and Sn(l1V) oxides. Deconvo-
lution of the experimental reduction profile was performed
using a nonlinear least-squares fitting.

X-ray photoelectron spectra of the C 1s core level and
of the Ni2p and Si2p levels of the catalysts before and
after reaction were measured with a Perkin-Elmer PHI
5600-ci photoelectron spectrometer using monochroma-
tized AlKo radiation (1486.6 eV). Details of the experi-
mental apparatus were previously given (28).

RESULTS AND DISCUSSION

Structural Study

In Table 1 the various samples are listed, along with
their calcination and reduction temperatures, the XRD de-
rived nickel particle sizes, and the corresponding disper-
sions. Catalysts with 7.5 and 4 wt% nickel, prepared with the
deposition—precipitation method, and with 1.5 wt% nickel,
prepared by ion exchange, are reported. The dispersions
were obtained from the equation given by Smith et al. (31),
assuming a spherical shape for metal particles:

D = 101/d (nm).

By comparing the samples with the same thermal treat-
ments, in agreement with previous study on various sup-
ports, a larger dispersion is generally achieved for small
metal content (32). Based on the thermal treatments, the
catalysts may be classified into two groups: one obtained by
varying the calcination temperature, T¢, and reducing them
atthe same temperature; and the other using a fixed calcina-
tion temperature and changing the reduction temperature,
Tr. In both cases the increase of the temperature induces
sintering of the particles with the larger effect caused by
the reduction temperature. Since a high calcination tem-
perature in the presence of a strong metal-support interac-
tion usually causes a redispersion of the metal oxide (33)
yielding smaller metal particles, the present results suggest
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TABLE 1

Samples Treated at Different Calcination Temperatures T¢c and
Different Reduction Temperatures Tr with the Corresponding Par-
ticle Diameters, d, Percentage Dispersions, D, and Unit Cell Para-
meters a of the Nickel Metal Phase

Catalyst Tc(K) Tr(K) dA) D@®) a(A)
7.5% NiC6R7 673 773 45 22 3.527
7.5% NiC8R7 873 773 56 18 3.527
7.5% NiC10R7 1073 773 78 13 3.529
7.5% NiC12R7 1273 773 250 4 3.527
4% NiC8R6 873 673 26 39 3.559
4% NiC8R7 873 773 42 24 3.523
4% NiC8RS8 873 873 59 17 3.529
1.5% NiC6R7(E) 673 773 32 32 3.543
Ni metal 3.524

Note. The unit cell parameter of the bulk Ni metal is also given.

that the interaction between Ni(ll) and pumice, revealed
previously by an XPS study, is rather weak. Moreover, the
nickel atoms forming after reduction are quite mobile, since
they can be easily sintered at temperatures much below the
melting point of the nickel.

To further investigate the importance of the calcina-
tion step on the final dispersion of the reduced particles,
the Sherrer analysis of the X-ray diffractogram patterns
of nickel oxide present in the calcined samples was per-
formed. After fitting the experimental (111) and (200) re-
flection peaks using the instrument-provided software, the
LB analysis of the peaks relative to the samples calcined
at 873 K resulted in a volume-average crystallite sizes of
28-29 A. The two corresponding diffractogram regions of
the samples calcined at 1073 K contained multiple peaks
which were both fitted with two components of different
linewidths. The (111) reflection of the sample 7.5% NiC10,
fitted with two Gaussian-Lorentzian components, is given
in Fig. 1. The LB analysis of each component gave two types
of oxide particles, large (1000-1200 A) and small (33-38 A).
The results for some of the samples calcined at different
temperatures are reported in Table 2. The percentage (%0)
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FIG. 1. Fitted and experimental (111) reflection peak of the calcined

7.5% NiC10 catalyst.
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TABLE 2

Diameters d and Unit Cell Parameters a Corresponding to the
Small and Large Nickel Oxide Particles Obtained after Calcination
of Some Samples

Catalyst Tc(K) d(A)small a(A)small d(A)large a(A) large
75% NiC8 873 29 (100) 4.201
7.5% NiC10 1073 38 (96) 4.202 1200 (04) 4.181
4% NiC8 873 28(100)  4.206
4% NiC10 1073 33 (88) 4.197 1000 (12) 4.177
NiO bulk 4.177

Note. The percentages of each type of oxide are given in parentheses.
The unit cell parameter for bulk NiO is also given.

of differently sized nickel oxide particles, as deduced from
the relative intensity of the peak components, are given in
parentheses. For all the samples, upon reduction, accord-
ing to the X-ray diffractograms, monodisperse nickel metal
particles are obtained. The attainment of single-sized metal
particles may be caused by the mobility of the metal ions
and metal atoms on the suface of the supported metal oxides
and forming metal particles of one average size determined
by the temperature of reduction.

TPR measurements of the 7.5% Ni/pumice catalyst cal-
cined at 673 and 1073 K have been performed in order to
ascertain the influence of the calcination temperature on
the interaction of the Ni precursor with the matrix of the
pumice support. In Figs. 2 and 3 the TPR profiles of the
samples calcined at 1073 and 673 K are given. The fitting
of the profiles with Gaussian-Lorentzian curves of arbi-
trary linewidths has only a qualitative character allowing
us, however, to evaluate more accurately the temperature
of the peak maxima (Ty) listed in Table 3 along with the
related peak areas. The complete reduction of the samples
treated with H; at a temperature below the Ty, has been
checked by performing a TPR run immediately after the
reduction. The flatness of the profile ensured the complete
reduction of the samples. The component at higher temper-
ature could be due to Ni(l1l) species less reducible, owing to
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FIG. 2. Temperature-programmed reduction profile of the 7.5%

NiC10 catalyst with fitted peaks.
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FIG. 3. Temperature-programmed reduction profile of the 7.5% NiC6
catalyst with fitted peaks.

an interaction with the support as proved by previous X-ray
diffraction data showing the formation of some nickel-silica
antigorite-like structure (28, 34). Notably, the sample cal-
cined at 1073 K shows a reduction peak at 921 K which
signals the reduction of a Ni(Il) form likely arising from
a NiAl,O, compound formed by the solid state reaction
between the nickel precursor and support. Indeed previous
XPS study of pumice-supported nickel catalysts, at the early
stage of the preparation, after drying at 383 K, indicated
a preferential interaction between nickel and aluminum
(28). The calcination treatment at high temperatures may
strengthen such interaction, producing a “fixed” oxide de-
tected by the X-ray diffractogram as small NiO particles,
along with the large “free” NiO particles (35, 36). From the
structural results of Table 2, based on the XRD analysis, it
can be concluded that, whereas a low calcination tempera-
ture produces, on the average, small oxide crystallites, a high
calcination temperature produces small and large crystal-
lites. With increase in temperature the small oxide particles
coalesce giving rise to large particles. Such a process of ag-
glomeration is dependent on the nickel loading, as indicated
by the percentage of each oxide particle; within the same
time and temperature of calcination, a higher percentage
of larger particles is obtained with the lower nickel content
catalyst. The apparent contradiction between TPR and X-
ray results, that is, the fact that larger particles are found
in the diffractogram of the catalysts calcined at higher tem-
perature at which more interacting small particles are likely

TABLE 3

TPR Characteristic Peak, Ty, and Relative Area, of the 7.5% Ni/
Pumice Samples Calcined at Two Different Temperatures T¢

Catalyst Tc (K) Tm (K) Peak area (a.u.)
7.5% NiC6 673 717 300
819 222
7.5% NiC10 1073 707 180
823 180
921 251
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to be formed, is eliminated if one assumes that the calcina-
tion temperature, in addition to intensifying the bonding
between Ni(ll) species and support elements, induces sin-
tering of those particles interacting less with the support.
Indeed, following calcination at 1273 K, some unreduced
nickel was left after the H; treatment, again indicative of a
nickel species that is more difficult to reduce (35).

An analysis of the unit cell parameters of the nickel ox-
ide and nickel metallic phase, both of cubic lattice, was
performed in order to check for the possible effect of the
support on the structures of these phases. The cell pa-
rameter a was derived from the reflections (111), (200),
and (220). A graphical method of extrapolation versus
(1/2)(cos?v/siny + cos?®19), followed by a least-squares
technique was used (30). The reproducibility of the lattice
parameter a over three measurements was +0.005 A. The
parameters relative to the nickel metal and to the nickel
oxide phases are given in Tables 1 and 2, along with the
corresponding values for the pure metal and oxide. The
metal parameter of most of the catalysts is, within the ex-
perimental error, the same as the bulk metal value, except
for the two samples with particle sizes of 26 and 32 A hav-
ing a larger value. This result contrasts with EXAFS stud-
ies of small metal particles, reporting a decrease of the
lattice parameters due to contraction of the metal-metal
bond (37). The formation of multiply twinned particles
(MTP), or other lattice disorder, may produce cell expan-
sion and metal-support interaction may contribute to such
disorder (38).

As shown in Table 2, whereas the unit cell parameter of
the large nickel oxide particles is typical of the NiO bulk
phase, larger parameters are found for the small particles.
In the absence of any crystal deformation, expansion of the
lattice volume of an ionic crystal may take place because of
missing ions such as oxygen vacancies (39).

CO Hydrogenation

The catalytic behavior of the Ni/pumice samples in the
hydrogenation of CO is presented in Table 4 in terms
of CO conversion and selectivity to CH4, C,,, and CO..

TABLE 4
Catalytic Properties of Ni/Pumice Catalysts after 2 h of Reaction

CO conv. TOF(CO) x 10?

Catalysts (%) ScH, Sc,. Sco, ()
7.5% NiC6R7 9.7 734 253 13 38
7.5% NiC8R7 3.1 606 36.6 28 4.0
7.5% NiC10R7 6.6 589 382 29 48
7.5% NiC12R7 0.9 63 284 86 2.3
4% NiC8R6 45 835 140 25 1.9
4% NiC8R7 46 810 172 18 34
4% NiC8R8 338 69.4 284 22 4.1
1.5% NiC6R7(E) 2.3 879 93 28 34
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FIG. 4. CO turnover frequency (TOF) at 533 K versus the percent-
age of nickel dispersion. The straight line represents the linear fit to the
experimental points, neglecting the one with the lowest dispersion.

The reported activity data were recorded after 2 h time on
stream.

The selectivity toward heavier hydrocarbons, indicated
by C,, and consisting essentially of ethane and small am-
ounts of propane, n-butane, and propene, is generally hi-
gher, as for nickel/silica catalysts operating under the same
H,/CO ratio and the same total pressure (15).

Specific activities in terms of turnover frequencies,
TOF(CO), calculated as molecules of CO converted per
catalytic site per second, are plotted versus metal disper-
sions in Fig. 4. With the exception of the sample with the
largest particle size, decreasing TOF with increasing dis-
persion is generally observed, regardless of the prepara-
tion procedure and the metal concentration of the various
catalysts. It is worth noting that the two sets of samples,
those calcined at different temperature and those calcined
at the same temperature, behave similarly, suggesting that
the precursor treatment is not relevant. The decrease of the
CO hydrogenation activity with increasing catalyst disper-
sion has been observed already for Ni on different supports
(4, 40, 41). In one case the behavior was attributed to the
interaction between metal and support, producing a mod-
ification in the nature of the stoichiometry of CO and H,
adsorption (4). In the other case the decrease of activity
with decreasing particle diameters observed with Ni parti-
cle sizes smaller than 60 A was explained with the decrease
of the number of ensembles (40). Changes of the activity
with particle size have been also attributed to a lower ac-
tivity on the high index planes of the smaller particles of Ni
associated with a preferential buildup of carbon on these
planes (41).

The methane turnover frequency (obtained by the
TOF(CO) times the methane selectivity) is plotted versus
the nickel dispersion in Fig. 5. Except for particle disper-
sion smaller than 4% and larger than 39%, in the range
of dispersion between 10 and 35%, the turnover frequen-
cies seem to be independent on the metal dispersion. In
Fig. 6 the C,. yield/CH, yield versus nickel dispersion is re-
ported. The C,, yield ratio decreases with increasing Ni
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FIG.5. CHy, turnover frequency (TOF) at 533 K versus the percent-
age of nickel dispersion. The straight line represents the linear fit to the
experimental points, neglecting those at the ends of the dispersion range.

dispersion until reaching a plateau at dispersion values
above 25%. The same type of results have been described
with Ni/SiO, catalysts at 488 K using H,/CO =4 (40). The
decrease of selectivity with the increasing dispersion was
attributed to the different ensemble sizes involved in the
formation of methane and ethane. The larger ensembles re-
quired by the second reaction lead to a more pronounced
effect of the particle sizes (42).

The opposite behavior is reported for the methanation
reaction on Ni/SiO, and Ni/Al,O3 catalysts at 525 and
500 K, respectively, and with H,/CO = 4. A decrease of the
methane turnover frequencies and an increase of the Cy,
yield/CH, yield ratio with increasing dispersion was indeed
obtained (4). It was argued that, on the small nickel crystal-
lites interacting strongly with the support, the adsorption
of hydrogen was inhibited, resulting in the production of
hydrogen-poor hydrocarbons. The nature of the support
and, therefore, its interaction with the metal was found to
affect the C,, selectivity (3).

The much lower conversion rate exhibited by the catalyst
7.5% NiC12RY7 is probably due to the incomplete reduction
of the nickel, as revealed by the X-ray diffractogram. More-
over, the higher CO, selectivity cannot be considered as an
indication of a different reaction pattern since the low level
of conversion can imply a rather high uncertainty.

o
)
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o~ ® 4%Ni
g A ry | 1.5%Ni
o 04 .
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&
o 02 . .
E .
> 0
0 10 20 30 40
%Ni Dispersion
FIG. 6. Ratio of the C,, hydrocarbon yield and CH, yield versus the

percentage of nickel dispersion.
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Recentstudies on methanation reactions have shown that
the dominant mechanism involves the dissociation of CO,
followed by the hydrogenation of the surface carbon atoms
to methane (43). The carbon activated on the catalyst sur-
face then reacts progressively with the activated hydrogen
in the following way:

C+H& CH+3H < CH; +2H < CH3 + H < CHst.

Such a reaction depends on the hydrogen coverage and
competes with the reaction occurring between the ad-
sorbed intermediate carbon species forming higher molec-
ular weight hydrocarbons.

Several studies have shown that during CO hydrogena-
tion over transition-metal surfaces, the presence of alkali
ions increases the selectivity to C, hydrocarbons (15, 44).
Molecular orbital calculations for CO chemisorbed on
Ni(100), indicated that the 50 orbital electrons of CO inter-
act with the 3d,: orbital of nickel and that a back-donation
to the antibonding 27 orbital from the filled density of
electron states of the metal occurs (45).

An electron donor capability, due to the presence of the
alkali ions, was also found in pumice, as demonstrated in
a series of palladium catalysts (26, 46). However, a recent
IR study of CO adsorption on Pd, supported on synthetic
pumices, with variable Na/Pd atomic ratios ranging from 2
to 6, showed that a decreased intensity along with a down-
field shift of the CO stretching frequency was not accompa-
nied by dissociation of CO, which is different from the sur-
face alkali ion-doped Pd/silica catalysts (27). In the present
case, where the bulk atomic ratio (K 4+ Na)/Ni ranges from
1 to 5, treatment at a temperature above 673 K, produces
surface segregation of the alkali ions according to previous
XPS study of Ni/pumice (28). This would contribute to a
further weakening of the C-O bond because of the pos-
sible formation of a Ni-C-O~Na™ species. Consequently,
an increase of the C,, selectivity, as compared to undoped
nickel/silica catalysts used in the same reaction under the
same experimental conditions of the present study, would
result (15). If the electronic effects are expected to in-
crease with increasing catalyst dispersion, weakening the
C-0O bond (26), on the other hand, the geometric effect on
a metal particle decorated by the alkali ions, by modifying
the required ensemble for the adsorption and dissociation
of CO, may determine, as in the present case, a decrease of
the C,. selectivity with increasing metal dispersion. In this
case the particle size-dependence would be due to a sort of
dilution effect played by the alkali ions, rather than a simple
decrease of the number of ensembles (40).

The decrease of the CO conversion rate (Fig. 4) and the
invariance of the methane formation rate (Fig. 5) with the
Ni dispersion suggest that the rate-determining step for
the methane formation is the hydrogenation of the carbon
atom. As shown from the structural study of the catalyst
precursors, the interaction between the metal and support
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is not very strong, at least in the range of the calcination
temperatures used. Consequently, the hydrogen adsorption
capability may not be affected by the changing size. On the
contrary, given the particle size dependence of the C,,. se-
lectivity, the adsorption and dissociation of CO are rate-
determining in the production of C,.. A combination of
long-range and local electronic effects played by the alkali
ions determines the adsorption and subsequent dissocia-
tion of CO with the observed superior C,, selectivity as for
Ni/SiO, catalysts. However, the particle size dependence
should be ascribed essentially to the dilution effect of the
alkali ions.

From the steady state CO conversion rate as a function
of temperature, typically a value of 22 kcal/mole for the
activation energy was obtained, comparable to the value
from Ni/SiO, prepared by incipient wetness impregnation
(41).

The stability of the Ni/pumice catalysts in the CO hy-
drogenation has been evaluated by performing a series of
tests lasting 14-18 h. A typical plot of such a stability test
referred to the 4NiC8R8 catalyst in terms of CO conver-
sion versus reaction time is shown in Fig. 7. The Ni/pumice
catalysts denoted an excellent stability since a decay in
the activity lower than 5% of the initial value after 14 h
time on stream was noticed. The X-ray diffraction analysis
of the samples, after being used in the reaction, excluded
the occurrence of metal sintering. The same XPS intensity
ratios of the Ni2p over Si2p, obtained for samples before
and after the reaction, agreed with this conclusion.

The XPS of the C1s core level in the catalyst 7.5%
NiC8R7, before and after reaction, shown in Fig. 8, are es-
sentially the same. No changes are observed in the binding
energies and, also, in the relative and total amounts of the
carbon species. Fitting of the spectra gives one main compo-
nent at 284.6 eV due to the adventitious carbon used as the
binding energy reference and two additional peaks between
286 and 289 eV due to more oxidized carbons formed, even
at room temperature in air. Carbidic carbon, usually con-
sidered a precursor in the coke formation was absent in the
C 1s spectrum after the reaction.
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%Conv (CO)
F=Y
| ]

N

4NiC8R8

o

[=]

5 10 15
Reaction Time (hours)

FIG. 7.
catalyst.

Percentage of CO conversion versus time over the 4NiC8R8
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FIG.8. X-ray photoelectron spectra of C 1s levels: (a) 7.5% NiC8R7
before the reaction and (b) 7.5% NiC8R?7 after the reaction.

CONCLUSION

The effect of calcination and reduction temperatures on
the structural properties of the oxide precursors and of
the reduced catalysts indicated a weak chemical interac-
tion between the Ni(ll) species and the pumice support
elements. Stronger interactions are formed at high calcina-
tion temperatures, resulting in oxide species that are more
difficult to reduce. The selectivity of such catalysts toward
heavier hydrocarbons is generally higher, as compared to
undoped nickel silica catalysts. The TOF of the CO con-
version decreases with increasing catalyst dispersion, fol-
lowing a distinct trend, regardless of any differences in the
catalyst preparation or thermal treatments. A parallelism
between the CO conversion activity and the C,, selectivity
versus the nickel particle dispersion indicated that the same
factors affect both. When the particle size decreases, a di-
lution effect, probably due to surface segregation of alkali
ions naturally present in the structure of pumice reduces the
chemisorption of CO and its dissociation rate, producing a
decrease in both activity and C,. selectivity. The invariance
of the methanation activity with the particle size indicates
that the hydrogenation of the carbon, probably the rate de-
termining step for the methanation process, is insensitive
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to the particle size, suggesting once more that the metal-
support interaction, which usually inhibits the adsorption
of hydrogen, is rather weak.

The catalysts do not undergo nickel sintering during the
CO hydrogenation reaction. The performance of the cata-
lysts is practically constant over a period of 14 h. This is in
agreement with the absence of any carbidic carbon in the
C 1s photoelectron spectra of a catalyst after the reaction.
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