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Abstract

The performance of alumina supported unpromoted and cerium promoted nickel catalysts in CO, methanation reaction was
investigated. It was found that the activity of catalysts in CO, methanation reaction at low reaction temperatures can be
improved by the increase in nickel loading and introduction of cerium promoter. The catalysts showed high resistance for
sintering and coking at high reaction temperatures. A few stages of catalysts deactivation by H,S in the methanation reac-
tion carried out at 475 °C with the time on stream were identified. It was found that an introduction of H,S to the stream
(8 ppm) did not induce rapid decrease of activity. Slight and then strong drop of CO, conversion and simultaneously the loss
of methane selectivity was observed after specific time, depending on the catalysts composition. Deactivation of catalysts
was related to the nickel content and the presence of cerium. X-ray diffraction studies indicated small changes of crystallite
size with the time on stream. Raman spectroscopy studies pointed out that deactivation of catalysts was not connected with
formation of carbon deposits. An in-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy studies showed that
exposition of catalysts to the reaction mixture containing the traces of H,S led to the blocking of nickel active sites respon-

sible for CO, and H, activation and successive transformation to carbonyl and formate species.
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1 Introduction

The increase in the demand for energy carriers and chemical
products in the last decades, connected with an increase in
population growth and industrial development has brought
significant environmental threats, including over-exploi-
tation of natural resources, massive consumption of fossil
fuels and greenhouse gas emission, unprecedented in the
history of civilization [1, 2]. More and more attention is
paid to the capture and utilization of carbon dioxide formed
during combustion of fossil fuels, transformation of wastes
and conversion of biomass, e.g. for production of energy
carriers and valuable chemicals, such as methane, metha-
nol, dimethyl ether, polymers. An application of biomass
for production of energy and valuable chemical compounds
has found wide interest for many years [3—6]. Biomass is
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characterized by variability of chemical composition, and
may contain both the complex compounds of carbon, hydro-
gen and oxygen, as well as some compounds of sulfur, nitro-
gen or phosphorus. The composition of biogas depends on
the production conditions and the type of raw materials used
[7]. The main components of biogas are methane and carbon
dioxide. The heating value of biogas can be increased by
removal of carbon dioxide. Methanation reaction is regarded
as an alternative solution for the (bio)-CO, utilization.

—165 kJ mol™
ey
The advantage of such idea is the possibility of simultane-
ous utilization of hydrogen, produced with the participation
of renewable energy. Methanation of carbon dioxide (Sabatier
reaction) has been introduced to the industry at the beginning
of the last century [8]. Initially, studies were concerned on
the improvement of fuel gasification processes for heat pro-
duction. In turn, methanation of carbon oxide is used in the
industrial scale for purification of synthesis gas in the pro-
duction of ammonia. Nowadays, the interest of CO, utiliza-
tion results mainly from the environmental issues, reduction
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in the greenhouse effect caused by the consumption of fossil
fuels. The development of active, selective and durable bio-
CO, methanation catalysts is a challenge; the catalysts should
show high activity, selectivity, resistance for sintering, coking
and poisoning. Nickel catalysts have been widely studied for
hydrogenation of carbon oxides. High dispersion has often
been achieved by the application of the supports of high spe-
cific surface area or particular structure and porosity, includ-
ing v-Al,O5 [9-14], nanostructured silica supports [15, 16],
zeolites [17], CeO, [18, 19], Ce,Zr,_, 0, [20-22], ZrO,~Al,04
[23], hydrotalcites [24-27], MgAl,O, spinels [28]. Nickel dis-
persion has been also improved by the use of suitable promot-
ers and modifiers, e.g. Ce [29-32], La [33-37], Mo [38], W
[39], Mn [40], Fe [41-43].

Hydrogen sulfide (H,S) is found to be the most unfavorable
component of biogas. Its presence may strongly hinder the
potential application of biogas for production of energy and
chemical bio-products. H,S is a colorless gas, heavier than air
with characteristic smell. It dissolves well in water. It is a toxic
gas, fortunately the hydrogen sulfide odor threshold is very low
(0.18 mg/m®). H,S is crucial for biogas plants operation, hence
some of them use desulfurization and biogas drying units.
Several concepts of catalytic methanation of carbon dioxide
contained in biogas can be distinguished. The first concept
assumes the hydrogenation of bio-CO, without purifying the
stream from sulfur compounds, but at their concentration at
the level that ensures the operation of catalysts in the form
of sulfides. Available literature data in carbon oxides hydro-
genation over such catalysts are very scant. Mostly, studies
have been focused on the hydrogenation reaction of carbon
monoxide, e.g. contained in the synthesis gas produced by
gasification of sulfated coal. Typical representatives of this
group are molybdenum based catalysts [44—46]. The processes
of deactivation of sulfide catalysts are mainly related to the
structural changes of the corresponding sulfides. The second
concept assumes complete removal of sulfur-containing com-
pounds from the biogas or bio-CO, stream prior to the metha-
nation reaction. Carbon dioxide in the purified waste stream or
directly in biogas would be then converted over noble or non-
noble metal catalysts. Numerous studies were focused on the
influence of sulfur compounds on the performance of catalysts
in natural gas or biogas reforming reactions [47]. However,
there is very little information on the effects of sulfur com-
pounds on the methanation of CO, in biogas stream.

The aim of the studies was determination of the activity
and durability of cerium promoted alumina supported nickel
catalysts in CO, methanation reaction in H,S free and con-
taminated streams.

2 Experimental
2.1 Preparation of Catalysts

Nickel catalysts were prepared by the impregnation
method using y-Al,O5 as support (Alfa Aesar). Finally
grinded support (5 g) was introduced to the aqueous solu-
tion obtained by the dissolution of the suitable amounts
of nickel nitrate hexahydrate (Ni(NO;),"6H,0, p.a., Sigma
Aldrich) and citric acid (Sigma Aldrich) in 300 mL of
deionized water. Molar ratio of nickel nitrate to citric acid
was maintained at 1:1. The mixture was heated at ~90 °C
to evaporate water while stirring. Samples were dried
overnight at 120 °C, and then calcined at 400 °C for 2 h
to decompose metal precursors. Similar procedures were
used for synthesis of ceria promoted catalysts. In this case,
an aqueous solution was prepared using nickel nitrate,
cerium nitrate hexahydrate (Ce(NO;);°6H,0, p.a., Sigma
Aldrich) and citric acid, keeping molar ratio of metal salts
to citric acid 1:1.

2.2 Characterization of Catalysts

X-ray fluorescence method with ED-XRF Canberra-Packard
1510 spectrometer was used for determination of nickel and
cerium content in the catalysts. Surface properties and
porosity of catalysts were determined from nitrogen adsorp-
tion/desorption measurements obtained volumetrically at
—196 °C by means of ASAP 2405N analyzer (Micromeritics
Instr. Corp.). The standard Brunauer—Emmett—Teller (BET)
method was used for determination of the specific surface
area (Sppy). Pore size distribution and mean pore were esti-
mated from the desorption branch of isotherms by the dim-
eter Barret-Joyner—Halenda (BJH) method. Phase composi-
tion of catalysts after reduction in hydrogen (600 °C for 2 h)
and spent catalysts after durability tests was determined by
the X-ray diffraction method (XRD) using Empyrean (PAN-
alytical) diffractometer with Cu Ko radiation (A=1.5418 A).
Mean nickel crystallite size (dX<”) was estimated by the
application of Rietveld method implemented in the High-
Score Plus software [48]. An active surface area of catalysts
(S,) was calculated from the static volumetric chemisorption
method using ASAP 2020C apparatus (Micromeritics Inst.
Corp.) under assumption of the chemisorption stoichiometry
of H:Ni=1:1 and 0.0649 nm? surface area occupied by sin-
gle hydrogen atom [48]. The catalysts prior to the chem-
isorption of hydrogen (at 35 °C) were reduced at 600 °C for
2 h and evacuated under the vacuum of 3.8 x 10~ Pa. Hydro-
gen chemisorption data were applied for supplementary
estimation of mean nickel crystallite size (d{") under
assumption of the spherical shape of crystallites:
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Ch _ 6x10° where:, 8y—density of nickel (g/cm?), Sy —
Ni T 5oxSy’ 5 Ony Y g > DN

surface area of nickel in catalysts (m%/gy;).

Scanning electron microscopy studies of the catalysts
after durability tests were performed by the application of
Quanta 3D FEG microscope (FEI), equipped with Field
Emission Gun. The catalysts prior to the durability tests and
after reaction were studied by means of Raman spectroscopy
using in Via Reflex spectrometer (Renishaw) equipped with
514 nm laser. An in-situ CO, methanation reaction studies
were performed by the application of Diffuse Reflectance
Infrared Fourier-Transform spectroscopy (DRIFTS) with
automated gas distribution system (Medson), FT-IR spec-
trometer (Nicolet 6700, Thermo Scientific) with LN, cooled
MCTA detector and Praying Mantis High-temperature
Reaction Chamber (Harrick) with ZnSe windows [49]. The
background signal was determined by the use of KBr. The
spectra were recorded in the methanation reaction performed
over activated catalysts and after durability tests. In the first
case, the samples were reduced at 600 °C for 2 h, then the
temperature was decreased to 100 °C and the mixture of
CO, (10 mL/min), H, (40 mL/min) and Ar (5 mL/min) was
introduced to the reaction chamber. DRIFT spectra were
recorded at selected temperatures from 100 to 400 °C in the
wavenumber range of 650-4000 cm™! and the resolution of
4 cm™!. The samples of spent catalysts after durability tests
and passivation at room temperature, were taken from the
reactor and transferred to the DRIFTS reaction chamber.
Samples were reduced in the stream of hydrogen at 100 °C to
perform possible depassivation. Next DRIFTS spectra were
recorded at selected temperatures as described above.

Catalysts activity tests in CO, methanation reaction were
carried out in the reaction system (PID Eng & Tech) operated
under the pressure p=1.9x 10° Pa (~ 1.9 bar) by the applica-
tion of a fixed-bed continuous-flow quartz reactor in a similar
way as described in Ref [48]. The sample of catalyst (0.2 g)
was mixed with quartz scraps. Reduction was performed at
600 °C for 2 h in the flow of hydrogen. CO, methanation
reaction was carried out in the mixture of pure components
H, (61.6 vol%), CO, (15.4 vol%) and Ar (23 vol% Ar) with
the total flow rate of 100 mL/min, weight hourly space veloc-
ity referenced to CO, in the feed (WHSV) 4.6 Lcozh_l gl

and contact time equal to 0.21 h g L(_:é),' The analysis of CO,

methanation reaction product was carried out by the custom-
ized Bruker’s Rapid RGA Analyzer based on a 450-GC.
The carbon dioxide conversion (X¢g,), methane and
carbon monoxide selectivity (Scy,,Sco) i\nNereocalculated

—cout
CO- CO
—C02 % 5 100%,
Cco2

X 100%,

using the following equations: Xqo, =

Coo
Cen, +Ceo

C{ o —is the molar concentration of CO, in the reaction mix-
2

SO 100%, Seo =

where
Ceny+Ceo

SCH4 =

ture, C%‘gz—is the molar concentration of CO, in the post-
reaction mixture, Cey,, Coo—the molar concentrations of the
CH, and CO in the post-reaction mixture.

Fully customized system for long-term tests studies was
used. Durability tests were performed in the similar condi-
tions as activity tests, described above. The system consisted
of mass flow controllers, suitable valves, fixed-bed contin-
uous-flow quartz reactor, electric furnace, water trap, and
was coupled to fast Micro-GC analyzer (CP-4900, Bruker).
The analysis of reaction products was automatically per-
formed every 30 min. Conversion of CO, and selectivity to
CH, and CO were calculated from the suitable equations,
stated above. The catalysts were initially reduced at 600 °C
for 2 h, then the temperature was decreased to 475 °C and
the reaction was performed in the stream of CO,, H, and Ar
mixture (H,/CO,=4) for 20 h. Next, the composition of the
reaction mixture was changed, replacing pure hydrogen by
the premixed H,—H,S mixture. The content of H,S in the
reaction mixture was equal 8 ppm. The reaction tests were
carried out for several hours, until the loss of initial activity
(usually 70-80 h). The catalysts after the tests were cooled
down in the flow of inert gas to the room temperature and
gently passivated.

3 Results and Discussion

3.1 Properties of Catalysts Determined Prior
to the CO, Methanation Reaction

Two groups of catalysts containing ca. 20 and 40 wt%
Ni were studied. The Table 1 presents composition of

Table 1 Nickel and cerium

) Catalyst Composition  Spzr (m%g) Dy (im) @0 (nm) @' (am) S, (m?/g)

content, specific surface area (wt. %) Ni Ni
(Sgep), mean pore diameter :
(Dgyy) and mean nickel Ni Ce
crystallite size estimated from
XRD (dXf”) and hydrogen Al O4 - - 251.7 12.2 - - -
chemisorption (dg) studies, Ni20-AlL,0, 192 - 2367 8.2 4.2 10.3 12,5
a“td laC‘t‘VC surface area (S,) of Ni40-AL,0, 369 - 2605 6.1 6.3 13.7 18.1
catalysts

Y Ni20-Ce5-Al,04 20.7 5.3 2427 7.6 3.5 9.9 14.1

Ni40-Ce5-Al,04 39.2 5.5 228.9 7.7 6.4 13.5 19.6
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catalysts. The catalysts were modified by the introduc-
tion of Ce promoter (ca. 5 wt%). The specific surface
area of alumina support was relatively large, and equal
to 251.7 m%/g, while mean pore diameter was in the
mesoporous region, equal to 12.2 nm. Surface properties
and porosity of catalyst are not strongly different from
that of the support. The specific surface area of obtained
catalysts was in the range of 230—260 m?/g, while mean
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Fig. 1 X-ray diffraction curves of catalysts after reduction at 600 °C
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pore dimeter was irregularly varied in the range of 7-8 nm
(Table 1). Fig. 1 shows X-ray diffraction curves of reduced
catalysts. The catalysts prior to the reaction were activated
in hydrogen at 600 °C for 2 h. Broad reflections of alu-
mina and metallic nickel phases point out the presence of
small nickel crystallites. Therefore, the calculated nickel
crystallite size (d)IfIRD ), despite the use of advanced Riet-
veld method, may contain some inaccuracies. Mean nickel
crystallite size in Ni20—-Al,0O; catalyst is equal 4.2 nm.
An increase of nickel content to ca. 40 wt% leads to the
slight increase of nickel crystallite size to di<”=6.3 nm
(Table 1). An introduction of cerium drives to the slight
changes of mean nickel crystallite size to 3.5 and 6.4 nm
for Ni20—Ce5-Al,0; and Ni40-Ce5-Al,0; catalyst,
respectively. The lack of reflection of cerium oxide phases
indicates their high dispersion.

The catalysts show relatively large active surface area,
strictly connected to the presence of the small nickel crys-
tallites. An increase of nickel content in the unpromoted
catalysts from ca. 20 to 40 wt% leads to the increase of the
active surface area from 12.5 to 18.1 m?/g. The increase
of the active surface area of the catalysts is also observed
after introduction of Ce promoter. The active surface area
increases to 14.1 and 19.6 m%/g for Ni20—Ce5-Al,0; and
Ni40-Ce5-Al,04 catalyst, respectively. It is found that
mean nickel crystallite size determined on the basis of
chemisorption data (assuming the spherical shape of par-
ticles and that all surface sites are accessible for hydro-
gen atoms) is greater for corresponding catalysts than that
estimated from XRD studies. Such discrepancy may result
from limited accessibility of surface sites and partial cov-
erage of nickel crystallites by the support.
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Fig.2 (a) CO, conversion at selected temperatures, (b) selectivity of catalysts to methane
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3.2 Methanation of Carbon Dioxide

Activity studies of CO, methanation reaction performed
at different temperatures over unpromoted and promoted
nickel alumina supported catalysts are presented in the
Fig. 2. Carbon dioxide conversion increases from ca. 5
to 90% with an increase in reaction temperature from
200 to 350 °C. Above this temperature CO, conversion
decreases in accordance to the thermodynamic limits
[50]. An increase of nickel loading from ca. 20 to 40 wt%
drives to the increase in CO, conversion at low reaction
temperatures (200-350 °C). This effect is well visible
in the range of 240-320 °C. An introduction of cerium
promoter to the alumina supported catalyst containing
ca. 20 wt% Ni result in the increase of CO, conversion

at low reaction temperatures. Similar improvement of
catalytic performance at low reaction temperatures is
observed for Ce promoted catalyst with higher Ni con-
tent (Ni40-Ce5-Al,0,). It is found, that carbon monoxide
formation is favored at higher temperatures. As a con-
sequence, CH, selectivity decreases with an increase in
reaction temperature. The catalysts show high selectivity
to methane at low reaction temperatures (200-350 °C).
However, CH, selectivity decreases from ~100% to ca.
60% when the reaction temperature is increased from 350
to 600 °C. The selectivity of catalysts is slightly changed
after introduction of cerium. The observed changes of the
activity of promoted catalysts are consistent with recently
published data [32-36]. An increased activity of Ce and
La promoted nickel catalysts has been often attributed
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Fig.3 Durability tests of catalysts in the reaction performed at 475 °C in the presence of CO, and H, components and after introduction of

8 ppm of H,S; (a) CO, conversion, (b) CH, selectivity, (¢) CO selectivity
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in the literature to the improved nickel dispersion and
changes of the acid-base properties of catalysts [32—-36].

Figure 3 shows the results of durability studies of cata-
lysts in CO, methantion reaction performed at 475 °C.
The catalytic tests carried out in CO,—H, reaction mixture
at such relatively high reaction temperature evidenced no
deactivation trends for catalysts over 20 h time on stream.
CO, conversion and CH, selectivity has found to be high
and stable for 20 h on stream. Such effects indicate high
resistance of catalysts for sintering and coking. The cata-
lysts after 20 h of the operation on pure components CO,
and H, were subjected to the mixture containing traces
of H,S (8 ppm). Three stages of CO, conversion changes
can be found. In the first period, only slight decline is
visible. Next, a rapid drop of CO, conversion is observed,
and finally very low conversion is detectable. Initially
relatively high CO, conversion and selectivity to methane
is observed for Ni20—Al,0; catalyst. It shows no signs
of deactivation for about 20 h after introduction of H,S.
Slight drop of CO, conversion and decrease of selectiv-
ity to methane is visible after suitable initial period. In
the next stage, the decrease of CO, conversion becomes
evident. Conversion of CO, approaches low level in the
final stage, while the selectivity to methane falls com-
pletely to zero and carbon monoxide becomes the main
reaction product. It is interesting that the effects of the
decrease of CO, conversion and selectivity changes occur
almost simultaneously. Similar effects are observed for
the catalyst of higher nickel loading. The initial period
of high activity after introduction of H,S in the case of
Ni40-Al,O; catalyst is longer. A slight drop of CO, con-
version after about 20 h time on stream over the next 10 h
is more visible than in the presence of catalyst of lower
nickel loading. The next stage - fast deactivation occurs
almost with the same rate. Consequently, CO, conversion
for Ni40-Al,O; catalyst declines to the same low level as
for Ni20-Al,05 (close to 10%).

Deactivation of cerium promoted catalysts occurs
through similar stages. Initial period of deactivation
of Ni20-Ce5-Al,0; catalyst is almost the same as for
Ni20-Al,0;. However, the next stage of deactivation
is much longer and the slope of the deactivation curve
is smaller. Similar deactivation stages are visible for
Ni40-Ce5-Al,0; catalyst, but much longer initial period
can be detected. Consequently, Ni40-Ce5-Al,0; cata-
lyst demonstrates the best resistance for poisoning. Note,
that the final level of CO, conversion is higher for both
catalysts containing cerium in comparison to unpro-
moted ones (ca. 20 and 25% for Ni20-Ce5-Al,0; and
Ni40-Ce5-Al,0; catalysts, respectively).

A Ni

o ALO,

Ni40-Ce5-Al,0,-

Intensity (a.u.)

Fig.4 X-ray diffraction curves of spent catalysts after durability tests
performed in the presence of H,S. Spent catalysts were denoted add-
ing “S” to the name

3.3 Properties of Spent Catalysts

Deactivation of catalysts may result from several reasons,
including sintering, coking and poisoning with H,S. XRD
curves of spent catalysts after durability tests, transferred
from the reactor are presented in the Fig. 4. The names of
the relevant catalysts studied after deactivation have been
changed by adding the letter “S”. X-ray diffraction patterns
of catalysts prior to the reaction and after durability tests
are very similar. Wide reflections in the low theta angles
result from the presence of the traces of quartz grains used
for dilution of the catalysts samples. The shape of XRD
peaks of catalysts before and after the tests is very similar.
Broad reflections of alumina and metallic nickel phases are
well visible. The size of nickel crystallites in corresponding
catalysts is similar. Mean size of nickel crystallites in the
case of Ni20-Al,0; and Ni40-Al,O; catalysts is equal to 4.6
and 6.9 nm, respectively. While mean size of nickel crystal-
lites in the promoted catalysts is equal to 5.6 and 6.3 nm for
Ni20-Ce5-Al,0; and Ni40-Ce5-Al,0;. Therefore, it can be
concluded, that sintering of catalysts is not a factor respon-
sible for pronounced deactivation of catalysts and drop of
selectivity to methane.

Formation of different types of carbon deposits on the
surface of catalysts has been often observed in numerous
reactions, such as steam and dry reforming or cracking of
organic compounds. Carbon deposits have been often easily
identified in the catalysts on the basis of X-ray diffraction,
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Fig.5 SEM images of spent catalysts

microscopic studies and Raman spectroscopy. However, the
distinct XRD reflection peaks of carbon are not observed on
the curves of catalysts after deactivation. Hence, the pres-
ence of ordered carbonaceous deposits can be also excluded.
Figure 5 shows SEM images of deactivated catalysts after
durability tests. It is difficult to find any forms of carbo-
naceous deposits on the catalysts, such as carbon fibers or
encapsulating carbons. However, the presence of some dis-
ordered surface forms can’t be completely ruled out.
Figure 6 shows Raman spectra of catalysts recorded
before and after durability tests in the presence of H,S.
Typical vibration bands of carbonaceous structures, usually
occurred in the range of 1100-1700 cm™! are not visible [49,
51-53]. Weak shoulder in the range of 400-500 cm™' can be
attributed to the vibration bands connected with the presence
of CeO, species. However due to the weak intensity, resulted
from the small amounts of Ce it is difficult to determine the
nature of oxides and/or their changes during the reaction.

@ Springer
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Hence, one can assume that the main reason of catalysts
deactivation is poisoning of the catalytically active surface
sites by sulfur. In turn, typical Raman vibrations of pure
sulfur, sulfur organic compounds with C-S, C-H groups, as
well as vibrations of NiS, phases are also not visible, which
may indicate formation of strongly dispersed sulfur surface
species [54]. Hydrogen sulfide reaching the surface of the
metal catalyst is dissociatively adsorbed, forming surface
nickel sulfides, in accordance to the general reaction equa-
tion: H,S 4+ xNi— Ni,S +H,. Surface nickel sulfides show
high stability, even higher than bulk sulfides [55-57]. Their
stability decreases with the temperature increase. H,S chem-
isorption is an exothermic process, therefore the adsorption
equilibrium depends on the temperature. However, adsorp-
tion of sulfur can be regarded as irreversible process at low
temperatures. The adsorbed sulfur atoms at low surface
coverages may cause distortion of the energetic state of the
surface nickel atoms and introduce geometric hindrances,
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Fig. 6 Raman spectroscopy spectra of catalysts containing 20 wt% Ni (a) and 40 wt% Ni (b) after reduction at 600 °C and spent catalysts after

durability tests performed in the presence of H,S

whereas mainly geometric disturbances can be present at
high coverages [58]. DFT calculations presented in the lit-
erature, show that sulfur atoms can be preferentially located
on the crystal lattice defects, mainly Ni (211) sites, affecting
processes related to methane conversion [58]. Literature data
indicated that the local distribution of surface sulfur atoms
depends on the coverage and type of planes; e.g. p(2Xx2)
type structure was proposed for Ni (100) planes under low
coverages S/Ni < 0.25, which is transformed to ¢(2 X 2) type
on higher coverages 0.25 < S/Ni <0.5. It was argued that
complete sulfur saturation of Ni(100) planes occurs at S/
Ni,=0.50, but saturation for other planes may occurs at dif-
ferent S/Ni; values, from 0.7 to 1.09 [58].

Figure 7 shows DRIFTS spectra recorded during in-situ
CO, methanation reaction over catalysts subjected to the acti-
vation procedure in pure hydrogen at 600 °C (dashed lines)
and over the spent catalysts transferred from the reactor after
durability test in the presence of H,S (solid lines). In the
second case, the samples were pre-reduced in-situ at low tem-
perature (100 °C) before spectra recording in the CO,-H,
reaction mixture. The dot lines represent spectra recorded
over alumina support in the methanation reaction in the mix-
ture of H,—CO, at suitable temperatures. The support was
also pre-reduced at 600 °C. DRIFTS spectra presented in the
Fig. 7a in the range 1700-2200 cm™! reveal characteristic
vibrations of carbonyl groups on the surface of Ni20-Al,0,
catalysts [59-61]. The presence of vibration bands on the
spectra recorded at 100 °C, shifted towards lower wavenum-
ber values with respect to the 2(CO) in gas phases, indicates
formation of carbonyl species in the initial step of CO, meth-
anation reaction, which are located on the surface nickel sites

(Ni%). Distinct vibration bands, visible in the different regions
can be ascribed to the differently coordinated species, i.e. lin-
ear carbonyls (located on top nickel sites ~1980-2100 cm™"),
twofold bridged carbonyls (1870-1980 cm™') and threefold
bridged carbonyls on hollow sites (ca. 1780-1900 cm™!) [59,
61]. Carbonyl groups are not visible on the spectra recorded
during reaction performed in the presence of alumina. Simi-
lar vibration bands are not observed on the spectra recorded
during in-situ methanation reaction over spent catalysts taken
from the catalytic reactor after durability tests in the presence
of H,S. Such effects indicate, that the initial step of methana-
tion reaction, connected with the transformation of CO, to
CO on the surface of nickel is hindered in the deactivated
catalysts due to the blockage of the active sites.

DRIFTS spectra recorded in the reaction performed at
higher temperatures over active catalyst reveal changes of
the contribution of differently coordinated carbonyl groups
and gradual decrease of their intensity [62]. The vibration
bands of carbonyl groups are not detectable on the spec-
tra recorded over deactivated catalyst at high reaction tem-
peratures in the CO, methanation reaction. We have also
not observed such vibration bands after subsequent cooling
down the catalyst to the low temperatures. Carbonyl vibra-
tions bands are also not visible on the spectra of bare alu-
mina at higher temperatures.

Figure 7b shows the spectra recorded for
Ni20-Ce5-Al,0; catalysts. One can see slight differences in
the position and intensity of vibration bands of correspond-
ing carbonyl groups. There is a slight relative increase in the
intensity of bridged carbonyls and their shift towards higher
wavenumbers in comparison to unpromoted catalyst on the
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Fig.7 DRIFTS spectra recorded at different temperatures in CO,
methanation reaction performed in the presence of alumina support
(dotted lines), Ni20-Al,O5 (a, ¢) and Ni20-Ce5-Al,05 (b, d) cata-

spectra recorded in the CO, methanation reaction at 100 °C.
Similar drop of the relative intensity as for Ni20-Al,O; of
on-top species and changes of positions of vibration bands of
bridged carbonyls are observed with an increase in reaction
temperature. The vibration bands of carbonyl groups are also
not visible on the spectra recorded over promoted catalyst
after durability test in the presence of H,S. Therefore, one
can assume that H,S induces similar deactivation effects of
the surface of promoted nickel catalyst.

Figure 7c, d show DRIFTS spectra in the region of
1200-1800 cm™, revealing formation of intermediate for-
mate and carbonate species on the surface of alumina sup-
port, Ni20-Al,0; and Ni20-Ce5-Al,0; catalysts [59, 61,
63-67]. The vibration bands observed in the reaction over
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lysts after reduction (dashed lines) and after durability tests (solid
lines) presented for selected regions 1700-2200 cm™! (a, b) and
1200-1800 cm™' (c, d)

alumina support, located at around 1660, 1650, 1450 and
1230 cm™!, can be ascribed to bicarbonates, whereas the
vibrations observed at 1540 cm~! may indicate the presence
of monodentate carbonate. The intensity of corresponding
groups gradually decreases with the increase in reaction tem-
perature. Small maxima, which correspond to the presence of
bicarbonates and carbonates can be detected on the spectra
of Ni20-Al,O; catalyst after high temperature reduction (see
e.g. the bands at ca. 1440 and 1230 cm'l), while their relative
intensity is smaller on the spectra of promoted nickel cata-
lyst. DRIFTS spectra of catalysts recorded at 100 °C reveal
the presence of new bands in the region of 1500-1700 cm™!
and 1270-1420 cm™!, which can be attributed to the formate
species. Their relative intensity is higher in the promoted
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catalyst. The enhancement of the formation of intermediate
formate species may explain higher activity of cerium pro-
moted catalysts. An increase in reaction temperature drives to
the decrease of intensity of vibration bands. Weak vibration
band located at around 1300 cm™! appears on the spectra
recorded above 200 °C. It can be attributed to the C—H vibra-
tions in methane. In the case of spent catalysts the vibration
bands of carbonates are also visible. Their position and inten-
sity is slightly shifted in comparison to that on alumina. This
effects can be in part related to the interaction of H,S with
CO, on the surface of alumina, resulted in the formation of
thiocarbonates [61]. Slight maxima, which can be attributed
to formates are also detectable on such catalysts, even in the
reaction performed at 100 °C. Their higher intensity is visible
for promoted catalyst. An increase in reaction temperature
drives to the changes of intensity of carbonates and formates,
however C—H vibrations, characteristic for methane are not
detectable. Therefore, such effects may explain, why the
catalysts in the final stage of durability tests in the presence
of H,S showed small activity, although the main reaction
product was carbon monoxide, and higher CO, conversion
was observed for promoted catalyst.

Carbon dioxide and hydrogen molecules, upon interac-
tion with the surface of nickel crystallites may dissociate to
form carbonyl groups (CO,,4), oxygen (O,4) and hydrogen
(H,4) ad-atoms. In the following steps, in accordance to the
“carbide mechanism”, carbonyl groups can dissociate to oxy-
gen (O,,) and carbon (C,,) surface ad-atoms, that are next
converted to CH, species or in accordance to other mecha-
nism, may participate in the surface reactions with formation
hydrogen-assisted intermediates, e.g. HCO and H,CO spe-
cies [68—70]. Therefore, strong adsorption of sulfur on the
nickel sites may inhibit the initial stages of surface reaction
and final hydrogenation of surface species. This mechanism
explain also higher activity and longer operation time of the
catalysts of larger number of active sites. Longer operation
time of catalysts during durability tests in the presence of
H,S (presented in the Fig. 3) can be attributed to the higher
active surface area of catalysts (Table 1). In turn, taking into
account “associative reaction mechanism”, the adsorption of
carbon dioxide in the initial stages takes place on the specific
surface sites located on the support or on the metal-support
periphery region with subsequent formation of the appropri-
ate carbonate-like or carbonyl species. Suitable intermedi-
ates can be subsequently hydrogenated to methane by the
participation of hydrogen ad-atoms [71, 72]. Modification
of the catalysts composition, e.g. by the changes of the acid-
base properties or introduction of redox sites may induce
changes of the interaction of CO, or intermediate species.
Therefore, in accordance to this reaction mechanism, deacti-
vation of nickel sites located in the close vicinity of the sup-
port, retardation of hydrogen activation and diffusion, as well
as formation of some inactive species on the support due to

the interaction with H,S can be crucial for the course of the
methanation reaction. Hence such changes may determine the
operation time of catalysts. However, further detailed studies
are needed to clarify these questions.

4 Conclusions

Alumina supported nickel catalysts, containing 20 and 40 wt%
Ni were prepared by the impregnation method in the presence
of citric acid. The catalysts were promoted with cerium. The
catalysts showed high nickel dispersion. An increase in nickel
content and introduction of promoter led to the increase of the
active surface area. High activity of catalysts was observed at
low reaction temperatures in CO, methanation reaction. Dura-
bility studies performed at high reaction temperature indicated
high resistance of catalysts for sintering and coking. Elec-
tron scanning microscopy and Raman spectroscopy studies
evidenced no formation of carbonaceous deposits. Durability
tests performed in the presence of H,S in CO,—H, reaction
mixture showed that the operation time of catalysts can be
extended by the increase of active surface area of catalysts and
the introduction Ce promoter. An in-situ DRIFTS studies of
the fresh and spent catalysts indicated that deactivation of cat-
alysts is connected with hindering of the initial stages of CO,
methanation reaction, formation of surface carbonyl species
and subsequent hydrogenation to methane. It was observed
that the presence of Ce promoter may facilitate transforma-
tion of CO, molecules to the suitable intermediate species and
change the course of deactivation of catalysts.
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