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The mechanism of selective methanation of CO/CO, over 5%Ru/TiO, catalyst is investigated employ-
ing in situ FTIR spectroscopy (DRIFTS) and transient mass spectrometry techniques. It is shown that
interaction of the prereduced catalyst with the reaction mixtures results in the development of vari-
ous Ru-bonded carbonyl species on reduced and partially oxidized sites as well as on sites located at
the metal-support interface. The nature and population of these species depend strongly on feed com-
position and reaction temperature. Results of the present study confirm our previous suggestion that
Keywords: . Lo . . o .
Ruthenium the mechanism of CO methanation includes both dissociative and associative reaction pathways. The
TiO, former, which dominates at lower reaction temperatures, involves hydrogenation of surface carbon pro-
duced by dissociative adsorption of CO, whereas the latter involves hydrogenation of CO species adsorbed
at the metal-support interface. At low temperatures, typically <250 °C, dissociation of CO results in accu-
Carbon dioxide mulation of adsorbed oxygen species which cannot be removed from the catalyst surface, rendering it
Hydrogen inactive. Catalytic activity is restored at higher temperatures, where partially oxidized sites are reduced
FTIR efficiently by adsorbed hydrogen atoms. The associative reaction pathway is the only one which is oper-
Transient-MS able under conditions of CO, methanation and proceeds via intermediate formation of carbonyl species
at the metal-support interface, produced by the RWGS reaction. Selective methanation of CO in CO/CO,
mixtures occurs efficiently under conditions where the dissociative reaction pathway is operable and the
associative reaction pathway is completely suppressed.
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1. Introduction As aresult, efforts are focused toward the development of selec-

tive CO methanation catalysts, with sufficiently high activity at low

Interest in the CO methanation reaction has grown significantly
during the last few years as a result of recent advancements in fuel
cell technology and the need for development of fuel processors
capable of converting carbonaceous fuels into hydrogen [1-4]. In
such systems, the CO methanation reaction Eq. (1) can be used
as the final purification step of reformate gas to reduce CO con-
centration to the extremely low levels (<50 ppm) dictated by the
poisoning limit of PEM fuel cell electrodes [5].

CO + 3Hy < CH4+H,0, AH° = —206Kk] mol~! (1)

However, depending on operating conditions and catalyst
employed, reaction (1) may occur in parallel with the undesired
methanation of CO, Eq. (2), which consumes significant quantities
of hydrogen, as well as with the reverse water—gas shift (RWGS)
reaction Eq. (3), which shifts CO, to CO [1,2].

CO, +4H, <» CH4+2H,0, AH° = —165kJmol~! (2)

CO,+Hy < CO + H,0, AH° = 41.1kJmol"! (3)
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temperatures, able to suppress both CO, methanation and RWGS
reactions. Supported ruthenium and rhodium catalysts seem to be
able to meet the above criteria and, therefore, have been widely
investigated [1-3,6,7].

Although the mechanism of both CO [8-15] and CO, [16-24]
hydrogenation reactions has been extensively studied, it is not
clear, so far, which of the adsorbed species detected on the cat-
alyst surface are active and define catalytic activity for each
reaction. In our recent work [1] a detailed investigation of
the methanation of CO, CO, and their mixtures has been car-
ried out over 5%Ru/TiO, catalyst, which has been shown to
exhibit high activity, selectivity and long-term stability for the
selective methanation of CO under realistic reaction conditions.
Evidence has been provided that methanation of CO occurs
via two distinct reaction pathways; The first one, which dom-
inates at lower reaction temperatures, involves hydrogenation
of surface carbon produced by dissociative adsorption of CO,
whereas the second involves direct hydrogenation of adsorbed
CO species [25]. The latter pathway has been proposed to be
the only one that is operable under conditions of CO, metha-
nation and proceeds via intermediate formation of Ru-bonded
carbonyls by the RWGS reaction at the metal-support inter-
face.
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In the present work, the reaction mechanism over 5%Ru/TiO,
catalyst is further investigated employing in situ FTIR and tran-
sient mass spectrometry (transient-MS) techniques. The aim is to
identify the nature of active sites, adsorbed species and reaction
intermediates involved in the CO/CO, methanation reactions and,
subsequently, to propose possible mechanistic schemes for both
reactions.

2. Experimental
2.1. Catalyst preparation and characterization

The Ru/TiO, catalyst was prepared employing the wet
impregnation method using TiO, (Degussa P25) as support and
Ru(NO)(NO3); (Alfa) as ruthenium precursor salt [1]. The nomi-
nal Ru loading of the catalyst thus prepared was 5 wt%. The catalyst
was characterized with respect to its specific surface area (BET),
phase composition and crystallite size of TiO,, and platinum disper-
sion, employing physical adsorption of N, (77 K), X-ray diffraction
(XRD), and selective chemisorption of H,, respectively. Details on
the apparatus and procedures used can be found elsewhere [26].

2.2. In situ FTIR spectroscopy

Fourier transform infrared (FTIR) experiments were carried out
using a Nicolet 6700 FTIR spectrometer equipped with a diffuse
reflectance (DRIFT) cell (Spectra Tech), an MCT detector and a
KBr beam splitter. The exit of the DRIFT cell was connected to a
non-dispersive infrared (NDIR) analyzer (Binos) for on-line mea-
surement of CO and CO, concentrations. In a typical experiment,
the catalyst powder was heated at 450 °C under He flow for 10 min
and then reduced in flowing hydrogen (20%H, in He) at 300 °C
for 60 min. The cell was then flushed with He at 450°C for 10 min
and subsequently cooled to the desired temperature under He flow
for 10 min. During the cooling stage, background spectra were col-
lected at temperatures of interest. The flow was then switched to
a gas mixture consisting of either 0.5%CO +x%H, or 1%CO, +x%H
(x=0-12) and spectra were obtained at selected feed composition
after equilibration for 15 min-on-stream. After recording the spec-
trum, the flow was switched to the next selected feed composition.
In all experiments, the total flow rate through the DRIFT cell was
30cm3 min~1.

2.3. Transient mass spectrometry studies

Transient-MS experiments were carried out using the appara-
tus and following the procedures which have been described in
detail elsewhere [25,27,28]. Briefly, an amount of catalyst (150 mg)
was placed in a quartz microreactor and reduced with hydro-
gen at 300°C. The sample was then purged with He at 500°C for
10 min to remove adsorbed species from the catalyst surface and
subsequently cooled to the desired temperature under He flow.
Transient experiments were then carried out by switching the flow
to the desired feed composition (0.5%CO +5%H;, 1%CO, +5%H; or
0.5%C0O +1%CO, +5%H; in He) with the use of a chromatographic
valve equipped with an electronic actuator. The feed also contained
a small amount of an inert gas (0.5%Ar), the response curve of
which represents the flow pattern and the residence time distri-
bution of gaseous reactants flowing through the reactor and the
transportation lines. In all experiments, the total flow rate through
the reactor was 30 cm3 min—!. An Omnistar/Pfeiffer Vacuum mass
spectrometer (MS) was used for on-line monitoring of effluent gas
composition, following the procedures described in detail else-
where [25].

3. Results and discussion
3.1. Catalyst characterization

Results of catalysts characterization showed that the specific
surface area (BET) of the 5%Ru/TiO, catalyst was 42m?2g~!, the Ru
dispersion was 21% and its mean crystallite size (dg,) was 4.5 nm.
The titanium dioxide support was found to consist of 75% anatase
with a primary crystallite size (drig, ) of 25 nm [26].

3.2. Effects of H; concentration on CO/CO, methanation reactions
studied by DRIFTS

3.2.1. Methanation of CO

DRIFT spectra obtained over the Ru/TiO, catalyst, following
exposure to 0.5%CO (in He) at 200 °C for 15 min (trace a) and sub-
sequent addition of x%H, (x =0-12) in the mixture (traces b-i), are
shown in Fig. 1A. The spectrum recorded in the absence of H; (trace
a) is characterized by bands in the v(CO) region attributed to car-
bonyl species adsorbed on ruthenium, and by bands located below
1700cm™! (not all shown for clarity), which are due to adsorbed
species associated with the support. The band located at 2052 cm™!
is attributed to linear CO adsorbed on reduced Ru crystallites (Ruy-
CO) [29-34], whereas the bands at 2136 and 2076 cm~"! can been
assigned to two different types of multicarbonyl species on partially
oxidized Ru sites (Ru™(CO)y) [25,29,30]. Formation of the latter
species is known to take place via oxidative disruption of small Ru
clusters with the participation of hydroxyl groups of the support
[33,35]. The broad spectral feature observed as a low-frequency
(LF) shoulder of the 2052cm~! band may contain contributions
from several species, including linear CO on small and less perfect
Ru crystallites [35], isolated Ru®-CO diluted in an oxidized envi-
ronment [36], monocarbonyls adsorbed on partially oxidized Ru
[13,29,30], and CO adsorbed at the metal-support interface [25,29].
Results of our previous study [25] indicated that the LF shoulder
contains a contribution from Ru™-CO species, i.e., CO adsorbed in
the vicinity of Ru-O sites created via dissociative adsorption of CO
on reduced ruthenium crystallites:

CO + Ruy < Ruy-CO (4)
Ruy-CO + Ruy <+ Rux-C + Ru-O (5)

Regarding the low-frequency (LF) “tail” of the carbonyl bands,
which extends down to 1900 cm~!, it may contain a contribution
from (TiO, )Ru-CO species, i.e., CO adsorbed on Ru sites located at
the metal-support interface [25]. Bands due to such species have
been reported for a number of noble metals dispersed on reducible
supports, including Pt/TiO, [27,37], RuTiO,(Ca%*) [29], Au/TiO,
[38], Pt/CeO, [39,40] and Pd/CeO, [41], as well as Pt/TiO, cata-
lysts doped with alkali [28] or alkaline earth [42] metals. The low
frequency of these bands has been attributed to the strong electron-
donating properties of noble metal (NM) atoms located at the
metal-support interface (e.g., NM-Ti3* sites), which originate from
strong interaction with the reducible support [27,28,40,42,43]. It
may be noted that the high CO-methanation activity of Rh/TiO,
catalyst, compared to Rh/MgO or SiO,, has been attributed to elec-
tronic interactions between the TiO, and the dispersed metal [44].

Addition of 0.45%H, in the reaction mixture does not affect
appreciably the intensity or location of bands at 2136 and
2076 cm~! attributed to Ru™(CO)y species (trace b). In contrast,
it results in a small decrease of the relative intensity of the Ruy-
CO band at 2052cm~!, which is accompanied by a broadening
and red shift of LF bands located at 2050-1900 cm~!. The observa-
tion that the integral intensity of carbonyl bands does not change
appreciably indicates that, at temperature of 200 °C, the presence of
hydrogen does not influence to a large extent the surface coverage
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Fig. 1. DRIFT spectra obtained at (A) 200°C and (B) 350°C following interaction of Ru/TiO, catalyst with 0.5% CO (in He) for 15 min (traces a) and subsequent exposure to

0.5%CO +x%H; (x=0.45-12%) mixtures (traces b-i).

of CO. However, the red shift of carbonyl bands indicates weakening
of the C-0 bond strength, which may be attributed to the presence
of adsorbed species like hydrogen and/or carbon in the vicinity of Ru
adsorption sites [13,32,44,45]. It is well known that hydrogen [45]
and carbon [32] atoms bonded to the metal surface may induce such
an effect by increasing the availability of electrons for back-bonding
from the metal to the adsorbed CO molecules [45]. The presence of
hydrogen in the feed may also result in reduction of the TiO, sur-
face in the vicinity of the metal crystallites [27]. Thus, the observed
increase of the intensity of LF bands may be, at least in part, due
to creation of additional sites with enhanced electron-donating
properties at the metal-support interface (e.g., Ru-Ti3* sites) and,
therefore, increased population of (TiO;)Ru-CO species [27,28,42].
Admission of hydrogen in the feed also results in the development
of a weak band located at 1765 cm™!, the intensity of which does
not change appreciably with increase of H, concentration (traces
b-i). Bands in this region have been previously observed under sim-
ilar reaction conditions over Ru/TiO, [30], Ru/Al,03 [30,32] and
Ru/SiO; [46,47] catalysts and were attributed to bridge-bonded CO
on Ru crystallites [30,46,47] or to an p.-bonded carbonyl complex
in which both the carbon and oxygen atoms are coordinated with
ruthenium surface [32]. The possibility that band at 1765cm™! is
due to another type of surface species cannot be excluded.
Stepwise increase of the concentration of H, in the gas stream
from 0.45 to 12% results in a progressive decrease of the intensity of
the bands located at 2136 and 2076 cm~!, indicating that Ru™(CO)y
species are not favored in strongly reducing environments. In con-
trast, bands located below 2050 cm~! are not affected appreciably

by the presence of excess H, in the feed. It is of interest to note
that increasing H, concentration results in the progressive devel-
opment of three bands located at 2960, 2925 and 2855 cm~! (traces
c-i), which can be assigned to C-H stretching vibrations in methy]l
groups (CHs 54) and to symmetric and asymmetric C-H vibrations
in methylene groups (CH; .q), respectively [9,13-15]. These species
may be formed via successive hydrogenation of carbon atoms pro-
duced via dissociative adsorption of CO (see Egs. (4) and (5)) by
adsorbed hydrogen atoms, which may eventually lead to produc-
tion of methane in the gas phase [9,10,12-15]:

Hs) Hs) Hs) Hs)
C(S)—)CH(S)—>CH2(S)—>CH3(S)—>CH4 (6)

However, accumulation of CHy .4 species on the catalyst sur-
face (Fig. 1A) indicates that production of methane is not favored
at the temperature of 200°C, where this set of experiments was
conducted. In fact, measurements at the exit of the IR cell with the
CO/CO, analyzer showed that conversion of CO increased from 0
to 6.5% with increasing H, content from 0 to 1.5% (stoichiometric,
Eq. (1)), respectively, and did not change, practically, upon further
increasing H, concentration. It should be noted, however, that these
measurements may only provide qualitative information, related,
for example, to the onset of the CO/CO, methanation and RWGS
reactions.

A similar set of experiments was conducted at 350 °C and results
obtained are shown in Fig. 1B. It is observed that the spectrum
recorded in the absence of H; (trace a) consists of a single asymmet-
ric band located at 2018 cm~!, which can be attributed to Ru,-CO
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species. The red shift of the Ruy-CO band from 2052 cm~! at 200°C
(Fig. 1A, trace a) to 2018 cm~! at 350 °C (Fig. 1B, trace a) is consistent
with the decrease of the dipole-dipole coupling with decreasing
coverage [37,48]. It is possible that the band centered at 2018 cm™!
contains a contribution from (TiO, )Ru-CO species in its LF tail [25].
Addition of 0.45%H, in the gas stream results in a red shift of
the 2018cm~! band by more than 30cm~! (trace b), which, as
discussed above, can be attributed to the presence of electron-
donating species in the vicinity of Ru adsorption sites. In addition,
the integral intensity of the band decreases by a factor of 2 in the
presence of 0.45%H>, indicating that the population of adsorbed CO
species decreases due to competitive adsorption of H, and CO on
the Ru surface. Under these conditions, conversion of CO measured
at the exit of the DRIFT cell was 17%. Further increase of H, concen-
tration in the reaction mixture from 0.45% (trace b) to 12% (trace
i) results in an additional red shift of the band from 1985 cm~! to
1942 cm~! and a further, but less pronounced, decrease of its inten-
sity. These observations may be explained by considering that, as
discussed above, the band contains contributions from both Ru,-CO
and (TiO3)Ru-CO species. Results of our previous study [25] showed
that both species are active for the CO methanation reaction, but
hydrogenation of Ruy-CO is much faster than that of (TiO;)Ru-CO
species in this temperature range. Thus, the relative population of
the latter species, which is responsible for the LF tailing part of the
band, is expected to increase with increase of H, content in the
feed, thereby resulting in the observed shift of the band maximum
toward lower wavenumbers.

It is of interest to note that, in contrast to what was observed at
200°C (Fig. 1A), interaction of CO +x%H, mixtures with the catalyst
surface at 350 °C (Fig. 1B) did not result in the appearance of bands
attributable to CO adsorbed on partially oxidized Ru sites (2136
and 2076 cm™!), or CH, .4 species (bands at 2800-3000 cm~'). The
absence of bands due to carbonyls adsorbed on Ru™ sites indi-
cates that, at temperature of 350°C, the population of Ru-O sites
is significantly suppressed, probably due to reduction by H, and/or
CO:

Ru-O + Hy — H0 + Ruy (7)
Ru-0 + CO — CO, + Ruy (8)

Reaction (7) seems to be the one that dominates under these
conditions, because only negligible amounts of CO, were measured
at the exit of the cell.

Regarding the absence of bands due to CHy ;4 species at 350 °C, it
implies that these are active intermediates (Eq. (6)) and, therefore,
their lifetime and population on the catalyst surface are too low to
allow for their detection in the DRIFT spectra of Fig. 1B. The obser-
vation that adsorbed CO species are present on the catalyst surface
under CO methanation reaction conditions indicates that the scis-
sion of the C-0 bond may be the slow reaction step, in agreement
with previous studies [45]. The weakening of the C-O bond strength
in the presence of H in the feed (Fig. 1B), indicates that its scission
is favored in the presence of hydrogen and, therefore, results in an
enhancement of the rate of the CO methanation reaction.

3.2.2. Methanation of CO,

In Fig. 2A are shown DRIFT spectra obtained over the prere-
duced Ru/TiO, catalyst following exposure to 1%CO,/He at 200°C
for 15min (trace a) and subsequent addition of x%H, (x=0-12)
to the mixture (traces b-i). It is observed that interaction of CO,
with the catalyst surface (trace a) does not give rise to bands in the
v(CO) region but results only in the development of bands located
below 1700cm~!, which are due to formate/carbonate species
associated with the support. The absence of bands attributable to
Ru-bonded carbonyls indicates that dissociation of CO, does not
take place under the present conditions, in agreement with results

of previous studies [19,25,49]. However, addition of 0.45%H, in
the feed results in the development of carbonyl bands located at
2066,2012 and 1970(sh)cm~! (trace b). Comparison with the spec-
trum obtained under a CO + H, mixture under otherwise the same
conditions (Fig. 1A, trace b) shows significant differences in the
nature and relative population of adsorbed CO species. In partic-
ular, the bands attributed to Ru™(CO)y species are either absent
(band at 2136 cm™1!) or reduced significantly in intensity (band at
2066 cm~1). This indicates that, under CO, + H, mixture, formation
of partially oxidized sites produced by oxidative disruption of Ru
crystallites and/or by dissociative adsorption of CO is significantly
suppressed. Thus, the spectrum is dominated by bands at 2012
and 1970 cm™1, attributable to Ruy-CO and (TiO;)Ru-CO species,
respectively. These species may be formed via the RWGS reaction
at the metal-support interface according to [16,17,19,20,22,23,25]:

CO2 + H(ruy = (COOH)ry_ti0,) = CO(Ru) + OH(ti0,) (9)

Increase of H, concentration in the feed from 0.45% (trace b) to
12% (trace i) results in a decrease of the intensity of the 2066 cm~!
band and to a shift of the bands at 2012 and 1970cm~! toward
lower wavenumbers (traces b-i). This is accompanied by the devel-
opment of a weak band located at ca 3015cm~!, which is due
evolution of CHy in the gas phase [15,25,29]. Conversion of CO,
was also evidenced by measurements with the CO/CO, analyzer at
the exit of the DRIFTS cell. It is of interest to note that interaction of
the catalyst surface with CO, + H, mixture at 200 °C did not resultin
the development of bands attributable to CHy 54 species (Fig. 2A),
in contrast to what was observed under CO+H,; reaction condi-
tions at the same temperature (Fig. 1A). This indicates that either
the population of CH, 54 species is very small and/or that formation
of surface carbon by dissociation of adsorbed carbonyls (Eq. (5)) is
suppressed under CO, methanation conditions. The latter possibil-
ity is supported by the observation that the amount of oxidized Ru
sites is decreased substantially under the present conditions. If this
is the case, then methanation of carbonyl species produced by reac-
tion (9) should not occur via the dissociative pathway represented
by reaction (6). In fact, results of our recent study [25] provided evi-
dence that methanation of CO, involves associative hydrogenation
of adsorbed carbonyl species, as discussed below.

Similar DRIFT spectra obtained at 350 °C are presented in Fig. 2B.
In agreement with results obtained at 200 °C, carbonyl bands in the
V(CO) region appear only after addition of hydrogen in the feed,
verifying that the presence of H; is a prerequisite for the forma-
tion of adsorbed CO species on the catalyst surface. The spectrum
recorded under flowing 1%CO, +0.45% H, (in He) mixture is char-
acterized by an asymmetric band at 2004cm~! (trace b), which
shifts to 1980 cm~! with increase of H, content to 12% (trace i).
This is accompanied by evolution of CH4 in the gas phase (band at
3015cm1). Measurements with the CO/CO, analyzer at the exit of
the DRIFT cell showed that significant amounts of CO were also pro-
duced in the gas phase, indicating that methanation of CO, occurs
in parallel with the RWGS reaction. The conversion of CO, was more
than 40% for H, contents higher than 5%.

It is of interest to note that the peak maximum in Fig. 2B
appears at wavenumbers which are 20-40 cm~! higher, compared
to the corresponding ones obtained under CO+x%H;, conditions
(Fig. 1B). Following the same reasoning used above to discuss spec-
tra of Fig. 1B, this may be interpreted by assuming that, under the
CO, +x%H,; reaction conditions of Fig. 2B, two carbonyl species are
present on the catalyst surface, namely Ruy-CO and (TiO;)Ru-CO,
both of which contribute to the band observed in the v(CO) region.
If this is the case, then the position of the combined band (which is
located at relatively high wavenumbers) indicates that it consists
mainly of Rux-CO species, i.e., that (TiO,)Ru-CO species are more
reactive and therefore their relative population is decreased.
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1%CO, +x%H; (x=0.45-12%) mixtures (traces b-i).

Based on the above discussion, it may be argued that CO,
methanation occurs via intermediate formation of adsorbed CO
species produced via the RWGS reaction at the metal-support
interface (Eq. (9)). Part of this species diffuses to the crystallite
surface, as evidenced by detection of bands attributed to Ruy-CO,
and desorb to yield CO in the gas phase. The remaining (TiO;)Ru-
CO species, interact at the metal-support interface with adsorbed
hydrogen atoms, to form a partially oxygenated carbonyl species
and, eventually, methane in the gas phase. The relative rate of
these pathways, which depends on feed composition and tem-
perature, determines selectivity toward CH4 (methanation) or CO
(RWGS).

It should be noted that the associative pathway for methane
formation may be also operable under CO methanation conditions,
in addition to the dissociative pathway discussed above. This is in
agreement with results of previous studies [11,50,51], which pro-
posed that the mechanism of CO methanation reaction includes
both dissociative and associative paths, the domination of the one
or the other depending on the catalyst and experimental conditions
employed. The dissociative path agrees well with the first reac-
tion pathway described by Eq. (6), whereas the associative path
involves interaction of adsorbed CO with adsorbed hydrogen, pro-
ducing an oxygen-containing intermediate species which further
hydrogenates toward CHy:

CO(S) + ZH(S) — (CHOH)(S) +S— (CHX)(S) + (OHy )(S) — CH4 + Hy0
(10)

Similar reaction schemes have been suggested by Sakakini [11]
over Ru/Al,03 catalysts and Sachtler et al. [51], who reported
that the dissociative mechanism preferably occurs over Ni cata-
lysts, whereas the formation of an intermediate oxygen-containing
compound is enhanced over Ru catalysts. Although, no positive evi-
dence for the existence of such intermediates was obtained in the
present study, it is possible that a similar associative pathway is
operable at higher temperature for the hydrogenation of Ruy-CO
species (Fig. 1B).

3.3. Effect of reaction temperature on CO/CO; methanation
reactions studied by transient-MS technique

The interaction of the Ru/TiO, catalyst with reaction mix-
tures relevant to methanation of CO (0.5%CO+5%H,), CO,
(1%C0O, +5%H;) and CO/CO, (0.5%CO +1%CO, +5%H;) (balance He)
has been investigated employing the transient-MS technique at
selected temperatures in the range of 200-500°C, and results
obtained are summarized in Figs. 3-5. For comparison purposes,
in Fig. 6 are shown the equilibrium concentrations of CO, CO,
and CHy4 as functions of reaction temperature for the above three
feed compositions, calculated with the use of the Outokumpu HSC
Chemistry® program.

3.3.1. Methanation of CO

The interaction of CO+H, reaction mixture with the Ru/TiO;
catalyst was investigated at six selected temperatures in the range
0f 200-400 °C. For each experiment, the response curves of CO, CO5,
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H,, CH4 and Ar were recorded as functions of time-on-stream under
the switch He—0.5%CO + 5%H, + 0.5%Ar (in He) over the prereduced
catalyst sample. It is observed that, at 200 °C (Fig. 3A), the response
of CH4 appears immediately after the switch, while that of CO starts
to increase with a delay of about 40s, mainly due to adsorption
on the catalyst surface. The concentration of CH4 goes through a
maximum after 45s on stream and then abruptly drops close to
zero, when CO starts to evolve at the effluent of the reactor. This
indicates that although the reduced catalyst is initially active for CO
methanation, its activity is practically lost after ca 1 min of exposure
to the reaction mixture.

Qualitatively similar results were obtained at 225 °C (Fig. 3B),
with the differences that (a) the concentration of CH,4 goes through
a maximum that is about 3 times higher than that obtained at
200°C, and (b) it does not drop to zero, at least for 30 min-
on-stream. Increase of temperature to 250°C (Fig. 3C) further

40

10 12 14

time (min)

ced Ru/TiO, catalyst following exposure to 0.5%CO +5%H; +0.5%Ar (in He) mixture

improves the initial catalytic activity, as indicated by the substantial
increase of the CH4 concentration during the first minutes-on-
stream. However, prolonged exposure to the reaction mixture
results, again, in an abrupt decrease of the yield of CH,4 after ca
9min, i.e., a time period which is much longer than that observed
at lower temperatures. This behaviour indicates that processes
that are responsible for the deactivation of the reduced catalyst
when exposed to the reaction mixture become less important
with increase of temperature. This becomes evident when the
reaction temperature is increased to 275 °C (Fig. 3D), where con-
version of CO to CH4 reaches 100% and does not decrease for the
time period this experiment lasted (30 min). Qualitatively simi-
lar results were obtained at 300°C (Fig. 3E) and 400 °C (Figs. 3F),
with the exception that small amounts of CO, were also pro-
duced in the gas phase, due to the onset of the WGS reaction
(Fig. 6A).
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Fig. 4. Transient responses of gas phase CO, CO,, CH4 and Ar obtained from the prereduced Ru/TiO; catalyst following exposure to 1%CO; +5%H, (in He) mixture at (A) 200,

(B) 225, (C) 250, (D) 300, (E) 400 and (F) 500°C.

Results of Fig. 3 may be understood by taking into account
results of DRIFTS experiments presented in Fig. 1, and by consider-
ing the dissociative reaction mechanism that is operable under CO
methanation conditions (Eq. (6)). The first step of this mechanism
involves dissociation of adsorbed CO on reduced Ru crystallites
and results in the formation of Ru-C and Ru-O species (Eq. (5)).
The former react with adsorbed hydrogen atoms to yield methane
(Eq. (6)), whereas the latter should be reduced by H, (Eq. (7)) in
order to restore the catalytically active sites that are required for
the dissociation of CO. As shown in Fig. 1A, the second condition
is not fulfilled at temperature of 200°C, where the catalyst sur-
face is covered by a variety of carbonyls adsorbed on oxidized Ru
sites. Thus, although the reduced catalyst is initially able to disso-
ciatively adsorb CO and hydrogenate C into methane (Fig. 3A), its
surface becomes eventually oxidized because the rate of reduction
of Ru-0 sites is much lower than that of CO dissociation and, there-
fore, production of CH, is suppressed or prevented. This seems to be

the case for temperatures up to 250 °C (Fig. 3C). However, at tem-
peratures higher than 275 °C reduction of Ru-0 sites becomes fast
enough so as to keep the catalyst surface in its reduced form and
allow for the methanation reaction to proceed in a cyclic manner.
This is supported by DRIFTS results of Fig. 1B, which do not show
contributions from carbonyl species adsorbed on oxidized sites at
temperature of 350°C. In order to verify this assumption, a Hy-
TPR was conducted over Ru/TiO, catalyst preoxidized at 300°C in
20%0, flow for 30 min. Results obtained (not presented for brevity)
showed that reduction of the so formed RuOy species by hydrogen
is initiated at temperatures around 250°C.

3.3.2. Methanation of CO,

The interaction of CO,+H, mixture with the pre-reduced
Ru/TiO, catalyst was investigated with the transient-MS tech-
nique at six temperatures in the range of 200-500°C, and results
obtained after the switch, He — 1%C0O, +5%H, + 0.5%Ar (in He)
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are presented in Fig. 4. It is observed that at 200°C (Fig. 4A)
the responses of CO, and CH4 appear immediately after the
switch and reach a steady state within less than 2 min-on-
stream. Small amounts of CO are also detected, indicating that
CO, hydrogenation occurs in parallel with the RWGS reac-
tion at temperatures as low as 200°C. Increase of reaction
temperature from 200 to 500 °C (Fig. 4, A-F) results in a pro-
gressive increase of the conversion of CO,, which goes through
a maximum at 400°C (Fig. 4E) and then decreases due to ther-
modynamic limitations [1,2,25] (Fig. 6B). At temperatures up to
400°C, the yield of methane is significantly higher than that
of CO, implying that methanation is strongly favored, compared
to the RWGS reaction. The opposite is true at 500°C, where
CO production is significantly enhanced at the expense of CHy,
in agreement with previous studies over Ru/Al,03 and Ru/TiO,
catalysts [1,2,25].

Inspection of results presented in Fig. 4 shows that, in con-
trast to what was observed under CO+H, reaction conditions
(Fig. 3), the activity of the catalyst does not decrease with time-
on-stream even for temperatures as low as 200°C. Based on
the discussion made above, this implies that interaction of the
reaction mixture with the catalyst surface does not result in
oxidation of Ru crystallites, at least to an extent that would
affect catalytic performance. This indicates that dissociation of
CO, into Ru-CO and Ru-O species, which has been proposed
to be the first step of CO, methanation [24,52], does not take
place to an appreciable extent over the present reaction system.
Thus, additional evidence is provided that carbonyls observed
on the catalyst surface under reaction conditions (Fig. 2) are
formed via the RWGS reaction at the metal-support interface
(Eq. (9)). The small peak observed at 2066cm~! at 200°C may
be due to dissociation of Ru-CO, as discussed in the previous



146 P. Panagiotopoulou et al. / Catalysis Today 181 (2012) 138-147

6000

] A
£ 5000
g . J
c 4000 CH,
S ]
©
5 3000 -
C
o) ]
S 2000
< i
38 1 co_
1000 - co,
0
T T T T T T T T T T T T T
200 250 300 350 400 450 50
Temperature (°C)
14000 (B)
E 12000 4
Q.
g ]
=~ 10000 -
S 1 CH,
T 8000 <
“E 4
g 6000
S 4
G 4000+ co,
2000 - co
O T T T T T T T T T T T T T
200 250 300 350 400 450 500
Temperature (°C)
14000 (C)
E 12000 -
a ] CH
£ 10000 - P
c
S 1
T 8000+
@ 6000 - co,
(8]
£ ]
3 4000+
2000 - co
0 4

T T — T T T T — T T
200 250 300 350 400 450 500
Temperature (°C)

Fig. 6. Equilibrium concentrations of CO, CO, and CH4 as functions of tempera-
ture calculated for feed compositions of (A) 0.5%CO +5%H; (B) 1%CO, +5%H,; (C)
0.5%C0O+1%C0; +5%H; (in He).

section. However, the dissociative route does not seem to be
important under CO, methanation conditions over the present
catalyst.

3.3.3. Methanation of CO/CO, mixture

The transient-MS responses obtained in the temperature range
of 200-400°C upon switching from He to the reaction mixture
0.5%CO+1%CO, +5%H, +0.5%Ar (in He) are presented in Fig. 5.
Results obtained at temperatures of 200-250 °C (Fig. 5, A-C) show
that the responses of CH4 and CO are qualitatively similar to those
obtained in the absence of CO, in the same temperature range
(Fig. 3, A-C). In particular, although the reduced catalyst is initially
active for CO methanation, it loses its activity with time-on-stream
after a certain period of time, which depends on reaction temper-
ature. As discussed above, this can be attributed to accumulation
of adsorbed oxygen species on the catalyst surface which cannot
be removed efficiently in this temperature range. It is of great

interest to note that, in spite of the fact that the catalyst was
active for CO, methanation at 200-250°C in the absence of CO
in the feed (Fig. 4, A-C), the steady-state conversion of CO, is,
practically, zero when both CO and CO, are present in the reac-
tion mixture (Fig. 5, A-C). This indicates that the RWGS reaction
at the metal-support interface (Eq. (9)), which is proposed to be
the first step for CO, hydrogenation, is hindered in the presence
of CO in the gas phase. This is the case both immediately after
exposure to the reaction mixture, where the catalyst is in its
reduced state, and after prolonged exposure to the reaction mix-
ture, where ruthenium is partially oxidized. The delay observed
between the response curves of CO, and Ar (~15 s at 200 °C), which
is not accompanied by evolution of methane in the gas phase, indi-
cates that an amount of CO, is adsorbed on the catalyst surface
following interaction with the reaction mixture. A similar delay
is observed when only CO, is present in the feed (Fig. 4), but
cannot be easily discerned because of the different scale of the
X-axis.

Increase of reaction temperature at 275°C results in a com-
pletely different situation, in which the catalyst exhibits high
activity and stability for the hydrogenation of both CO and CO,
(Fig. 5D). In particular, conversions of CO and CO, reach values of
100% and 30%, respectively, which do not change for prolonged
exposure to the reaction mixture (30 min in this experiment). This
is accompanied by conversion of hydrogen, according to the sto-
ichiometry of the two methanation reactions (Eqs. (1) and (2)).
Conversion of reactants increases further at 300°C (Fig. 5E) and
then drops at 400°C (Fig. 5F) due to thermodynamic limitations
(Fig. 6C).

Results of Fig. 5 provide evidence that selective methanation of
CO in CO/CO, mixtures takes place efficiently only under condi-
tions where hydrogenation reactions occur predominantly via the
dissociative route, compared to the associative route, because the
latter also enhances the rates of CO, hydrogenation and RWGS reac-
tions. When this condition is met, CO is selectively hydrogenated
into methane. An open question still remains, related to the reason
why hydrogenation of CO, is suppressed completely until conver-
sion of CO reaches 100%. This issue will be the subject of our future
investigations.

4. Conclusions

Mechanistic aspects of methanation of CO, CO, and CO/CO,
mixtures have been investigated over 5%Ru/TiO, catalyst with the
use of DRIFTS and transient mass spectrometry. Results obtained
have been explained by considering that methanation of CO may
take place via two reaction pathways: The first involves dissocia-
tive adsorption of CO on reduced Ru crystallites and subsequent
hydrogenation of the so formed Ru-C and Ru-O species toward
methane and water, respectively. At temperatures lower than ca
250°C, adsorbed oxygen species cannot be removed efficiently
and catalytic activity is suppressed due to progressive oxidation of
catalytically active sites. Catalytic activity is restored at higher tem-
peratures, due to reduction of partially oxidized sites by adsorbed
hydrogen atoms. Under these conditions, the second route of
CO methanation also becomes operable, which involves associa-
tive reaction of adsorbed CO species located at the metal-support
interface. Methanation of CO, proceeds mainly through the sec-
ond reaction pathway, with intermediate formation of adsorbed
carbonyl species at the metal-support interface via the RWGS
reaction. Selective methanation of CO in CO/CO, mixtures occurs
efficiently under conditions where the dissociative reaction path-
way is operable and the associative reaction pathway is completely
suppressed.
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