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The reaction behavior and mechanistic aspects of the selective methanation of CO over two supported Ru
catalysts, a Ru/zeolite catalyst and a Ru/Al,03 catalyst, in CO, containing reaction gas mixtures were
investigated by temperature-screening measurements, kinetic measurements and in situ diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) measurements. The influence of other compo-
nents present in realistic reformate gases, such as H,O and high amounts of CO,, on the reaction
behavior was evaluated via measurements in increasingly realistic gas mixtures. Temperature screening

Key Wo.rds" . and kinetic measurements revealed a high activity of both catalysts, with the Ru mass-normalized activ-
Selective CO methanation . R . .

€O removal ity of the Ru/zeolite catalyst exceeding that of the Ru/Al,03 catalyst by about one order of magnitude.
Supported Ru catalyst Approaching more realistic conditions, the conversion-temperature curve was shifted slightly upwards
Selectivity for the Ru/Al,O5 catalyst, whereas for the Ru/zeolite catalyst it remained unaffected. The selectivity
Activity was highest for the Ru/zeolite catalyst, where in parallel to full conversion of CO the conversion of CO,
Mechanism remained below 10% over a 40 °C temperature window. During selective methanation on the Ru/Al,03

catalyst, CO, was converted even though CO was not completely removed from the feed. Transient
DRIFTS measurements, following the build-up and decomposition of adsorbed surface species in different
reaction atmospheres and in the corresponding CO-free gas mixtures, respectively, provide information
on the formation and removal/stability of the respective adsorbed species and, by comparison with the
kinetic data, on their role in the reaction mechanism. Consequences on the mechanism and physical rea-
sons underlying the observed selectivity are discussed.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Economically and ecologically efficient techniques for the pro-
duction of sufficiently pure H, are a prerequisite for the introduc-
tion of H, based energy technologies [1]. Today, H, is mainly
produced by steam reforming/partial oxidation of fossil fuels [2-
7], which, among other components, leaves CO (1-8%) and sub-
stantial amounts of CO, (up to 20%) in the resulting H-rich gas
mixture (‘reformate’). For the operation of low-temperature poly-
mer electrolyte fuel cells (PEFCs), the resulting H,-rich gas should
be free of catalyst poisons, in particular the CO content has to be
reduced to <10 ppm under steady-state conditions [8] (<1 ppm
after 2015 [9]) [10], which is most commonly achieved catalyti-
cally, by a combination of the water gas shift (WGS) reaction and
the preferential oxidation of CO (PROX) [2,3,6,11,12]. In cost sensi-
tive, small scale applications, however, methanation of the CO may
be a more attractive process for CO removal compared to the PROX
reaction, since it uses the H, present in the feed gas and avoids the
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need for an additional unit for O, dosing [4]. The losses of H, are
tolerable, as long as the initial CO contents, after the WGS reaction,
are low (0.5%). Precondition for this concept, however, is that the
reaction is highly selective for the methanation of CO and that
CO, methanation is essentially inhibited, otherwise the losses of
hydrogen would become intolerable [4,13]. This is the background
of the present study, where we investigated (i) the performance of
two commercial-supported Ru catalysts, a zeolite-supported cata-
lyst developed for these purposes and, for comparison, a standard
Ru/Al, 05 catalyst, in the selective methanation of CO and (ii) mech-
anistic details of the reaction, aiming at a physical understanding
of the reaction and the resulting high selectivities.

The CO methanation reaction is closely related to the Fischer-
Tropsch reaction, where higher hydrocarbons are produced by
the reaction of CO and H; [14,15], and accordingly, the most active
catalysts in the Fischer-Tropsch reaction, oxide supported Fe, Co,
Ni, and Ru catalysts [14,15], were identified also as the most active
catalysts for the CO methanation reaction [16-22]. Also the metha-
nation of CO, over Ru catalysts was investigated in a number of
studies, e.g., in [23,24]. Catalysts with Ru as active component
showed a high selectivity towards CO methanation in CO, contain-
ing gas mixtures [17,21,22,25-27]. Several authors [28-30]
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proposed that the use of zeolites as support for Ru catalysts results
in a higher selectivity for the selective methanation of CO com-
pared to Ru/Al,O03 or Ru/SiO, catalysts, which they explained by
a stronger metal-support interaction. Furthermore, because of
their large surface areas, zeolites are likely to favor the formation
of small Ru particles and to stabilize these against sintering; and,
their well-defined pore structure may result in a narrower particle
size distribution [31]. The resulting small Ru particle size was sug-
gested to have a positive effect on the catalyst’s activity [27,32,33].
Other groups, however, assumed that small particles and a high
dispersion are counterproductive for the activity [21,34,35]. The
surface species formed during reaction were characterized by
in situ infrared spectroscopy studies on different Ru-catalysts. Dif-
ferent types of adsorbed CO adsorbed on the Ru particles, e.g., CO,q
on oxidized Ru, linear and bridged CO,4 on Ru®, surface formates
and/or surface carbonates as well as adsorbed CH, .4 Species were
observed during CO methanation on the catalysts [25,36-41]. From
these studies it was not clear, however, whether there is a prefer-
ence for a specific type of CO.q as active species, and if so, for which
of them. Formates and carbonates are commonly interpreted as
side products.

CH, species had been proposed by Ekerdt and Bell [37] and later
by Yamasaki et al. [38] as reaction intermediates. The latter
authors showed in a very detailed in situ IR study that upon
changing from a '2CO/H, reaction atmosphere to a '>CO/H, gas
mixture the signals related to '>CH,.q species disappeared, while
signals related to the corresponding '>CH, .4 species were growing
in [38]. They also estimated concentrations of CH, and CH; groups
present on the surface under steady-state conditions. Assuming
that these groups belonged to adsorbed C,H, hydrocarbon chains,
they could calculate the average length of the C,H, hydrocarbon
chains. Based on these data they proposed a complex mechanism
for the CO methanation reaction, where CH, ,q Species act as reac-
tion intermediates and CH,4 formation proceeds via formation and
decomposition of adsorbed hydrocarbon chains [38]. However,
since in the SSITKA-type (steady-state isotope transient Kinetic
analysis) experiments the CH, .4 removal rate in H, was not quan-
tified and compared to the CH, formation rate, it is not clear,
whether the reactive removal of the CH, .4 species observed in IR
is really the rate-limiting step in the dominant reaction pathway,
which would mean that these species represent reaction interme-
diates in that pathway, or whether they should better be consid-
ered as spectator species or as reaction intermediates in a
minority pathway (side reaction). Further information on mecha-
nistic aspects can be derived from recent density functional theory
(DFT) studies [42-46].

In the present paper, we investigated the CO methanation
reaction in a number of different reaction atmospheres, going
from pure H,/CO and H,/CO, mixtures to more realistic reaction
mixtures, over a Ru/zeolite and a Ru/Al,03 catalyst. In the first
part, we characterized the activity, selectivity and stability of
the two catalysts in conversion measurements and in kinetic
measurements under differential reaction conditions, determin-
ing reaction rates, activation energies and reaction orders. In
the second part, the formation and their accumulation with time
of different surface species under reaction conditions as well as
their decomposition in CO-free atmosphere (H,/N, mixtures)
was followed in transient in situ diffuse reflection IR Fourier
transform spectroscopy (DRIFTS) measurements, performed un-
der comparable reaction conditions (differential conversion, iden-
tical gas mixtures and reaction temperatures) as used in the
kinetic measurements and compared to reaction and mass spec-
trometric transient data. The correlation between the activity and
the build-up of surface species during the reaction under differ-
ent reaction conditions and between the removal of adsorbates
and CH4 formation in transients in CO-free atmosphere on both

Ru catalysts as well as consequences for the reaction pathway
are discussed.

2. Experimental
2.1. Catalyst properties

Two Ru catalysts were investigated, a Ru/zeolite catalyst pre-
pared by Siid-Chemie AG with 2.2 wt.% Ru loading and a commer-
cial 5.0 wt.% Ru/Al,O3 catalyst (Johnson Matthey). The BET surface
areas were determined by N, adsorption to 100 and 410 m? g~ ! for
the Ru/Al,03 and the Ru/Zeolite catalyst, respectively. The Ru oxi-
dation state was determined by X-ray photoelectron spectroscopy
(XPS; PHI 5800 ESCA system), using monochromatized Al Ko radi-
ation. For the as-received catalysts, without additional pre-treat-
ment, most of the surface Ru is present as Ru oxide, with a Ru**/
RuC ratio of 2:1. This is true for both catalysts. Similar results were
obtained also after reactive pre-treatment (description see Sec-
tion 2.2). Most likely, any changes induced by the reactive pre-
treatment are counteracted by the transport through air from the
reactor used for pre-treatment to the XPS spectrometer. The Ru
particle size was investigated by different methods. For the Ru/zeo-
lite catalyst, X-ray diffraction (XRD) showed reflections related to
RuO, before reactive conditioning (used as received, conditioning
see Section 2.2), corresponding to RuO, domain/nanoparticle sizes
of 10 nm diameter (Debye-Scherrer). After reactive conditioning
for 100 min., the RuO,-related XRD reflection decreased signifi-
cantly in intensity. On the other hand, except for a small shoulder
at a support-related reflection, no signal related to metallic Ru was
observed, indicative of very small (<1 nm diameter) Ru nanoparti-
cles or grains. On a used catalyst, after 1800 h on stream, the dif-
fractogram reveals metallic Ru nanoparticles or nanograins of
2 nm mean diameter.

For the Ru/Al,O3 catalyst, the Ru particle size was determined
by TEM imaging to 2-3 nm diameter. On the Ru/zeolite catalyst,
in contrast, high resolution TEM imaging was complicated by elec-
tron beam-induced decomposition of the zeolite. The images
showed a very inhomogeneous distribution of Ru particles, with
few individual particles (10-20 nm diameter) and agglomerates
of Ru particles, in addition to larger areas without visible nanopar-
ticles (representative TEM images are given as Supplementary
material, Fig. 1S).

H, adsorption experiments performed on the two catalysts after
reduction in H, (30 min, 200 °C) yielded active surface areas of
3.7m? g7 ! (Ru/Al,05) and 0.095 m? g~! (Ru/zeolite), which would
correspond to dispersions/Ru particles sizes of 15%/6.5 nm and
<1%/113 nm, respectively. (It should be noted that higher reduction
temperatures up to 300 °C had no effect on the active surface area,
above that temperature the active surface area decreases, probably
due to agglomeration.) Additional adsorption experiments per-
formed on a temporal analysis of products (TAP) reactor at
—30°C after reactive conditioning (100 min, see Section 2.2)
yielded active surface areas of 2.8 m?g~! and 0.7 m?g~! for the
Ru/Al,03 and the Ru/zeolite catalyst, respectively, which would
correspond to dispersions/particle sizes of 12.5%/8 nm (Ru/Al,03)
and 6.3%/15 nm (Ru/zeolite). After 1000 min reaction, the respec-
tive values were 2.35m?g7!/10.5%/10nm (Ru/AlLOs) and
0.7 m? g 1/6.5%/15nm (Ru/zeolite). Obviously, the dispersions
and particle sizes derived from the adsorption experiments are
incompatible with those determined by TEM or XRD. We explain
this discrepancy by assuming that also after conditioning a signif-
icant fraction of the Ru nanoparticle surface is still oxidized and
therefore does not adsorb hydrogen. During reaction, the oxidized
Ru surface is further reduced in the reaction atmosphere, but at the
same time, an increasing fraction of the active Ru surface area is
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covered by the build-up of carbonaceous adsorbates (see Sec-
tion 3.3.2). Hence, the size of the Ru nanoparticles in the zeolite
is still unclear, and this is true also for the question of whether very
small (TEM invisible) Ru particles are present in the sample, in
addition to larger particles. On the other hand, the active (metallic)
Ru surface area of the catalyst after conditioning and during reac-
tion, as determined by hydrogen adsorption, is rather well defined
and allows the determination of the intrinsic activity of the Ru sur-
face via turn-over frequencies (see next section).

2.2. Temperature screening and kinetic measurements

The temperature screening, the kinetic, and the mass spectro-
metric transient measurements were carried out at atmospheric
pressure in a quartz tube micro reactor. (The catalysts were used
as received, but the measurement procedure largely resembles
the pre-treatment procedure (Section 2.2) and essentially includes
this in the initial heating up to 190 °C). In the temperature screen-
ing measurements and in the mass spectrometric transients
(Fig. 7), we used 210 mg and 100 mg catalyst powder, respectively.
For the kinetic measurements, 18.8 mg (Ru/zeolite) or 55 mg
(Ru/Al,03) catalyst powder, respectively, were used. These
amounts of catalyst were sufficiently low to yield differential reac-
tion conditions (conversion <15%). The Ru/zeolite catalyst was di-
luted with SiO, (total mass 210 mg) to obtain comparable catalyst
volumes and hence space velocities. For Ru/Al,05, no dilution was
necessary. During the temperature screening measurements, the
temperature was raised from 150 °C in increments of first 10 °C,
then 5°C (in the range of increasing conversion) and finally
20 °C, ending at 270 °C (in CO,-free reaction mixtures) or 410 °C
(in CO,-containing reaction mixtures). Each temperature was
measured for 2 h, where the conversion did not change any more
and steady-state can be assumed. The experiments were carried
out with a gas flow of 41.6 Nml min~! in the different gas mixtures
(for compositions, see Tables 1 and 2). To maintain identical space
velocities in the temperature screening measurements (5000 h™1),
the gas flow was adjusted accordingly for the more voluminous
Ru/Al,O3 catalyst in these measurements. In CO, containing gas
mixtures, the selectivity for CO methanation was determined by
dividing the CH4 content calculated from the conversion of CO
by the measured CH; content. The deactivation measurements
were performed at 190 °C reaction temperature, following the
reaction rate over 1000 min under differential reaction conditions.

Table 1

Prior to determining reaction orders and activation energies, the
catalyst was exposed to the reaction atmosphere for 1000 min to
assure stable catalyst and reaction conditions. The activity was
monitored with decreasing partial pressure (temperature) and
back to verify stable catalyst conditions during these measure-
ments. The gas mixtures were prepared via mass flow controllers
(Hastings HFC-202, and Bronkhorst F201C-FA-88 V). Defined
amounts of water were added to the gas stream by passing it
through a thermostated water bath. Incoming and effluent gases
were analyzed by on-line gas chromatography with a CO detection
limit of ca. 20 ppm (Chrompak 9001 GC), using H, as carrier gas.
Mass spectrometric transients were measured by an ion-molecule
reaction mass spectrometer (IMR-MS) (Atomika IMR-MS SP 89)
[47], which allows for the detection of CO (mass 28) without inter-
ference with N,. Absolute amounts of desorbing gases were deter-
mined via calibration of the IMR-MS. High-purity reaction gases
(CO 4.7, H, 5.0, N; 6.0, CO, 5.0, CH4 4.5 from Westphalen) were
used. The conversions were determined by the CO partial pressure.
Evaluation of the Weisz criterion showed the absence of mass
transport-related problems [48]. Prior to the experiments, the cat-
alysts were heated up in a N, stream to 150 °C. Subsequently, the
catalysts were heated to the reaction temperature in reaction gas
(41.6 Nml min™1).

2.3. Infrared measurements

In situ IR measurements were performed by DRIFTS, using a
commercial in situ reaction cell (Harricks, HV-DR2) [49]. The spec-
tra were recorded in a Magna 560 spectrometer (Nicolet), equipped
with a MCT narrow-band detector. Gas mixtures were prepared as
described above, and similar gas flows were used
(41.6 Nml min~!). Around 30 mg of diluted catalyst (1:5 with
Al,03) were used as catalyst bed. Typically, 400 scans were
co-added for one spectrum. The intensities were evaluated in
Kubelka-Munk units, which are linearly related to the adsorbate
concentration [50] (for exceptions see [51]). Background subtrac-
tion and normalization of the spectra were performed by subtract-
ing spectra recorded in a flow of N, at the reaction temperature
directly after catalyst conditioning. To correct for changes in the
reflectivity during reaction, the spectra were scaled to a constant
background; for the evaluation of the peak intensities in Fig. 6,
the spectra were normalized to similar intensities directly aside
the peak.

Reaction temperature for 50% and 100% CO/CO, conversion in the methanation reaction on 210 mg Ru/Al,05 catalyst (5 wt.% Ru, GSVH: 5000 h™1).

Reaction gas Reaction gas composition

Tso =50%

Idealized reformate 0.6 kPa CO, 2.8 kPa N, rest H, 200
CHy-rich idealized reformate 0.6 kPa CO, 2.8 kPa N, 4.5 kPa CHy, rest H, 200
H,O-rich idealized reformate 0.6 kPa CO, 2.8 kPa N,, 5 kPa H,0, rest H, 205

T100 = 100% Tso = 50% T100 = 100%
conversion (CO) (°C) conversion (CO) (°C) conversion (CO,) (°C) conversion (CO,) (°C)

210 - -

230 - -

230 - -

230 225 270

CO,-rich idealized reformate 0.6 kPa CO, 2.8 kPa N,, 1.2 kPa CO,, rest H, 205
CO-free idealized reformate 1.2 kPa CO,, 2.8 kPa N, rest H, -

- 205 250

Table 2

Reaction temperature for 50% and 100% CO/CO, conversion in the methanation reaction on 210 mg Ru/zeolite catalyst (2.2 wt.% Ru, GSVH: 5000 h~1).

Reaction gas Reaction gas composition

Tso = 50%

Idealized reformate 0.6 kPa CO, 2.8 kPa N, rest H, 190
CHy-rich idealized reformate 0.6 kPa CO, 2.8 kPa N, 4.5 kPa CH,4, rest H, 190
H,0-rich idealized reformate 0.6 kPa CO, 2.8 kPa N, 5 kPa H,0, rest H, 190

T100 = 100% Tso = 50% T100 = 100%
conversion (CO) (°C) conversion (CO) (°C) conversion (CO,) (°C) conversion (CO,) (°C)

200 - -

210 - -

210 - -

190 330 410

CO,-rich idealized reformate 0.6 kPa CO, 2.8 kPa N,, 1.2 kPa CO,, rest H, 170
CO-free idealized reformate 1.2 kPa CO,, 2.8 kPa N, rest H, -

- 330 410
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3. Results and discussion
3.1. Temperature screening experiments

In the first step, we explored the activity of the two Ru catalysts
for the conversion of CO and CO, to CH, and the influence of CHy,
H,0 and CO, on the CO methanation reaction in different gas mix-
tures under integral reaction conditions (see Tables 1 and 2). Fig. 1
shows the temperature dependent conversions of CO and CO, on
the Ru/Al,O5 (left panels) and Ru/zeolite catalysts (right panels).
The upper and lower panels depict the conversion during the
methanation reaction in CO,-free and CO,-rich gas mixtures,
respectively. In the different gas mixtures, the CO conversion on
both catalysts shows a typical S-shaped curve, starting at 150 °C
with a very low conversion (<5%).

For reaction in a CO/H, mixture (idealized reformate, 0.6 kPa
CO, 2.6 kPa Ny, rest H,), 50% CO conversion to CHy4 (Tso) are reached
at 200 and 190 °C for the Ru/Al,03 and Ru/zeolite catalysts, respec-
tively, under present reaction conditions (Fig. 1, top panels). After
reaching full conversion, a further increase of the temperature had
no effect on the CH,4 production on either catalyst. Full CO conver-
sion is reached at 10 °C lower temperature on the Ru/zeolite cata-
lyst than on the Ru/Al,O3 catalyst. Since the Ru loading of the
Ru/zeolite catalyst (2.2 wt.%) is less than half of that of the
Ru/Al,0O3 catalyst (5 wt.%), its Ru mass-normalized activity is high-
er than that of the latter catalyst. Similar trends are observed when
adding H,0 (H,O-rich idealized reformate) or CH, (CH,-rich ideal-
ized reformate) to the gas-mixture, with the differences in activity
becoming slightly higher (Fig. 1, top panels; Tables 1 and 2). For
both the H,O-rich and the CHy-rich reformate, the temperature
dependence does not change for the Ru/zeolite catalyst. The Ru/
Al,03 catalyst behaves similarly in the CHy-rich reformate, while
in HyO-rich reformate the Tso temperature is shifted to slightly
higher values, from 200 to 205 °C.

100 (@)

80+
60

40

Conversion / %

204

160 180 200 220 240

Next, we followed the CO, methanation reaction in a CO-free
reaction gas mixture (CO,/H, mixture). The general shape of the
temperature dependent CO, methanation curve is comparable to
that for CO methanation in idealized reformate (0.6 kPa CO;
2.6 kPa N,. rest H;) for the Ru/Al,O5 catalyst, except for a slight
shift to higher temperatures (CO, conversion: Tsq = 205 °C, CO con-
version: Tsg =200 °C, see Table 1). In contrast, on the Ru/zeolite
catalyst the increase of the CO, conversion with increasing temper-
ature is significantly slower. The temperature for 50% conversion
(Tso) is shifted to 330°C (CO methanation: Tsq=190°C, see
Table 2), and full conversion is reached only at 410 °C (CO metha-
nation: 200 °C, see Table 2).

Adding CO to the gas-mixture (CO,-rich idealized reformate:
0.6 kPa CO, 2.8 kPaN,, 1.2 kPa CO,, rest H,), the general shape
of the conversion curve for CO and CO, methanation does not
change, neither for the Ru/zeolite nor for the Ru/Al,03 catalyst
(Fig. 1, bottom panels; Tables 1 and 2). For the Ru/Al,05 catalyst,
however, the CO, conversion curve is shifted to higher tempera-
tures, and seems to be suppressed by the presence of CO, at least
over a temperature range of 20 °C. The temperature for 50% CO,
conversion is shifted from 205 °C in a CO,/H, mixture to 225 °C
in the presence of CO, in CO,-rich idealized reformate. Neverthe-
less, CO, conversion starts already well before all CO is con-
verted to CHy. At 100% CO conversion (230 °C), the selectivity
is 48%. On the other hand, for the Ru/zeolite catalyst, the CO,
methanation reaction is only little affected by the presence of
CO. Furthermore, the CO methanation is accelerated by the pres-
ence of CO,, and 50% CO conversion was reached at 170°C in
CO,-rich idealized reformate rather than at 190 °C in idealized
reformate. In the presence of CO,, the reaction is 100% selective
for CO methanation on the Ru/zeolite catalyst up to 190 °C. Only
at 230 °C, the CO, conversion reaches 10%, i.e., there is a temper-
ature window of 40 °C where the selectivity for CO methanation
is >85%.
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Fig. 1. Temperature dependence (150-400 °C) of the CO conversion (filled symbols) and CO, conversion (open symbols) on a Ru/Al,05 (a, c) and a Ru/zeolite (b, d) catalyst
(210 mg; GHSV: 5000 h~') in different reformate gases: M: idealized reformate (0.6 kPa CO, 2.8 kPa N, rest H,), a: H,O-rich idealized reformate (0.6 kPa CO, 2.8 kPa N5, 5 kPa
H,O0, rest H,), ®: CH,-rich idealized reformate (0.6 kPa CO, 2.8 kPa N, 4.5 kPa CHy, rest H;); ¢, ¢: CO,-rich idealized reformate (0.6 kPa CO, 2.8 kPa N,, 1.2 kPa CO,, rest H,)

and v7: CO,/H, mixture (1.2 kPa CO,, 2.8 kPa N, rest Hs).
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Comparison of the temperature screenings results with previ-
ously reported data is hardly possible, at least not on a quantitative
scale, because of the different reaction conditions, reaction mix-
tures and procedures for catalyst pretreatment. For the Ru/zeolite
catalyst, there are no previous studies on the CO methanation reac-
tion at all. For CO methanation in idealized reformate on a Ru/
Al,03 catalyst, Randhava and Amirali [16] reported a Tsq value
(200 °C) which is similar to our result. It was measured, however,
on a lower loaded 0.5 wt.% Ru/Al,O3 catalyst in 0.3% CO (rest H,)
at a significantly higher space velocity (GHSV: 36,000 h!, our
measurement: GSHV: 5000 h™'). They observed that the Tsq value
shifts to higher temperature with higher GHSV and attributed this
to the lower contact time (CO conversion of 50% at 230 °C for a
GHSV of 36,000 h™'). Echigo and Tabata [13] performed tempera-
ture screening experiments on a 1 wt.% Ru/Al,0s catalyst at a lower
GHSV (7500 h™') in H,0-rich reformate (0.54% CO, 20% H.0, rest
H,) and in realistic reformate (0.54% CO, 21% CO,, 20% H,0, rest
Hy). In the first gas mixture, they measured a Tso temperature of
190 °C, and full conversion (<10 ppm) was reached at 210 °C. Add-
ing CO, to the gas mixture, the CO conversion at 190 °C dropped to
about 45%, and full conversion was not reached up to 230 °C (max-
imum conversion 96% at 230 °C). Comparable to our observations
for the Ru/Al,0;5 catalyst, not all CO is converted, although the
methane production exceeds the CO consumption. The CO, conver-
sion starts already at 205 °C; at 230 °C the selectivity was 40%.
Adding CH4 to the gas-mixture did not change the performance
of their catalyst. Dagle et al. [27] also investigated the methanation
reaction in realistic reformate (0.9% CO, 24.5% CO,, 5.7% H,0, rest
H,) on differently loaded Ru/Al,O3 catalysts (3 wt.%, 5 wt.% and
7 wt.%, GHSV 13,500 h™'). They observed the same Tso value
(Tso = 205 °C) on their 5 wt.% Ru/Al,03 catalyst as determined on
our 5wt.% Ru/Al,O3 catalyst, but at significantly higher CO, CO,
and H,0 contents and at a higher space velocity. At higher temper-
atures, however, their catalyst became active for the reverse water
gas shift (RWGS) reaction, which was evidenced by the onset of CO
production at higher temperatures. Such effects were not observed
in the present work, neither for the Ru/zeolite nor for the Ru/Al,03
catalyst. The temperature for 99% conversion (100 ppm CO in the
gas mixture) was lowest for the 5wt.% catalyst, and increased in
the order 5 wt.% < 3 wt.% < 7 wt.%.

In total, the activity, measured in terms of conversion curves
and Tsp values, and the selectivity of the Ru/Al,O5 catalyst in this
work are comparable to those reported in previous studies
[13,16,27]. The Ru/zeolite catalyst shows a comparable activity, de-
spite of the much lower Ru content, and a significantly higher
selectivity for the CO methanation in the presence of CO, over a
wide temperature range.

Table 3

3.2. Kinetic measurements

For more detailed information on the time-dependent activity
and the stability of the catalysts under reaction conditions, we
evaluated the reaction rates under differential reaction conditions
(conversion < 15%) as a function of increasing time on stream, up to
over 1000 min reaction time. This time was chosen since initial
measurements showed only very slow changes in the reaction
behavior after 800 min on stream. The activity is given in Ru mass
normalized rates in Fig. 2. In addition, we used these data to calcu-
late turn-over frequencies (TOFs) using the active Ru surface areas
determined by H, adsorption in TAP reactor measurements (see
previous section), which are listed in Table 3. As reaction temper-
ature we used 190°C. At this temperature, both Ru catalysts
showed 100% selectivity in CO,-rich idealized reformate in the
temperature screening measurements (Fig. 1). The conversion
was reduced by using smaller amounts of catalyst (see Section 2.2).

Fig. 2 illustrates the reactivity-time curves resulting for the two
catalysts at 190 °C in different reaction atmospheres. In order to
approach more realistic situations, we included two gas mixtures
with higher CO, contents, namely semi-realistic reformate
(0.6 kPa CO, 2.8 kPa N5, 15.5 kPa CO,, rest H,) and H,O-rich semi-
realistic reformate (0.6 kPa CO, 2.8 kPaN,, 15.5kPa CO,, 5 kPa
H,0, rest H;), in addition to the idealized reformate and the CHy-
rich idealized reformate used also in the temperature screening
experiments.

For reaction in idealized reformate (0.6 kPa CO, 2.8 kPa N, rest
H,; Fig. 2a), the catalysts exhibit initial reaction rates of 64 x 10~°
and 3.4 x 10~® mol s' gg! for the Ru/zeolite and the Ru/Al,05 cat-
alyst, respectively. At the beginning of the reaction, over ~50 min,
the Ru/zeolite catalyst shows a slight increase in activity and then
decays slowly, reaching ~80% of its maximum activity after
1000 min. In contrast, on the Ru/Al,O3 the reaction is about stable
over the entire time on stream of 1000 min. The steady-state reac-
tion rates for the Ru/zeolite and the Ru/Al,05 catalyst are 64 + 1.5 x
10 ®mols'g;! and 3.4+03 x 10 %mols'g;!, respectively,
equivalent to TOFs of 135 and 4.4 s~ . It should be noted that the
TOF values are based on the active surface area determined by
hydrogen adsorption measurements (TAP reactor measurements
(Section 2.1)). Therefore deviations caused by missing very small
Ru nanoparticles or clusters, e.g. in TEM images, do not affect these
results. Changing to CHy-rich idealized or semi-realistic reformate
does not influence the activity and its characteristic development
during 1000 min reaction for either of the two catalysts. In the
semi-realistic gas mixture, both catalysts are 100% selective, which
we associate with the high remaining CO partial pressure (10% CO
conversion) and the low reaction temperature (CO,q blocking of

Reaction rates of the CO methanation reaction on different supported Ru catalysts and the respective reaction conditions (TOFs in this work are based on the active surface area

determined by H, adsorption experiments).

Catalyst Temperature (°C)  Reaction gas mixture Rate x 10° Rate x 10° TOF x 10> Reference
(mols'gzl)  (mols'ggl) (s7h)
4.5 wt.% Ru/Al,03 302 CO: Hy (1:4) 0.16 3.56 - [53]
0.5 wt.% Ru/Al,03 250 1 kPa CO, 50 kPa H,, rest He 0.536 107.2 15 [22]
0.5 wt.% Ru/Al,03 250 1 kPa CO, 15 kPa CO,, 50 kPa H,, rest He 0.373 74.6 11 [22]
0.5 wt.% Ru/Al,03 250 1 kPa CO, 15 kPa CO,, 30 kPa H,0, 50 kPa H,, rest He 0.306 61.2 20 [22]
15 wt.% Ru/Al,03 220 0.4 kPa CO, rest H, 242 161 20 [21]
5 wt.% Ru/Al,03 190 0.6 kPa CO, 2.8 kPa N, rest H, 0.15+£0.027 3.43+03 4.44 This work
5 wt.% Ru/Al,03 190 0.6 k Pa CO, 15.5 kPa CO,, 2.8 kPa N,, 5 kPa H,O rest H, 0.19 £ 0.025 3.83+£0.5 4.96 This work
5 wt.% Ru/Al,03 190 0.6 k Pa CO, 15.5 kPa CO,, 2.8 kPa N, rest H; 0.16 £ 0.023 3.14+04 4.07 This work
5 wt.% Ru/Al,03 190 0.6 k Pa CO, 4.5 kPa CHy, 2.8 kPa N3, 5 kPa H,0 rest H, 0.22 £0.024 44+04 5.7 This work
3 wt.% Ru/SiO, 240 72 kPa H,, 3.6 kPa CO, rest He 1.4 46.0 13 [52]
5 wt.% Ru/SiO, 200 1 kPa CO, 90 kPa H, 0.095 1.94 - [54]
2.2 wt.% Ru/zeolite 190 0.6 k Pa CO, 2.8 kPa N,, rest H, 1.40 £ 0.035 63.9+1.5 135 This work
2.2 wt.% Ru/zeolite 190 0.6 k Pa CO, 15.5 kPa CO,, 2.8 kPa N, 5 kPa H,O0, rest H, 0.7+0.13 31.8+4.7 67.2 This work
2.2 wt.% Ru/zeolite 190 0.6 k Pa CO, 15.5 kPa CO,, 2.8 kPa N, rest H, 1.33+0.2 60.3 +4.7 127 This work
2.2 wt.% Ru/zeolite 190 0.6 k Pa CO, 4.5 kPa CH,4, 2.8 kPa N,, rest H, 142 +0.19 64.5+8.3 136 This work
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Fig. 2. Reaction rates on the Ru/zeolite (filled symbols, diluted 1:10 with SiO,) and
the Ru/Al,05 (open symbols, diluted 1:3 with Al,03) catalyst in different reformate
gases: (a) W, [J: idealized reformate (0.6 kPa CO, 2.8 kPa N, rest H;); (a) A, A: CHy-
rich idealized reformate (0.6 kPa CO, 2.8 kPa Ny, 4.5 kPa CH,4, rest Hy); (b) V¥, v:
semi realistic reformate (0.6 kPa CO, 2.8 kPa N,, 15.5 kPa CO,, rest H,); (b) ®, O:
H,O-rich semi-realistic reformate (0.6 kPa CO, 2.8 kPa N5, 15.5 kPa CO,, 5 kPa H,0,
rest Hy).

the catalyst surface). In all the cases, the Ru/zeolite catalyst shows a
significantly higher activity than the Ru/Al,05 catalyst. It exceeds
that of the latter catalyst by a factor of about 10 for the Ru mass-
normalized reaction rate. The small differences between the rates
measured for different gas compositions are within the precision
of the measurements. A significantly lower activity (~50%) is ob-
tained, however, in H,O-rich semi-realistic reformate, on the Ru/
zeolite catalyst. The other characteristics, the low deactivation with
time by about 20% over 1000 min and 100% selectivity remain un-
changed. Long-term measurements over up to 1800 h, which will
be the subject of a future paper, supported these trends. On the
Ru/Al,03 catalyst, the addition of water to semi-realistic reaction
gases has essentially no consequences on the reaction behavior.
Comparing the Ru mass-normalized rates for the methanation
reaction with results reported previously for reaction on supported
Ru catalysts (see Table 3) [20-22,52-54], the Ru/zeolite catalyst
exhibits a high activity at lower reaction temperature (190 °C)
even in semi-realistic reformate. Only the Ru/Al,05 catalyst stud-
ied by Kowalczyk et al. [21] shows a higher reaction rate, yet their
measurement was performed at a higher temperature. The Ru/
Al,03 catalyst exhibits a lower activity compared to the rates re-
ported for other Ru/Al,O5 catalysts (Table 3). However, one has
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to take into account that the reaction temperature and the gas
compositions used in the previous studies differ considerably. Pan-
agiotopoulou et al. [22] measured the CO methanation rate on a
0.5 wt.% Ru/Al,03 catalyst at 250 °C in idealized reformate as well
as in more realistic gas mixtures (see Table 3), and obtained higher
reaction rates than determined in our work. The higher reaction
temperature in their measurements has a positive effect on the
activity, but they also used a gas mixture with higher CO and lower
H, concentration, which has a negative influence on the activity
[36]. Additionally, they used a different Ru loading, which may also
affect the activity [27] (see Section 3.1).

Using turn-over frequencies as a measure of the intrinsic activ-
ity of the Ru particle surface rather than the Ru mass normalized
rates for comparison (see Table 3), the very high activity of the
Ru/zeolite catalyst is even more obvious, exceeding that of all other
catalysts by a factor of at least 6.5, despite the lower reaction tem-
perature in the present study (see Table 3). The general trends of
the mass normalized activities, however, are reproduced. It is
important to realize that the turnover frequencies reported in the
different studies are based on different methods for determining
the active Ru particle surface. Kowalczyk et al. [21] used O, chemi-
sorption at 0 °C after reduction at 430 or 520 °C for 20 h. Subse-
quently, the catalyst was reduced at the same temperatures
again and CO chemisorption was performed at room temperature
(stoichiometries: 1.1 O atom per Ru surface atom, 0.6 CO molecule
per Ru surface atom). Panagioptoulou et al. [22] performed H,
chemisorption at 100 °C to calculate the Ru dispersion. All other
groups [52,54,55] used reversible/irreversible H, chemisorption
at room temperature to determine the Ru surface area and thus
the Ru particle size. In the present study, we employed H, chemi-
sorption at —30 °C (irreversible H, adsorption) to obtain almost full
H.q coverage (0.75 monolayer) on Ru, since hydrogen desorption
starts at about this temperature only.

Comparing two 3 wt.% Ru/Al,O3 catalysts with 10 nm and
34 nm Ru particles, Dagle et al. [27] found 99% CO conversion at
a 20 °C lower temperature on the former catalyst (10 nm) than
on the other one. These authors concluded that catalysts with
higher dispersion exhibit a higher activity for the CO methanation,
while the lower dispersed catalyst tends to suppress the CO, con-
version better. A similar particle size dependence of the activity
was observed also by other groups [32,33], whereas other studies
reported a decreasing activity with increasing Ru dispersion
[21,34,35]. Gupta et al. [25,41] concluded from combined DRIFTS
and kinetic measurements that the influence of the Ru dispersion
on the methanation activity depends on the reaction temperature
and suggested that different mechanisms are dominant below
and above 220 °C. Only at temperatures below 220 °C, a dispersion
dependent mechanism prevails.

The much higher activity of the Ru/zeolite compared to the
Ru/Al,0O3 catalyst observed in our study, both in terms of Ru mass-
normalized rates and in turnover frequencies, is attributed to several
reasons. Most directly, support effects arising from the different
morphology (pore structure) and the different chemical properties
of the zeolite surface (higher acidity) may contribute to the higher
activity of the Ru/zeolite catalyst. In addition to changes in the sur-
face chemistry, these effects may also modify the diffusion proper-
ties and thus the effective contact time [56]. Support effects were
reported also in earlier studies [30,52]. Sciré et al. suggested that
zeolites (in their work: ZSM-5) stabilize Ru in an oxidized, cationic
form [30], while this is not or to a lesser extent possible for Al,03
or SiO,. The positive polarization of the Ru species was suggested
to weaken the Ru-CO bond, via the resulting higher H,4 steady-state
coverage, and thus to enhance the activity for the methanation reac-
tion. Furthermore, the expected presence of very small Ru particles
in the Ru/zeolite catalyst (<1 nm Ru particles) compared to the
Ru/Al, O3 catalyst (2.5 nm Ru particles) may also affect the activity
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of this catalyst via particle size effects, which would also modify the
intrinsic activity described by the turnover frequency. Very small
Ru nanoparticles would also be stabilized by the much higher sur-
face area (410 m? g~ ') of the Ru/zeolite catalyst compared to that
of the Ru/Al,O5 catalyst (surface area 100 m? g~ ). As long as the
presence of very small Ru nanoparticles in the Ru/zeolite catalyst
is not directly proven, but only indirectly concluded, this latter argu-
ment must remain tentative.

From measurements in idealized, semi-realistic and H,O-rich
semi-realistic reformate, we determined the apparent activation
energies of the CO methanation reaction on the Ru/Al,O3 and the
Ru/zeolite catalysts. The measurements were performed in the
temperature range between 165 and 190 °C, after initial equilibra-
tion during 1000 min reaction at 190 °C (see Fig. 3a). To avoid irre-
versible changes of the catalyst, the reaction temperature was
limited to 190 °C at maximum. The apparent activation energies
obtained for the two catalysts are listed in Table 1 (Supplementary
material). The measurements were performed first from high to
low temperatures and then back to high temperatures again. For
similar reaction conditions, the apparent activation energies are
slightly lower on the Ru/zeolite catalyst than on the Ru/Al,0O5 cat-
alyst. In idealized reformate, the apparent activation energies are
90+11 and 111 £ 10 k] mol~! for the Ru/zeolite and the Ru/Al,O3
catalyst, respectively. The values do not change significantly for
reaction in semi-realistic and H,O-rich semi-realistic reformate de-
spite the lower activity of the Ru/zeolite catalyst in the latter reac-
tion atmosphere (see also Section 3.3). The close similarity of the
activation barriers points to a similar rate-limiting step for both
catalysts and in different reaction mixtures. Comparable values
for the activation energy were reported by Dalla Betta and Shelef
[36] and Ekerdt and Bell [37] for reaction in a CO/H, mixture on
Ru/Al,03 and Ru/SiO, catalysts, respectively (Table 1, Supplemen-
tary material). In contrast, other groups reported higher values be-
tween 121 and 156 k] mol~! for reaction in CO/H, mixtures on
differently loaded Ru/Al,O3 catalysts (see Table 1, Supplementary
material) [16,22,57,58]. The spread in apparent activation energies
is most likely due to the different reaction conditions in the differ-
ent studies (see Table 1, Supplementary material). Finally, Panagio-
topoulou et al. [22] reported that adding 15 kPa CO, to a CO/H,
mixture lowers the activation energy on a 0.5 wt.% Ru/Al,O3 cata-
lyst from 121 to 77 k] mol~". This result contrasts our observation
of a negligible variation in the activation energy upon variation of
the reaction atmosphere. However, they measured the activation
energy at higher temperatures (200-300 °C). The differences in
the apparent activation energies in the presence of CO, in the
reformate may indicate a change of the rate-limiting step above
190 °C.

The influence of the reactant concentration on the methanation
reaction in idealized reformate was investigated by determining
the reaction orders for CO and H, on both catalysts (Fig. 3b). This
was done by stepwise varying the CO (H;) partial pressure from
0.9 to 0.4 kPa (from 96.4 to 65 kPa), while keeping that of the sec-
ond reactant constant (H,: 96.4 kPa, CO: 0.6 kPa), and going back
again to the initial partial pressure. Since the data agree closely,
only the downwards runs are shown. The resulting CO reaction
orders of —0.7 £0.1 and —0.5 + 0.1 are of similar order of magni-
tude for the Ru/zeolite and the Ru/Al,O3 catalyst, respectively.
For H,, the Ru/zeolite catalyst (reaction order: 2.7 + 0.2) shows a
much more pronounced dependence of the activity on the H; con-
centration than the Ru/Al,O3 catalyst (reaction order: 1.0 +0.1).
For comparison, Ekerdt and Bell [37] reported reaction orders of
—1.1 and 1.8 for CO and H; on a Ru/Al,03 catalyst at 240 °C and
in idealized reformate (CO: 1kPa, H,: 1-20kPa), respectively.
The high reaction order of H, over of the Ru/zeolite catalyst
may be a reason for its high activity, compared to the Ru/Al,03
catalyst.
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Fig. 3. (a) Arrhenius plot of temperature-dependent reaction rates after 1000 min
methanation reaction on the Ru/Al,03 (filled symbols) and the Ru/zeolite (open
symbols) catalysts in different reformate gases: a, A: idealized reformate (0.6 kPa
CO, 2.8 kPa Ny, rest Hy); M, O: semi-realistic reformate (0.6 kPa CO, 2.8 kPa N,,
15.5% CO,, rest Hy); 4, $: HyO-rich semi-realistic reformate (0.6 kPa CO, 2.8 kPa N,,
15 kPa CO,, 5 kPa H,O rest Hy). (b) Logarithmic plot of the partial pressure
dependent reaction rates after 1000 min methanation reaction on the Ru/Al,05 (M,
A)and the Ru/zeolite (M, () catalysts in idealized reformate (0.6 kPa CO, 2.8 kPa N,
rest H,): H; reaction order ([J, A), CO reaction order (M, A).

3.3. DRIFTS measurements

In order to characterize the temporal evolution of the adsorbed
surface species during the methanation reaction, we performed
in situ IR measurements under the same reaction conditions as ap-
plied in the kinetic measurements described above (Fig. 2). Se-
quences of DRIFT spectra, recorded during 1000 min reaction on
the Ru/zeolite and the Ru/Al,03 catalyst in different reaction atmo-
spheres, are shown in Figs.4 and 5 (Fig. 4: idealized and CH,-rich ide-
alized reformate, Fig. 5: semi-realistic and H,O-rich semi-realistic
reformate). The spectra are split into 3 frequency ranges, the
region of the OH (4000-3500cm~!, top left) and CH, (3000-
2800cm~!, top right) stretch vibrations in the top panels,
respectively, and the spectral range between 800 and 2300 cm ™!
including the CO stretch (2300-1900 cm™!) and the OCO bending
(1600-800 cm™~!)vibrations (bottom panel). The temporal evolution
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Fig. 4. Sequences of DRIFT spectra recorded during 1000 min methanation reaction on the Ru/zeolite catalyst at 190 °C in (a) idealized reformate (0.6 kPa CO, rest H,) and (b)
CHy-rich idealized reformate (0.6 kPa CO, 4.5 kPa CHy, rest H;), and on the Ru/Al,O3 catalyst in (c) idealized reformate (0.6 kPa CO, rest H,) and (d) CHy-rich idealized
reformate (0.6 kPa CO, 4.5 kPa CHy, rest H,). The spectra were recorded after 1, 2, 3, 5, 7, 15, 35, 105, 195, 345, 495, 645, 795, 945 min reaction time (from bottom to top).

of the different surface species was followed by the peak intensities,
after normalization to similar background intensities directly aside
the signals.

3.3.1. CO methanation

For reaction in idealized and CH,-rich idealized reformate, we
observe a fast build-up of signals in the CO region at 2075, 2036,
and 1978 cm™! on the Rujzeolite catalyst, and at 2030 and
1940 cm™~! on the Ru/ALO5 catalyst. On the latter catalyst, a dy-
namic equilibrium is reached after ~100 min, while on the Ru/zeo-
lite catalyst the intensity decreased steadily. These signals are
attributed to CO adsorbed on Ru [25,30,59-67]. The exact position
depends on the pre-treatment of the catalyst and on the reaction
conditions used in the experiment. The signal at 2036 cm ™' is com-
monly assigned to linearly adsorbed CO on Ru° [61,64,66,68]. In
measurements on Ru/TiO, and Ru/Al,Os catalysts, Londhe et al.
[53] interpreted this signal as CO,q linearly adsorbed on Ru, coad-
sorbed with and adjacent to O.q species. Guglielminotti and Bond
[64] observed a similar signal during the methanation reaction
on a completely pre-reduced (only Ru® species) Ru/TiO, catalyst,
and related this to linearly adsorbed CO on Ru®. Measurements

performed at different CO pressures revealed that the wave num-
ber of the linearly bound CO,4 species depends on the coverage,
in good agreement with results of CO adsorption experiments on
Ru (000 1) [68]. The signals at 1978 and 1940 cm™! observed on
the Ru/zeolite and the Ru/Al,O3 catalyst, respectively, were related
to a bridge-bonded CO,q4 adsorbed on Ru® [69]. Finally, the CO,q re-
lated signal at higher wave numbers (2075 cm™'), which is ob-
served only on the Ru/zeolite catalyst, is assigned to dicarbonyl
CO species adsorbed on very small Ru clusters or atoms on the sup-
port. These Ru species were proposed to result from oxidative dis-
rupture of Ru-Ru bonds, and by some authors identified as
oxidized Ru™ sites [60,62,63,67]. In previous studies on the hydro-
genation of CO over Ru/Al,03 and Ru/SiO, catalysts, this signal was
accompanied by a peak at 2135 cm™! which can be detected at
longer reaction times in our experiments as well. It should be
noted, however, that the quantification of this signal is hindered
by its overlap with the gas phase CO signal. Finally it should be
noted that for CO interaction with the non-pretreated catalysts
CO (both at room temperature and at 150 °C) adsorption was
inhibited on the Ru/zeolite catalyst and showed similar features
as during reaction on the Ru/Al,Os catalyst, indicating that for
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Fig. 5. Sequences of DRIFT spectra recorded during 1000 min methanation reaction on the Ru/zeolite catalyst at 190 °C in (a) semi-realistic reformate (0.6 kPa CO, 15.5 kPa
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15.5 kPa CO,, rest H,) and (d) H,O-rich semi-realistic reformate (0.6 kPa CO, 15.5 kPa CO,, 5 kPa H,0, rest H,). The spectra were recorded after 1, 2, 3, 5, 7, 15, 35, 105, 195,

345, 495, 645, 795, 945 min reaction time (from bottom to top).

the Ru/zeolite catalyst interaction with CO under these conditions
is not sufficient to initiate surface reduction. After reactive pre-
treatment, the CO adsorption behavior was similar as during
reaction.

In the OH region, two peaks at 3630 and 3740 cm™! are ob-
served on the Ru/zeolite catalyst, which we relate to isolated OH.q4
groups on the support (Fig. 4) [70,71]. They are visible already at
the beginning of the reaction and do not change significantly in
intensity during the reaction. On the Ru/Al,05 catalyst, three addi-
tional OH,.q4 signals are present at 3650, 3620, and 3540 cm™! dur-
ing the reaction. With ongoing reaction, the intensity of the peak at
3740 cm~! remains constant, whereas that of the other four signals
decreases.

In the OCO region, peaks at 1589, 1442, 1044, and 915 cm™! ap-
pear after about 100 min reaction on the Ru/zeolite catalyst
(Fig. 4). They continuously increase in intensity and do not reach
a steady-state during the reaction time. On the Ru/Al,03 catalyst
(Fig. 4), the OCO region exhibits peaks at 1587, 1374, 1040, and
915 cm™!, which appear after 35 min reaction and steadily in-
crease in intensity. According to previous studies, peaks at

~1585-1590 and 1374 cm™' result from the antisymmetric and
symmetric bending vibrations of surface formates, respectively
[36,40,64,72], which can be formed during the methanation reac-
tion by reaction of CO with water. The corresponding C-H vibra-
tion, which was reported to appear at ~2902 cm™!, appears here
at ~2905 cm~! (see below). As discussed in earlier studies, these
formate species are at least mainly located on the Al,05 support
[73], although additional adsorption on the Ru nanoparticles can
not be ruled out. During methanation on Ru/TiO, and Ru/Al,Os cat-
alysts, Gupta et al. [40] and Dalla Betta and Shelef [36] also de-
tected a peak at 1440 cm™', which they assigned to the OCO
bending vibration of a surface carbonate species. In the present
work, a comparable signal is only detected on the Ru/zeolite cata-
lyst at 1442 cm~'. Comparing with earlier methanol adsorption
experiments on a Cu-ZnO/Al,03 catalyst [74], the signal at
1040 cm~! may be related to a methoxy or methanol species ad-
sorbed on the support. It is usually accompanied by a peak at
1085 cm~! [74], which we cannot observe here. Possibly, the latter
peak is obscured by the intense signal at 1040 cm~'. The peak at
915 cm™! is tentatively assigned to a deformation mode of CH, .4
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species adsorbed on the Al,O3 support [74], pointing to possible
CH, chain growth on the support during the reaction [74]. Adding
CH4 to the idealized gas mixture, three additional peaks appeared
at 1305 cm™', 1344, and 1264 cm™', which represent the Q, P,
and R branches of gas phase methane [66].

The CH spectral region (Figs. 4 and 5) shows the typical CH, q
signals at 3015, 2958, 2927, and 2857 cm™!, arising from CHy,
CHs .4, and the symmetric and asymmetric CH, .4 vibrations on
the two catalysts [30,37,66]. These surface species start to grow
in after about 5 min reaction time. They increased further until
reaching a steady-state after 340 and 1000 min reaction on the
Ru/Al,03; and Ru/zeolite catalyst, respectively. The shoulder at
~2905 cm ™! can be assigned to the CH vibration of a surface for-
mate [36,40]. During reaction in the CHg-rich reformate, the
CH,.q-related signals are obscured by the strong CH, signal in
the range of ~2800 to ~3200 cm™! [66].

Comparing the reaction in idealized (Fig. 4) and in CH4-rich ide-
alized reformate (Fig. 4), we find no major differences in the sur-
face species. The situation is very different, when the adlayer and
its evolution with time are compared for the Ru/Al;03 and the
Ru/zeolite catalyst. Here we find a number of differences, with
the major ones being:

(i) On the Ru/zeolite catalyst, the intensity of the signal at
2036 cm™!, which is related to Ru-CO, decays slowly with
time, and this decay agrees perfectly with the slight deacti-
vation of the catalysts with time (Fig. 2). For the Ru/Al,O5
catalyst, the signal is stable, and this catalyst is essentially
stable against deactivation.

(ii) The CO.q signal on oxidized Ru at 2075 cm™' is observed
only on the Ru/zeolite catalyst and absent on the Ru/Al,03
catalyst.

(iii) On the Ru/Al,03 catalyst, additional signals related to OH.q
groups are observed at 3650 and 3550 cm™ .

(iv) The build-up of surface carbonates is negligible on the Ru/
Al,05 catalyst, whereas on the Ru/zeolite catalyst surface
carbonate growth is strong.

The close correlation in the time dependences of the CO metha-
nation activity and the time evolution of the signal intensity at
2036 cm™~! indicates that the same Ru® sites active for CO adsorp-
tion are also active for the methanation reaction, making the num-
ber of Ru® surface sites crucial for the reaction. The CO,q on Ru°
sites visible in IR may be directly involved in the reaction, but this
is not necessarily required, and, though unlikely, they may also act
as spectator species. This correlation and therefore also the mech-
anistic conclusion are true for both catalysts.

Gupta and Tripathi had suggested that at lower temperatures
(<220 °C) Ru™-(CO),, species represent the active species [41].
Other groups [66,72,75], however, have questioned this proposal
because of the rather weak adsorption of CO on Ru™ sites and
the resulting low steady-state coverage of these species under
reaction conditions. Furthermore, the weak interaction between
Ru™" sites and CO is likely to result in a less pronounced weakening
of the C-0 bond compared to bonc}ﬁing on Ru® sites, due to a lower
population of the antibonding 27 orbital of the CO,q. Contribu-
tions from oxidized Ru™" sites and Ru™*-CO species can not be ru-
led out from the present data, but are also not supported by them.

Another difference between the Ru/Al,03 and the Ru/zeolite
catalyst lies in the stability of the Ru nanoparticles. For the Ru/zeo-
lite catalyst, we observed a decrease by ca. 20% of the signal at
1990 cm™!, which is related to bridge-bonded CO,q on Ru®, after
105 min on stream, and a similar intensity decrease was observed
also for the other Ru-CO signals. This can be explained in two
ways, either by sintering or reductive agglomeration of the Ru par-
ticles, which was also suggested by Solymosi and Raské [62], or by

partial covering of the Ru surface by adsorbates such as CHy .4 Spe-
cies. The decay in Ru surface area active for CO adsorption is not
correlated with a decrease or increase of the IR signals related to
other surface species (e.g., CHy.q, surface formates or surface car-
bonates). During the methanation reaction on the Ru/Al,05 cata-
lyst, the Ru®-CO related signals are stable after about 100 min.

From the absence of any correlations between the temporal
evolution of surface formates and surface carbonates on the one
hand and the methanation activity on the other hand we conclude
that the reaction is not dominated by the reaction/decomposition
of either of these surface species.

The relative intensities and the temporal evolution of the
CH, .q-related intensities differ widely on both catalysts, with the
relative intensities being higher on the Ru/zeolite catalyst. On the
same catalyst, the signal intensities and hence the coverages of
the related surface species reach a dynamic equilibrium situation
after about 1000 min, while on the Ru/Al,05 catalyst this occurs
after 340 min. Most simply this is explained by either a much
slower build-up of the CH, 4 species on the Ru/zeolite catalyst or
their faster decomposition on the Ru/Al,03 catalyst. This agrees
also with the lower steady-state coverage of these species on the
Ru/Al,0O3 catalyst. In addition, due to the higher surface area of
the Ru/zeolite support, more adsorption sites for the CH, .q Species
are expected. The CH,.q species were suggested as intermediates
in the methanation reaction [37,38,76], which was described al-
ready in the introduction, and will be discussed in more detail in
the last section (Section 3.3.3).

The role of surface formates and carbonates, which are formed
by reaction of CO with H,O during the methanation reaction, is
not clear yet. Since carbonates are only present on the Ru/zeolite
catalyst, it is more likely that these species represent reaction side
products. Regarding the role of the surface formates, several groups
proposed them to be side products of the reaction [36,37,40]. Prai-
rie et al. [23] suggested that during CO, methanation surface for-
mates may serve as a reversible CO reservoir. The role of the
surface formates will be discussed in more detail in Section 3.3.3.

3.3.2. Selective methanation

Similar in situ DRIFTS experiments as described above were
performed in semi-realistic and in H,O-rich semi-realistic refor-
mate, containing both CO and CO, (Fig. 5). The general characteris-
tics of the resulting spectra are rather similar to those obtained in
idealized reformate (Fig. 4), with the following differences:

(i) The presence of CO, leads to overtone signals of CO, in the
OH region on both catalysts; therefore the intensities related
to the OH groups could not be evaluated.

(ii) The tendency for surface formate and/or carbonates forma-
tion is more pronounced (higher steady-state coverage) on
both catalysts in these reaction atmospheres compared to
reaction in CO,-free idealized reformates (Section 3.3.1).

(iii) In HyO-rich semi-realistic atmosphere, a signal at 2075 cm™
(shoulder) is detected also on Ru/Al,03;, which was not
observed in the other gas-mixtures. It is attributed to CO,q
on oxidized Ru™ species.

(iv) For the Ru/zeolite catalyst, the temporal evolution of the
CO.q species changes in the presence of H,O (H,O-rich
semi-realistic reformate) compared to all H,O free reaction
mixtures, leading to much lower CO.q coverages during the
reaction.

1

It is interesting to note that among the different additional com-
ponents only water has a negative effect on the adsorption behavior
of CO on Ru (Fig. 5b), and only on the Ru/zeolite catalyst. In the pres-
ence of water vapor, the intensity of linear and bridge-bonded CO.q
species on Ru® decreased compared to reaction in water-free atmo-
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sphere. This may be due to the blocking of adsorption sites by ad-
sorbed water or, alternatively, by Ru (surface) oxidation. The CO,q
species adsorbed on oxidized Ru, however, does not seem to be
influenced much by water addition, and the total amount of
Ru™-CO species stays the same. Together with the lower intensity
in the Ru®-CO signal, also the CO methanation activity is lower in
H,O0-rich atmosphere than in H,O-free atmosphere, and both of
them decrease slowly with time. On the other hand, for the Ru/
Al,053 catalyst, the presence of water in the reaction atmosphere
leads to a signal at 2075 cm~! (formation of a small shoulder), while
neither the intensity of the 2036 cm ™' signal nor the CO methana-
tion activity are lower in the presence of H,O than in (H,O-free)
semi-realistic reformate. The observed close correlation between
Ru®-CO signal intensity and the CO methanation activity also upon
changing to a H,O-rich gas mixture provides further support for our
above conclusion that the activity of the Ru catalysts is closely cor-
related with the number of accessible Ru® sites in the reaction.

The combined addition of CO, and water has a direct influence
on the formation of surface carbonate and/or formate species on
both catalysts. The intensity of the signal at ~1590 cm~!, which
is related to surface formate species, grows very fast on the Ru/zeo-
lite catalyst and reaches an even higher value than that of the sur-
face carbonate-related peak at ~1440 cm~!, while this is opposite
in idealized reformate. The same trends are observed for the Ru/
Al,O3 catalyst. Prairie et al. [23] had shown that CO, and H, react
to a formate species on Ru/TiO, and Ru/Al,05 catalysts, which ex-
plains the increased tendency for surface formate formation of our
catalysts upon CO, addition. The addition of water, on the other
hand, suppresses the build-up of formates. Most likely, this pro-
ceeds via an enhanced formate decomposition, since a dynamic
equilibrium is reached after 200 min. Marwood et al. [77] observed
similar trends during the CO, methanation reaction, finding a
strong decrease of the surface formate species with increasing
water concentration. This may be due to blocking of adsorption
sites by OH,q4 groups or due to water-induced faster decomposition
of the surface formates. Finally, the build-up of the surface carbon-
ates (1440 cm™!) increases on the Ruj/zeolite catalyst when adding
water to the gas-mixture (Fig. 5b).

Comparing the temporal evolution of the CO methanation activ-
ity (Fig. 2) with the results of the above DRIFTS experiments re-
veals a distinct correlation between the time dependence of the
activity and the intensities/concentrations of the Ru®-CO species.
The kinetic measurements show, after a subtle initial increase dur-
ing the first ~50 min, a slow decay of both the methanation activ-
ity and the Ru®-CO signal intensity with time, by about 20% over
1000 min on stream, whereas for the Ru/Al,O3 catalyst, both re-
main constant with time. Furthermore, the lower activity of the
Ru/zeolite catalyst in H,O-rich semi-realistic reformate relative
to the other gas mixtures goes along with a lower Ru®~CO signal
intensity. The close correlation led us to propose that the number
of active sites is closely related to the number of Ru? sites, and that
they are likely to represent active sites in the methanation reaction
on both catalysts (see earlier discussion in this section).

The surface formates and carbonates increase steadily in inten-
sity, and the CH,.q Species seem to saturate between 900 and
1000 min on the Ru/zeolite catalyst and after 340 min on the Ru/
Al,0O5 catalyst, respectively. Hence, there is no simple correlation
between the intensity and concentration behavior of any of these
species and the methanation activity. Therefore it is not likely that
the reaction is dominated by the reaction/decomposition of any of
these surface species, which will be discussed in more detail in the
following section.

3.3.3. Transient experiments
After following the build-up of the surface species during the
methanation reaction in adsorption transients in different reaction

atmospheres on the Ru/Al,03; and Ru/zeolite catalysts in the last
section, we evaluated the stability of these surface species in ideal-
ized reformate in decomposition transients. This was done by fol-
lowing their transient behavior upon replacing CO in the reaction
atmosphere by N, after 1000 min reaction, i.e., by changing from
a CO/H, mixture to a N/H, atmosphere. The temporal evolution
of the signal intensities related to CH,.q, surface formate and sur-
face carbonate species was evaluated from a sequence of DRIFT
spectra recorded upon CO/H, — Ny/H; exchange.

The resulting changes in the adlayer on the Ru/zeolite and on
the Ru/Al,05 catalyst are illustrated in Fig. 6. On the Ru/zeolite cat-
alyst (Fig. 6a), the CO.q-related signals vanish within the first
3 min. Also on the Ru/Al,O3 catalyst, the CO,q signal decreases
within 3 min, but does not disappear completely. Even 1000 min
after the exchange, two peaks at 2040 and 1960 cm™! are present,
which indicate the presence of linear- and bridged-bonded CO,4 on
Ru®. The rapid decay of the CO,q4-related intensity is explained by
CO.q reaction, e.g., with the H, present in the gas phase, and by
CO,q4 desorption. The reason for the persistence of the remaining
CO.q signals is still unclear, small signals were observed even after
treatment at 250 °C in N,.

Following the intensities related to surface formates, surface
carbonates, CHy .q and CH3 .4 at 1590, 1440, 2927, and 2956 cm ™!
on the Ru/zeolite catalyst, respectively, we find that all of these
adspecies decrease in concentration with time. The stability of
these species follows the order surface carbonate > surface for-
mate > CH3 ;g > CH, 4. Since the initial rate of the decrease in
intensity is low for the surface carbonates and formates, and cer-
tainly well below the methanation rate [78], we suggest that these
species are side products. The CH, ,q species adsorbed on the sup-
port of the catalyst (they are formed also on the pure zeolite) show
the highest relative decrease in intensity, decreasing to 30% of the
value after 1000 min reaction.

On the Ru/Al, O3 catalyst, the intensities of the adsorbed surface
species decrease much more rapidly than on the Ru/zeolite cata-
lyst. Within the first 45 min, the signals related to surface formates
and CHj 54 species decay to almost their final intensity, and then re-
main essentially constant. The intensity loss of the CH, ,q-related
signals (2958, 2927, 2857 cm™!) is about 80%, which is even more
pronounced than on the Ru/zeolite catalyst, while the formate
intensities decrease by about 60% relative to the initial intensity
(after 1000 min reaction). Surface carbonates were not formed on
this catalyst during the reaction. Finally, the signals of the methoxy
species and of the CH, .4 species at 1040 and 915 cm~!, respec-
tively, increase rather than decrease in intensity upon changing
from CO/H, — Ny/H,. This increase in methoxy species, which
probably result from other adsorbed surface species such as sur-
face formates, indicates that these are not part of the reaction
chain. The growing intensity of the 915 cm™! signal is attributed
to accumulation of (CH;), chains on the surface [74].

Ekerdt and Bell suggested that CH, .4 Species are intermediates in
the methanation reaction [37]. They concluded this from transient
isotope-labeling IR experiments. It should be noted, however, that,
due to the lacking quantification of their IR intensities it is not clear
whether the CH,.q species observed spectroscopically act as reac-
tion intermediate in the dominant reaction pathway or whether
they represent a (little reactive) spectator species. Yamasaki et al.
[38] also investigated the reaction pathway of CO and hydrogen
on a Ru/SiO; catalyst. They used an indirect method proposed by
Wexler [79] for quantifying the coverages of the adsorbed methy-
lene and methyl groups (see also Section 1), and calculated the
mean chain length of adsorbed hydrocarbon chains from the ratio
of these groups. From transient IR experiments, they proposed a
complex mechanism for the CO methanation reaction, where CHy a4
species act as reaction intermediates and CH, formation proceeds
via formation and decomposition of adsorbed hydrocarbon chains
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Fig. 6. Upper panels: sequences of DRIFT spectra recorded upon exchanging CO by N, in the reaction gas mixture on (a) the Ru/zeolite catalyst and (b) the Ru/Al, O3 catalyst at
190 °Cin idealized reformate (0.6 kPa CO, rest H,) after 1000 min reaction. The spectra were recorded after: 0 min (end of the 1000 min reaction), 1, 2, 3, 5, 7, 15, 35, 105, 195,
345, 495, 645, 795, and 945 min (from bottom to top). Bottom panels: relative intensities of the CHy.q, surface formate and surface carbonate related signals at 2958, 2927,
2857,1590 cm~" and at 1440 cm ™! during the transient experiment on the Ru/zeolite (c) and the Ru/Al,0s (d) catalyst. A: Surface carbonate, B: surface formate, 57: CHy a4, 3:

CH3 aq.

[38]. Since, however, the authors could not demonstrate that the
decomposition rate of the hydrocarbon chains under steady-state
conditions corresponds quantitatively to the CH, formation rate,
definite proof for this proposal is still missing.

For more quantitative information on these aspects, in particu-
lar on the correlation between decomposition of the CH, .4 Species
and CH,4 formation rate on the Ru/zeolite catalyst, we performed a
similar transient experiment as shown in Fig. 6, but following the
decay of the CH, formation rate by a mass spectrometer. The
resulting CH,4 formation transient, recorded upon changing from
a CO/H, mixture to a Ar/H, mixture under similar reaction condi-
tions as before (see Fig. 6), is plotted in Fig. 7. Upon changing from
the reaction mixture to the Ar/H, mixture, the formation of CH, de-
creases rapidly and reaches the background level within 3-4 min.
For comparison, the decay of the IR intensities related to CH,.q
and CHs;,q proceeds on a much longer time scale (Fig. 6). After
100 min exposure to Ny/H,, the related signals show still more
than 50% of their initial intensity, and the further decay of the
CH, .q related signals is rather slow. Even after 1000 min exposure
to a N/H;, mixture, the intensity of these signals is still around 25%
of the initial value. Hence, hydrogenation of the CH, .4 Species vis-
ible in IR to CHy4 44 and its subsequent rapid desorption can not rep-
resent the rate limiting step for CH4 formation. The question for the
rate-limiting step and the nature of the reaction intermediate in
the dominant reaction pathway is, at least from the experimental

point of view, still open. Based on the present data, the CHy .4 Spe-
cies visible in the IR spectra represent spectator species, whose
reaction to CH, is much slower than required for explaining the ob-
served CH,4 formation rate. Therefore, the formation and hydroge-
nation of the CHy.q species visible in IR cannot represent the
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Fig. 7. Transient activity measurement of Ru/zeolite upon exchange of CO by Ar
under idealized reaction conditions (0.6 kPa CO, rest H;) after 1000 min reaction at
190 °C; A: CHy4 conversion.
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dominant reaction pathway. This conclusion agrees well with re-
cent predictions based on density functional theory calculations
[44-46], which favor a reaction pathway via formyl formation
rather than via C-0 bond splitting and subsequent hydrogenation.
Based on the similar trends in the DRIFTS transients shown in
Fig. 6, we expect that these mechanistic conclusions are valid for
both Ru catalysts, although the removal of the adsorbed CH, .4 Spe-
cies is faster on the Ru/Al,0s3 catalyst than on the Ru/zeolite
catalyst.

4. Summary

We have investigated the selective methanation of CO in differ-
ent CO,-containing reformates on a 2.2 wt.% Ru/zeolite catalyst
and, for comparison, on a 5 wt.% Ru/Al,0O3 catalyst by tempera-
ture-screening measurements, kinetic measurements under differ-
ential reaction conditions and by transient in situ DRIFTS and mass
spectrometric measurements. The latter experiments focused on
the build-up of adsorbed surface species during the reaction and
their decomposition upon replacing the CO/H, mixture in the reac-
tion gas by a N,/H, or a Ar/H, mixture. These measurements led to
the following results:

1. Temperature-dependent conversion measurements showed
that both catalysts are active for the selective methanation
reaction. Under present reaction conditions, full conversion of
CO was achieved at 200 °C and 230 °C for the Ru/zeolite and
the Ru/Al,03 catalyst, respectively, in idealized reformate. The
addition of water and methane did not influence the CO metha-
nation activity on the Ru/zeolite catalyst and caused only minor
changes in the CO conversion on the Ru/Al,O3; catalyst. The
addition of CO, (CO,-rich idealized reformate) led to an acceler-
ation of the reaction on the Ru/zeolite catalyst, where complete
CO conversion (T;og) was reached now at 190 °C. On that cata-
lyst, CO, methanation started after complete CO conversion,
and the selectivity for CO conversion remained above 85% over
a temperature range of 40 °C. On the Ru/Al,Os3 catalyst, CO, con-
version started at 200 °C, where CO was still left in the refor-
mate. With increasing temperature, both CO and CO, are
converted and at full CO conversion the selectivity for CO
methanation has decreased to 48% under present reaction con-
ditions. In the absence of CO, in CO,/H, mixtures, the CO, con-
version exhibits similar conversion characteristics as the CO
conversion on the Ru/Al,O5 catalyst. On the Ru/zeolite catalyst,
in contrast, the onset of CO, conversion is shifted to lower tem-
perature (170 °C), and the subsequent increase in conversion is
rather slow, reaching full conversion only at 410 °C. The latter
behavior points to a kinetic hindrance in CO, methanation, in
the absence and presence of CO.

2. Kinetic measurements performed under differential conditions
exhibited a ~10 to ~20 times higher Ru mass-normalized reac-
tion rate over the Ru/zeolite catalyst compared to the Ru/Al,03
catalyst. For the inherent activity, expressed by the turnover
frequency, the differences are even higher with factors between
10 and 30, which correspond to TOFs between 67 and 135 s~}
on the Ru/zeolite catalyst, depending on the reaction atmo-
sphere. Temperature-dependent measurements, performed in
idealized reformate after 1000 min on stream in the range
190-160 °C, revealed comparable apparent activation energies
for both catalysts under these conditions, pointing to a similar
rate-limiting step on both catalysts. On the Ru/Al,O5 catalyst,
reaction orders of —0.5 and 1.0 were obtained for CO and H,,
respectively. Higher reaction orders of —0.7 and 2.7 for CO
and H,, respectively, were observed on the Ru/zeolite catalyst.
One may speculate that the high value for the reaction order
of Hj is linked to the high activity of this catalyst.

3. In situ IR (DRIFTS) measurements showed that exposing the
catalysts to different reaction mixtures under reaction condi-
tions leads to the immediate adsorption of linearly- and
bridge-bonded CO,4 species on Ru® sites on both catalysts. On
the Ru/zeolite catalyst, an additional signal appeared at higher
frequency (2075 cm™'), which is attributed to CO,q on Ru™
sites. This species was not observed on the Ru/Al,03 catalyst
in H,O-free reaction atmospheres, whereas in the presence of
water a small shoulder of this signal developed, due to the more
oxidizing reaction conditions. In addition, on both catalysts we
observed the build-up of surface formates and CH,.q Species,
while surface carbonates were formed on the Ru/zeolite catalyst
only. Thus, the presence of a Ru""-CO species and the observa-
tion of an additional OH,q4 signal are the most striking differ-
ences in the IR spectra between the two catalysts.

4, The temporal evolution of the DRIFTS signals related to the dif-
ferent adsorbed CO surface species differs significantly between
the two catalysts. On the Ru/zeolite catalyst, the intensity of the
CO.q-related signals passes through a maximum after 100 min
reaction, whereas for the Ru/Al,O3; a steady-state situation is
reached at the same time. The signals related to surface for-
mates and carbonates do not saturate during 1000 min on
stream, those related to CH, .4 species reach a dynamic equilib-
rium after about 1000 min on the Ru/zeolite catalyst and after
340 min on the Ru/Al,03 catalyst, respectively.From the close
correlation between Ru®-CO signal intensity and the methana-
tion activity on both catalysts, which is observed in the time-
dependent behavior and also when comparing different gas
mixtures, we propose that the activity in the methanation reac-
tion is determined by the number of accessible Ru® sites on the
two catalysts. Ru®~CO species may act as active sites and active
species, but other species adsorbed on Ru sites may be possible
as well. On the other hand, the absence of such correlations
between surface formates and surface carbonates and methana-
tion activity indicates that the reaction is not dominated by the
reaction/decomposition of either of these surface species.

5. Changing from CO-containing to CO-free reaction atmosphere
after 1000 min on stream in idealized reformate, surface for-
mates and CH, 54 species disappear with time on both catalysts.
The initial rate of decomposition, however, differs significantly
from the steady-state reaction rate. Therefore, the reaction
between the CH,.q species visible by IR and hydrogen can not
represent the rate-limiting step in the dominant reaction path-
way. The same experiment performed with a mass spectrome-
ter shows that CH, is not produced anymore after 3 min upon
switching to an Ar/H, mixture, providing further support for
the above conclusion. The signals representing (-CH,-) chain
groups were growing even after replacement of CO, and are
therefore identified as side products.

The kinetic and DRIFTS measurements showed that both Ru cata-
lysts are active and selective for the CO methanation even at low
temperatures (190 °C). Using zeolite as support material, the Ru
catalyst shows significantly higher activity and selectivity, proba-
bly due to specific interactions between the more acidic support
and the Ru nanoparticles and via the stabilization of very small
metallic and oxidic Ru particles, which result in pronounced mod-
ifications of the intrinsic Ru surface activity described by turnover
frequencies. The higher surface area of the zeolite support may fur-
ther contribute to the better performance of this catalyst.
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