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We have investigated the methanation of CO and CO, over Ru/zeolite catalysts with different Ru loading
in semi-realistic reformate gases by in situ X-ray absorption spectroscopy (XAS), in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) and kinetic measurements. Increasing the Ru loading
causes an increase of the mean particle size from 0.9 nm (2.2 wt.% Ru) to 1.9 nm (5.6 wt.% Ru). At the same
time, also the activity for CO methanation increases, while the selectivity for CO methanation, which is
constant at 100% for reformate gases with 0.6% CO, decreases at low CO contents. The latter findings are
interpreted in terms of a change in the physical effects governing the selectivity for CO methanation with
increasing Ru particle size, from an inherently low activity for CO, dissociation and subsequent CO,q
methanation on very small Ru nanoparticles to a site blocking mechanism on larger Ru nanoparticles. In
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Mechanism

CO adsorption the latter mechanism, CO, methanation is hindered by a reaction inhibiting adlayer of CO at higher CO,q4
Selectivity coverages, i.e., at not too low CO concentrations, but facile in the absence of a CO adlayer, at lower CO
Ru catalyst concentrations in the reaction gas mixture.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The methanation of CO has attracted increasing interest in
recent years because of its potential as simple technique for CO
removal from H,-rich feed gases for low temperature fuel cells pro-
duced by steam reforming of fossil fuels or biomass based fuels [1].
It is an attractive alternative to the more commonly used selective
CO oxidation (PROX) reaction in cost sensitive small scale applica-
tions, since it avoids the controlled addition of a second gas (0;).
Since the resulting reformates typically contain also considerable
amounts of CO, (15-20%) [1-5], the reaction must be highly selec-
tive for CO methanation, with CO, methanation essentially being
inhibited, otherwise the losses of H, would become intolerable
[1,6]. Therefore, the mechanisms of these reactions, CO methana-
tion and CO, methanation, as well the physical effects controlling
the selectivity for the selective methanation of CO in CO,-rich gas
mixtures, are of obvious importance for industrial applications.

In addition to the commonly used Ni, Fe or Co-based catalysts for
the Fischer-Tropsch reaction, also supported Ru catalysts are highly
active for CO methanation [7-10]. For supported Ru catalysts, it was
established in a number of studies that in addition to the nature

* Corresponding author.
E-mail address: juergen.behm@uni-ulm.de (R.J. Behm).

0920-5861/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2011.08.035

of the support material, such as Al,03, TiO, or zeolites, the Ru
particle size has a pronounced effect on their activity for CO metha-
nation [11-14]. The Ru mass normalized reaction rate was found to
increase with increasing Ru particle size. For very small Ru nanopar-
ticles with diameters <1 nm, the activity decreased steeply. This
was associated with the higher fraction of Ru terrace sites on larger
Ru nanoparticles, which were considered to be more active for this
reaction [11-14]. While the above studies were conducted under
Fischer-Tropsch reaction conditions in a typical syngas mixture
(H2:CO=3), this trend was confirmed also in more recent studies
performed under conditions more relevant for feed gas processing
(Hp:CO=14)[10,15,16].

The selectivity for CO methanation in the selective methana-
tion of CO,-rich gas mixtures was attributed to surface blocking
by adsorbed CO, due to the much higher adsorption energy of CO
compared to CO,. The CO adlayer was proposed to inhibit the (dis-
sociative) adsorption of CO, and thus the subsequent methanation
reaction [17,18].In that mechanism, CO, methanation will be inhib-
ited aslong as the CO partial pressure is sufficiently high to maintain
the reaction inhibiting CO adlayer. Increasing the selectivity and
activity of Ru supported catalysts has already been tried in many
different ways, including the use of different support materials such
as TiO,, Al 03, SiO, [16,19], or of dopants [20,21], or by varying the
Ru particle size [22].In the latter study on Ru/Al; O3 catalysts, the Ru
particle sizes were varied between 7.5 and 34 nm, and a decrease in
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the temperature for maximum methane formation with decreasing
particle size was reported. Also the use of zeolite supports was pro-
posed as an alternative to standard supports such as TiO; or Al,03;
the zeolite supported Ru catalysts showed indeed a higher selec-
tivity for the methanation of CO compared to Ru/Al;03 or Ru/SiO,
catalysts [23,24]. This was explained by a stronger metal-support
interaction.

Recently, we reported on a zeolite supported, commercial Ru
catalyst, which showed an extremely high selectivity, essentially
100%, over a wide range of CO concentrations [25-27]. We could
demonstrate that for a 2.2 wt.% Ru/zeolite catalyst this selectivity
was maintained even in reaction gases with a very low CO con-
tent (100 ppm), where the CO,q coverage on the Ru nanoparticles
(NPs) was far below saturation. Moreover, this catalyst shows 100%
CO selectivity and full CO conversion at 190°C even under integral
reaction conditions. CO, is methanated only at higher tempera-
tures and exhibits 50% conversion at 350°C [26]. In contrast, on
a 5wt.% Ru/Al,03 catalyst, which was investigated for compar-
ison, the selectivity decayed rapidly once the CO,q coverage, as
detected by its IR signal intensity, fell significantly below its sat-
uration value [26]. This was tentatively attributed to an inherently
low activity of the very small Ru NPs in the Ru/zeolite catalyst
for CO, dissociation, which results in very low CO, methanation
rates even at low CO,4 coverages, while on the Ru/Al,03 cata-
lyst with its much larger Ru particles (mean particle size around
2.5nm), the inherent activity for CO, decomposition and metha-
nation is quite high and high selectivities are only obtained by
surface blocking by CO.q4. In that picture, the selectivity was primar-
ily attributed to the Ru particle size, hence, to a particle size effect.
This explanation, though convincing, was preliminary, since the Ru
particle size in the Ru/zeolite catalysts was unknown. The Ru parti-
cles appeared to be too small for transmission electron microscopy
(TEM) imaging and X-ray diffraction (XRD). Furthermore, since cat-
alysts with two different supports were compared, support effects
on the selectivity, due to metal-support interactions, cannot be
ruled out.

These open questions are addressed in the present paper, where
we report results of a systematic, combined kinetic and in situ spec-
troscopy study on the effect of Ru metal loading and Ru particle size
on the activity and in particular on the selectivity of Ru/zeolite cat-
alysts in the selective methanation of CO. The measurements were
performed in a number of different idealized (H,/CO, H,/CO,) and
semi-realistic (H,/CO/CO,) reaction atmospheres, decreasing the
CO content to as low as 100 ppm. In situ extended X ray absorption
fine structure spectroscopy (EXAFS) and in situ diffuse reflectance
IR spectroscopy (DRIFTS) measurements were employed, in addi-
tion to kinetic measurements, in order to gain information on the
Ru particle sizes of the different catalysts during reaction under
steady-state conditions (EXAFS) and on the temporal evolution of
the adsorbate layer during the reaction (time-resolved DRIFTS).
In situ EXAFS results, obtained after equilibration in idealized refor-
mate (Table 1), are presented and discussed in Section 3.1. The
time-resolved in situ DRIFTS measurements and their results are
described in Section 3.2. In combination, the DRIFTS measurements
allow us to not only determine the steady-state CO,q coverages
in the respective reaction atmospheres, but also to qualitatively
assess the contribution from CO, decomposition to the CO,q signal
in semi-realistic reaction gases. The influence of the Ru load-
ing and Ru particle size on the CO methanation activity and on
the selectivity for CO methanation is topic of the following Sec-
tion 3.3. The resulting correlations between CO,4; coverage and
the selectivity for CO methanation and Ru particle size effects
therein as well as consequences on the molecular scale mech-
anism responsible for the selectivity are discussed. Finally, we
briefly comment on consequences of these findings for technical
applications.

2. Experimental

Catalyst properties: The Ru/zeolite catalysts with metal loadings
of 1, 2.2, 3.6, and 5.6 wt.% Ru were prepared by Siid-Chemie AG.
BET specific surface areas of ~410m? g~! for the Ru/zeolite cata-
lysts were determined by N, adsorption, and the catalysts were free
of additional dopants. Reliable Ru particle size determination of the
zeolite supported catalysts had turned out to be problematic both
for standard techniques such as TEM or XRD for structure determi-
nation (structure) and also for H, chemisorption, where only upper
limits of the particle size could be estimated [26]. Hence, this ques-
tion is still open. Further details of the catalyst characterization are
given elsewhere [26].

XAS experiments: The EXAFS experiments were performed at
the X1 beamline at Hasylab and BM26 at ESRF, using a Si-311
double crystal monochromator and a beam size of approximately
6 mm vertical and 2 mm horizontal. The reaction cell consisted of
a stainless steel ring with a cylindrical channel (i.d. 4 mm) along
the diameter, which contained the catalyst bed (length ca. 10 mm,
~25 mg catalyst, undiluted, conversion <15%). A second bore, along
the central axis of the ring and perpendicular to the catalyst bed,
allowed the X-ray beam to pass through the catalyst bed. In these
directions, the reaction cell was closed by two Kapton windows.
Sample heating was achieved by 4 wires, which passed through
the ring in 4 small bores parallel to the reaction channel. A NiCr/Ni
thermocouple was used to monitor the temperature. The reaction
cell was placed between two He filled ionization chambers for col-
lecting the spectra at the Ru K-edge (22,117 eV) in transmission
geometry. A Ru metal foil placed in between the second and a
subsequent third ionization chamber allowed for internal energy
calibration during all measurements. The pre-edge region was mea-
sured from 21,867 to 22,087, the XANES region from 22,087 to
22,157 eV (XANES data not shown), and the EXAFS region from
22,157 t0 23,317 eV. Processing of the EXAFS spectra followed stan-
dard procedures [28], using the program ‘XDAP’ [29]. In short, the
spectra were pre-edge and background subtracted using a modified
Victoreen function and a spline function, respectively. Normaliza-
tion for constant signal intensity of the spectra was performed 50 eV
above the edge. Multiple shell fitting of the EXAFS was done in
r-space(3.2<k<13.5A1,1.0<r<3.2),using a k weighting of 3. The-
oretical references were calculated by FEFF 8.0 [30] and calibrated
against a Ru foil and RuO, as experimental references, to obtain the
damping factor S2, the phase shift F and the mean free path of the
electrons & [28].

These in situ measurements were conducted with high purity
gases (99.999%), which were passed through the reaction cell (gas
flow 41.6 Nmlmin~1). The reaction gas mixtures were prepared
via mass flow controllers (Bronkhorst F201C-FA-88V). Prior to the
in situ experiments, the catalysts were heated up in a N, stream
to 150°C, and subsequently heated within 10 min to the reaction
temperature in the reaction gas atmosphere. The in situ EXAFS
measurements were performed at 190 °C reaction temperature in
idealized reformate at atmospheric pressure (0.6% CO, 3% N, bal-
ance Hy), until steady-state conditions were achieved, but at least
for 500 min time on stream (max. 1000 min).

Kinetic measurements: The kinetic measurements were carried
out at atmospheric pressure in a quartz tube micro reactor with
the catalysts used as received. By diluting the catalyst with dif-
ferent amounts of SiO, (inactive under our reaction conditions),
differential reaction conditions (maximum 15% conversion of the
reactants) were obtained. The dilution of the catalyst with SiO,
depended on the CO concentration and on the catalyst (0.6% CO:
1:5(1 wt.% Ru/zeolite catalyst), 1:10 (2.2 wt:%),1:30 (3.6 wt.%), 1:60
(5.6 wt.%); 100 ppm CO: 1:400 (3.6 wt.%) 1:600 (5.6 wt.%). In total,
about 200 mg of diluted catalyst was used, resulting in a catalyst
bed of 1 cm length. The experiments were carried out in a gas flow
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Table 1

Composition of the different reformate gases used in the DRIFTS and kinetic measurements.

Reaction gas

Reaction gas composition

Fixed contents CO content CO, content
ID-ref 100: Low-CO idealized reformate (100 ppm CO) 2.8% N, balance H, 100 ppm 0%
SR-ref 100: Low-CO semi-realistic reformate (100 ppm CO) 2.8% Ny, balance Hy 100 ppm 15.5%
SR-ref 6000: Semi-realistic reformate (6000 ppm CO) 2.8% Ny, balance H; 6000 ppm 15.5%
CO,-ref: CO, reformate (CO-free) 2.8% N, balance H, 0ppm 15.5%

of 41.6 Nmlmin~"! in the different gas mixtures (compositions see
Table 1). Since the dimensions of the catalyst bed did not change
significantly, the space velocity referenced to the total catalyst bed
can be assumed as constant (5000 h~1). Prior to the experiments,
the catalysts were heated up in a N, stream to 150°C, identical to
the activation procedure in the in situ EXAFS measurements. Sub-
sequently, the catalysts were heated within 10 min to the reaction
temperature in reaction gas. The reaction/deactivation measure-
ments were performed at 190°C reaction temperature, following
the reaction rate over 1000 min. The gas mixtures were prepared
viamass flow controllers (Hastings HFC-202 and Bronkhorst F201C-
FA-88V). Incoming and effluent gases were analyzed by on-line
gas chromatography with a CO detection limit of ca. 10 ppm (DANI
86.10), using H, as carrier gas. Further details can be found in Ref.
[25].

In situ IR spectroscopy measurements: In situ diffuse reflectance
FTIR spectroscopy (DRIFTS) measurements were performed using
a commercial in situ reaction cell (Harricks, HV-DR2) operated
with continuous reaction gas flow. The spectra were recorded in a
Magna 6700 spectrometer (Thermo) equipped with a MCT narrow-
band detector. Around 30 mg of diluted catalyst (1:5 with a-Al;03),
placed on top of a 70 mg «-Al, 03 layer, were used as catalyst bed.
The catalyst were pre-treated as described above, the background
spectra were recorded at 150 °C, before admitting the reaction gas.
During the reaction experiments, 400 scans were co-added for one
spectrum. The intensities were evaluated in Kubelka-Munk units,
which are linearly related to the adsorbate concentration [31] (for
exceptions see [32]). Background subtraction and normalization of
the spectra were performed by subtracting spectra recorded in a
flow of N, directly after catalyst conditioning. For presentation, the
spectra are split into 3 frequency ranges, the regions of the OH
(3900-3400cm™, top left) and CHy (3250-2800cm™", top right)
stretch vibrations in the top panels, respectively, and the spec-
tral range between 2200 and 1000 cm~! including the CO stretch
(2200-1900cm~1!) and the OCO bending (1600-800cm~!) vibra-
tions in the bottom panel. The spectra in the OH region are shown
asraw data, since the significant change in the background intensity
in this region with time did not allow us to determine appropriate
background signals for the background subtraction.

3. Results and discussion
3.1. Ru particle sizes

The mean particle size of the Ru/zeolite catalysts was investi-
gated by in situ EXAFS measurements, after previous attempts to
derive the Ru particle size in a 2.2 wt.% Ru/zeolite catalyst by stan-
dard techniques for particle size determination (XRD, TEM) were
unsuccessful because of the too low size of the Ru particles and
because of electron beam induced decomposition of the zeolite sup-
port [25]. In situ EXAFS measurements were conducted in idealized
reformate gas (ID-ref 6000), until the coordination number did not
change any more, at least over 500 min.

The k3 weighted chi functions obtained on the 2.2, 3.6 and
5.6 wt.% Ru/zeolite catalysts are plotted in the k-range from 3.2 to

13.0A-1 in the left panels in Fig. 1. Measurements on the 1wt.%
Ru/zeolite catalyst could not be evaluated reliably, as the catalyst
loading was too low to obtain a good quality spectrum. The right
panels show the resulting Fourier transforms in r-space (Ru-Ru
scattering, r-range: 1.0-6.0). It is clear that with higher loading and
larger particles, respectively, the signal intensities in both k and r-
space increase. The prominent signal (Ru-Ru scattering) at ~2.7 A
in r-space indicates that the particles are essentially metallic par-
ticles under steady-state conditions. It should be noted that the
spectra could be fitted with only a single Ru-Ru shell. The result
of metallic Ru NPs is compatible with previous findings in in situ
DRIFTS measurements, which yielded vibrational frequencies for
adsorbed CO similar to those characteristic for CO,q4 on metallic Ru
[25,26]. It should be noted that EXAFS spectra recorded prior to the
experiment revealed that in this state the Ru NPs of all catalysts are
oxidic, asindicated by the intense white line, which is similar to that
of a RuO; reference compound, and the Ru-0 spacing of 1.97 A (see
supporting information). They are reduced within 2 min after expo-
sure to the reaction atmosphere, which from experimental reasons
was not accessible to time-resolved measurements. In addition to
the prominent peak of the first shell (~2.7 A, Ru-Ru scattering), sig-
nificantly smaller signals can also be observed at larger distances
(~3.8 Aand ~4.7 A) corresponding to 2nd and 3rd shell Ru-Ru scat-
tering. These signals may indicate the presences of larger particles
(see also below), which will contribute to the first and to higher
shell signals and are probably located on the outer surface of the
zeolite support [33].

The Ru-Ru coordination number, which was obtained by fit-
ting the first shell (Ru-Ru at ~2.7 A) to the Ru foil reference (see
Fig. 1), can be directly correlated to the mean particle size of the
Ru NPs by using a relation determined by Karim et al. [34]. The
dispersion (D= Ngyt /[Npuik) and the Ru surface area of the cata-
lysts were calculated by assuming hemispherical Ru nanoparticles.
Table 2 summarizes the structural parameters resulting from the
fitting procedure. The ‘goodness of the fit’ was always between 1
and 2, indicative of a good fit. In addition, the coordination numbers
did not change significantly when applying different k weightings,
underlining the quality of the fits. The spectra taken at reaction
temperature (190 °C) show a slightly smaller Ru-Ru bond length of
~2.67 A compared to 2.70 A in bulk Ru for all catalysts investigated,
indicative of a contraction of the Ru lattice in the very small Ru NPs.

In contrast to the constant Ru-Ru bond length, the Ru coor-
dination number increases with increasing catalyst loading, from
6.7 to 8.6 (Table 2), indicative of an increasing mean Ru particle
size. This corresponds to particle sizes between 0.9 nm (2.2 wt.%)
and 1.9nm (5.6 wt.%). The very small Ru particle size obtained
from EXAFS for the 2.2 wt.% Ru/zeolite catalyst supports our ear-
lier proposal according to which most of the Ru NPs of the 2.2 wt.%
Ru/zeolite catalyst are located in the pores of the zeolite [26]. This
was based on the observation that in previous X-ray photoemission
spectroscopy (XPS) measurements the intensity of the Ru(3d) sig-
nal on the 2.2 wt.% Ru/zeolite catalyst was only 5% of that on a non
porous 5wt.% Ru/Al,05 catalyst, where the Ru NPs are deposited
on the surface [26]. As mentioned before, we assume that in addi-
tion to the very small Ru NPs proposed to be located in the pores
(0.8-0.9 nm) of the zeolite, also few larger Ru NPs are present on
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Table 2

Results of the EXAFS fit procedure and resulting structural parameters of the different Ru/zeolites catalysts measured under steady-state conditions in idealized reformate

(0.6% CO, balance Hy).

Catalyst Coordination Debye Waller Distance/A EoleV Mean Ru particle
number factor/10-3 A2 size/nm

22wt% 6.71 £ 0.21 6.62 + 0.41 2.711 £ 0.007 6.12 + 0.22 0.9

3.6wt.% 8.31 £ 0.24 7.71 £ 042 2.673 + 0.007 7.11 £ 0.21 1.6

5.6 wt.% 8.60 + 0.23 6.83 + 0.36 2.671 £+ 0.003 8.02 + 0.16 1.9

-104

FT (A%

L-10

4 6 8 10 12
K/A"

R/A

Fig. 1. Left: k3 weighted chi function, right: corresponding Fourier transform (k3-weighted, 3.2<k<13.0A-1) of (a, d) 2.2 wt.% Ru/zeolite, (b, e) 3.6 wt.% Ru/zeolite, (c, f)

5.6 wt.% Ru/zeolite.

the outer surface. Their number, however, must be rather small on
the 2.2 wt.% catalyst. For the catalysts with higher Ru loading, the
3.6 and 5.6 wt.% Ru/zeolite catalysts, we tentatively suggest that the
larger mean particle sizes obtained from the EXAFS measurements
(1.6 and 1.9 nm, respectively) result from a higher fraction of larger
particles, in addition to the very small Ru NPs in the pores of the
zeolite.

In semi-realistic reformate (SR-ref 6000), containing 15.5% CO,
in addition to 6000 ppm CO, we expect similar Ru particle sizes as
determined inidealized reformate, since CO,q will block the surface
and hence the active sites for CO, dissociation and methanation.
Therefore, the presence of CO, is not expected to measurably affect
the Ru particle size.

3.2. In-situ DRIFTS measurements

The interaction of the different reaction atmospheres with the
differently loaded Ru/zeolite catalysts and the resulting adlayer
build-up were characterized by sequences of in situ DRIFT spectra,
which were recorded over 1000 min on stream. The measurements
were performed in different reaction atmospheres, including semi-
realistic reformates (SR-ref 6000 and SR-ref 100), idealized reaction
atmosphere with low CO content (ID-ref 100) and CO, reformate
(CO,-ref). The compositions are given in Table 1. The characteris-
tic bands arising from the interaction with the respective reaction

atmospheres are labeled in the spectra in Figs. 2, 4 and 5. Since the
different characteristic bands and their assignment were discussed
in detail previously [25], we will only summarize the assignment
of the different signals at this point. On all four catalysts, we find
characteristic signals in the CO,q4 region at ~2000-2040 cm~! and
at 1980cm!, depending on the CO content in the gas mixture,
which are generally attributed to CO adsorbed in a linear or bridged
configuration on the Ru NPs, respectively [24,35-43]. A signal at
2075 cm~! was assigned previously to CO adsorbed on Ru™ species
[40,44]. The exact frequencies vary slightly with reaction condi-
tions.

The OH region exhibits two peaks at 3740 and 3600 cm~!, which
we relate to silanol species and isolated structural or adsorbed OH
groups on the support [45,46]. In CO,-containing reformates, CO,-
related overtone signals (not marked) appear at 3450, 3540, 3600,
3640, 3700 and 3740 cm™!, in addition to the OH-related signals in
this region.

The CHy spectral region shows the typical CHy,q signals at
3016, 2928, and 2860 cm~!, arising from gas phase CHy4, CH3 a4,
and the symmetric and asymmetric CH, vibrations on the respec-
tive catalysts [24,40,47]. A shoulder at ~2905cm~! was assigned
to the CH vibration of a surface formate [11,48]. Depending
on the catalyst and the reaction conditions, only some of the
bands are resolved. At higher conversions, all of these bands are
visible.
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Fig. 2. DRIFT spectra recorded during 1000 min on stream at 190 °C on the Ru/zeolite catalysts in SR-ref 6000 reformate (a) 1.0 wt.% Ru/zeolite, (b) 2.2 wt.% Ru/zeolite, (c)
3.6 wt.% Ru/zeolite and (d) 5.6 wt.% Ru/zeolite; from bottom to top: 0, 2, 3, 5, 7, 15, 45, 105, 195, 345, 495, 645, 795, 915 min.

In the OCO region, bands at 1590, 1440, 1390 and 915 cm~! were
assigned to surface formates (1590 and 1390cm™!), carbonates
(1440cm~1) and CH, vibrations (915cm™!) resulting from chain
growth.

3.2.1. SR-ref 6000 reformate

In a first set of experiments, the temporal evolution of the dif-
ferent signals of the respective surface species on the 1.0wt.%,
2.2wt.%, 3.6 wt.%, and 5.6 wt.% Ru/zeolite catalysts in SR-ref 6000
(CO/CO,/H3/N;y) was investigated and characterized by sequences
of in situ DRIFTS measurements (Fig. 2a-d) over 1000 min. The
steady-state intensities of the CO,q signal at ~2036cm~! after
1000 min of the CO,q4 surface species are given in Table 3.

During reaction in SR-ref 6000 (Fig. 2a-d), we find for all four
catalysts characteristic signals in the CO,4 region at ~2036cm™!
(linear CO,q) and 1980 cm~! (bridged CO,q4) [24,36-43], and a sig-
nal at 2080cm~! associated with CO adsorbed on oxidized Ru™
or coadsorbed with O,4 on Ru [35,40,44]. After passing through a
maximum after about 100 min, a constant level of the adsorbed
CO,q surface species is reached after ~500 min on all four cata-
lysts. It should be noted that the CO,4 band intensity in SR-ref 6000
represents the maximum CO,q4 intensity that can be reached on
the respective catalysts. This was tested in measurements using
reaction gas mixtures with higher CO concentrations, which yield
similar band intensities. Accordingly, the CO,4 coverage must be

at or close to saturation. The loss of the CO,q4 signal intensity with
time on stream, after having passed through the maximum, is most
likely due to agglomeration of Ru NPs or deposition of deactivating
carbon on the Ru surface as already discussed in Ref. [25].

In the OH region, CO,-related overtone signals (not marked)
appear at 3450, 3540, 3600, 3640, 3700 and 3740 cm™~!, in addition
to the OH-related signals in this region, which blur the OH signals.

The CHy spectral region shows the typical CHy 54 signals at 3016,
2928, and 2860 cm~! [24,40]. On all four catalysts, these species
(except CHy) start to grow in after about 15 min on stream and
reach a steady-state situation after 1000 min. For the CHy4 signal,
steady-state is reached much faster, after about 10 min. A shoul-
der at ~2905cm™!, observed all on four catalysts, indicates the
presence of C-H vibrations of surface formate species [11,48].

In the OCO region, bands at 1590, 1440 and 1390cm™!,
related to surface formates (1590 and 1390 cm~!) and carbonates
(1440 cm~1)[11], appear after about 100 min on stream on the four
Ru/zeolite catalyst [38,48]. These bands grow steadily in intensity
and do not saturate over 1000 min.

The steady-state CO,4 band intensity (Fig. 2a-d) increases with
the amount of active metal deposited on/in the zeolite support, by
factors of 2.7, 3.9 and ~5.6 (see Table 3), respectively, with increas-
ing Ru loading. This is significantly more than the increase in Ru
surface area, which increases by factors of 1.45, 2.04, and 2.81 (cal-
culated from the average Ru particle size, Tables 2 and 3) in the same
order (see Section 3.1 for the calculation of dispersion). Quantitative
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Fig. 3. DRIFT spectra recorded during 1000 min on stream at 190°C over the Ru/zeolite catalysts; left panels: 3.6 wt.% Ru/zeolite, right panels: 5.6 wt.% Ru/zeolite in ID-ref
100 reformate (a, b), and SR-ref 100 (c, d); from bottom to top: 0, 2, 3, 5, 7, 15, 45, 105, 195, 345, 495, 645, 795, 915 min.

conclusions are hard to draw, however, because of the complex cor-
relation between DRIFTS intensity (in KM units) and total amount
of adsorbate molecules for the different catalysts, even if the sup-
port is identical. Since the CO,4 band intensity was shown earlier
to be correlated with the methanation activity [25], the increase in

CO.q band intensities can be compared with that in catalytic activ-
ity (Section 3.3). Here it is most appropriate to compare with Ru
surface area normalized rates, which are linearly correlated with
the turnover frequencies. The latter increase by a factor of 4.4 for
going from the 1 wt.% to the 5.6 wt.% Ru/zeolite catalyst.
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catalysts (a) 3.6 wt.% Ru/zeolite catalyst, (b) 5.6 wt.% Ru/zeolite catalyst in CO;-ref
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Table 3

CO,q band intensity under steady-state conditions during CO methanation on the different catalysts in different reformates. CO,q saturation intensity obtained in SR-ref
6000 relative to that of the 1 wt.% catalyst (2nd column), CO,q4 intensity relative to saturation on the respective catalyst in semi-realistic reformate (SR-ref 6000) (subsequent

columns, data for 2.2 wt.% catalyst from Ref. [26]).

Catalyst Relative CO,q saturation Ru surface area? /10° cm? ID-ref 100/% SR-ref 100/% CO,-ref/% SR-ref 6000/%
intensity

1wt.% Ru/zeolite 1 0.53 - - - 100

2.2 wt.% Ru/zeolite 2.7 0.77 6 6 6 100

3.6 wt.% Ru/zeolite 39 1.08 9 10 10 100

5.6 wt.% Ru/zeolite 5.6 1.49 10 12 12 100

2 With respect to 1g of catalyst.

3.2.2. Reformate gases with low CO concentrations

In order to gain more information on the activity of the catalysts
for CO, methanation, we conducted measurements in three reac-
tion mixtures with low CO contents, SR-ref 100 (Fig. 3a, b), ID-ref
100 (Fig. 3c, d) and CO,-ref (CO-free) (Fig. 4a, b), on the 3.6 wt.%
(Figs. 3a, c and 4a) and the 5.6 wt.% (Figs. 3b, d and 4b) Ru/zeolite
catalyst. Similar measurements on the 2.2 wt.% Ru/zeolite catalyst
were already reported earlier [26], and the data will be used for
comparison. For the 1wt.% loaded catalyst, we expect a similar
adsorption and reaction behavior as for the 2.2 wt.% catalyst.

The spectra obtained in these atmospheres (SR-ref 100, ID-ref
100 or CO,-ref) do not differ significantly from the spectra dis-
cussed above in their general appearance. They differ, however, in
the band intensities, especially of the CHy ,q4 and the CO,q related
signals, and their temporal evolution. Therefore, the band intensi-
ties of the linearly adsorbed CO.4 species on Ru obtained in the
different reaction atmospheres are plotted vs. time in Fig. 5a-c
for the 2.2 wt.%, the 3.6 wt.% and the 5.6 wt.% Ru/zeolite catalyst,
respectively. The 2.2 wt.% Ru/zeolite catalyst was investigated ear-
lier, the CO,q intensities in Fig. 5a are taken from Ref. [26].

If, as proposed earlier [27,49,50], the methanation of CO, pro-
ceeds via CO,4 as reaction intermediate, the CO,4 band intensity
can be taken as a measure of the CO, methanation activity in CO-
free CO,-ref, while in CO containing reformates the situation is
more complex and both CO, decomposition and CO adsorption as
well as the processes for CO,4 removal, CO,4 desorption and CO4q
methanation, contribute to the steady-state CO,4 coverage and
band intensity. Therefore we have to compare the CO,4 band inten-
sities in the different reformates, ID-ref 100, SR-ref 100, SR-ref 6000
and CO,-ref, in order to gain more quantitative information about
the physical origin of the CO selectivity. The same procedure was
applied for a Ru/Al, 03 and the 2.2 wt.% Ru/zeolite catalyst recently
[26], where the differences in the CO,4 band intensity obtained in
the different reaction gas compositions (CO,-ref, ID-ref 100 and
SR-ref 100) and their correlation with the selectivity for CO metha-
nation in the different semi-realistic reformates indeed allowed us
to draw conclusions on the origin of the selectivity for CO metha-
nation on these catalysts [26]. A similar approach will be used in
the present study. It should be noted that a similar quantitative
evaluation of the evolution of the CH, .4 related band intensities is
not possible as these signals at 2926 cm~! may be due to different
surface species, CH, groups of carbon chains and CH, .4 as active
intermediate for methanation.

The most important observations on the three catalysts are:

(i) In reaction atmospheres with low CO contents (ID-ref 100,
SR-ref 100 and CO,-ref (CO free); Figs. 3a-d and 4a, b), the
final intensities of the CO,q4 related signals are reached quickly
within the first 100 min, as compared to ~800min of the
respective signals in reaction atmospheres with higher CO con-
tent (SR-ref 6000) (Fig. 5a—c).

(ii) The final intensities of the CO,4 related bands are significantly
lower in atmospheres, with low CO contents, regardless of the
presence of CO,, and in CO,-ref than in SR-ref 6000 for all

catalysts. For the 2.2/3.6/5.6 wt.% Ru/zeolite catalysts, the final
CO4q band intensity in ID-ref 100 is only ~6/~9/~10% of that
in SR-ref 6000, where the latter corresponds to saturation of
the CO,q band intensity (see Section 3.2.1). Hence, under these
conditions, the Ru NPs are largely free of a reaction inhibiting
CO adlayer and per se available for CO, methanation.

(iii) The effect of CO, in the gas-phase in low-CO (SR-ref 100)
(Fig. 3a, b) or CO-free (CO,-ref) (Figs. 4b, ¢ and 5b, c) refor-
mate depends sensitively on the catalystloading. On the higher
loaded 3.6 wt.% and 5.6 wt.% catalysts, the CO,q band intensi-
ties in SR-ref 100 and CO,-ref (CO-free) are ~10 and ~12% of
the signal intensity in SR-ref 6000. The presence of CO, results
in a clear increase in the CO,4 band intensity (relative to the
intensity in a comparable CO,-free atmosphere, ID-ref 100),
indicating that the rate for CO, decomposition to CO,q is of
comparable order of magnitude as the rates for CO adsorption
(from 100 ppm CO) and CO,q desorption plus methanation,
respectively, under present reaction conditions. Accordingly,
exposure to CO,-ref results in a CO,4 band intensity which is
comparable to that obtained in SR-ref 100.

On the 2.2 wt.% Ru/zeolite catalyst [26], the situation is dis-
tinctly different (Fig. 5a). Addition of CO,, by going from ID-ref
100 to SR-ref 100 reaction gas, does not increase the CO,q signal
intensity significantly. This implies that decomposition of CO,
to CO,q4 is slow compared to the rates for CO adsorption and
CO,q removal, by desorption plus CO,q methanation, in SR-ref
100. Correspondingly, the CO,4 signal intensity resulting from
exposure to CO,-ref is much lower (~6%) than on the higher
loaded Ru/zeolite catalysts and comparable to that obtained
from direct adsorption of CO in 100 ppm CO containing atmo-
sphere (exposure to ID-ref 100), which is also lower than on
the higher loaded catalysts.

The above findings directly demonstrate that on the 2.2 wt.%
Ru/zeolite catalyst CO, decomposition to CO,q on the largely
adsorbate-free Ru NPs is significantly slower than on the higher
loaded catalysts with their larger Ru NPs, supporting our claim of
an inherently slower CO, methanation rate on the former catalysts.
Since these catalysts differ only in the Ru loading and in the Ru par-
ticle size, but not in the nature of the support, the differences in
the CO, adsorption and CO formation behavior must be due to Ru
particle size effects. This will be discussed in more detail in Section
3.3, after presentation of the catalytic activities.

3.3. Kinetic measurements

Fig. 6 illustrates the temporal evolution of the Ru mass nor-
malized reaction rates of the 4 different Ru/zeolite catalysts in
semi-realistic reformate (CO/CO,/H> ) over 500 min. For all four cat-
alysts, the reaction rate increases initially for about 100 min and
stay constant afterwards. Table 4 summarizes the resulting final
reaction rates. The results of the 2.2 wt.% catalyst closely resemble
the data reported in earlier publications [25,26]. All catalysts show
100% CO selectivity under the present reaction conditions, which
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Table 4

47

Activity (Ru mass normalized final rates) for CO methanation of the different catalysts in semi-realistic reformate (SR-ref 6000) and in low-CO semi-realistic reformate (SR-ref

100) (all columns: SR-ref 6000/SR-ref 100).

Catalyst Reaction rate/ Loading/ Relative Turnover Relative Selectivity
10°% mol' wt.% Ru reaction rate frequency TOFs %
8 S”! /10351
1wt.% Ru/zeolite 20/- 1/- 1 2.52 1/- 100/-
2.2 wt.% Ru/zeolite 30/48 22 1.5/1 3.7/6.1 1.5/1 100/100
3.6 wt.% Ru/zeolite 36/50 3.6 1.8/1.04 8.0/11.2 3.2/1.8 100/90
5.6 wt.% Ru/zeolite 44/52 5.6 22/11 11.1/13.1 4.4/2.1 100/80
2 The Ru particle size was assumed to be 0.9 nm, identical to the 2.2 wt.% catalyst.
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we mainly attribute to the fact that in the presence of 6000 ppm
CO the surface of the Ru NPs is covered by a reaction inhibiting CO
adlayer (the CO,4 band intensity is saturated under these conditions
on all four catalysts, see Section 3.2.1), we explain the high selec-
tivity for CO methanation under these conditions predominantly
by a surface blocking effect, which prevents the decomposition of
CO, to CO,q and its further reaction to CHy (see also Ref. [26]).
The higher CO methanation activity of all Ru/zeolite catalysts com-
pared to the Ru/Al, 053 catalyst reported earlier [25,26] is attributed
to strong metal support-interactions on the Ru/zeolite catalyst (see
also below) [24,51]. Pronounced support effects on the CO metha-
nation activity of Ru catalysts with comparable Ru particle sizes
had been reported earlier [11,22]. Obviously, the Ru mass nor-
malized reaction rate increases with increasing Ru content. A 5.6
fold increase of the Ru content (1-5.6 wt.% Ru) results in a 2.2 fold
increase of the Ru mass normalized rate, and similar effects are

Fig. 6. Reaction rates and selectivities obtained for reaction over (a) the 3.6 and (b)
the 5.6 wt.% Ru/zeolite catalyst (diluted with SiO) under differential reaction con-
ditions in SR-ref 6000. (W) CO reaction rate, (0) CH4 formation rate, (A) selectivity.

observed also for the other two catalysts with intermediate load-
ings (see Table 4). This effect becomes even more pronounced when
accounting for the lower fraction of surface atoms (dispersion) on
the larger Ru NPs by using turnover frequencies, which are also
listed in Table 4. (The TOFs are calculated assuming hemispherical
Ru NPs of the mean particle size for the respective catalysts.) The
TOF-based inherent activity of the Ru NPs increases by more than a
factorof 4.4 fromthe 1 wt.% to the 5.6 wt.% Ru/zeolite catalyst. These
trends in the CO methanation activity are also evident for reaction
in low-CO reformate (SR-ref 100, see below and Fig. 7), where the
mass based activity/TOF based activity increases by factors of ~1.1
and 2.14, respectively, when going from the 2.2 to the 5.6 wt.% cat-
alyst. Hence, the intrinsic activity of the Ru/zeolite catalysts for CO
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Fig. 7. Reaction rates (left panels) and selectivities (right panels) obtained for reaction over the 2.2 (a, d), 3.6 (b, e), and 5.6 wt.% (c, f) Ru/zeolite catalysts (diluted with SiO,)
under differential reaction conditions in SR-ref 100. (W) CO reaction rate, (O) CH4 formation rate, (A) selectivity.

methanation increased significantly when higher catalyst loadings
are used. Since there is no change in the nature of the support, we
can unambiguously associate this with a particle size effect, lead-
ing to a higher activity of the larger Ru particles on the higher Ru
loaded catalysts. This even overcompensates the loss of active Ru
surface, as evident from the increase in Ru mass normalized reac-
tion rates. In a microscopic picture, this trend can be understood
by the increasing adsorption energy and metal-CO interaction of
the CO,4 when going from smaller to larger particles (see Section
3.2), which leads to weakening of the C-O bond due to increas-
ing population of the antibonding 27* orbital [52]. The increase in
CO,q adsorption energy is evident from the much lower intensity of
the CO,4 band and CO,4 coverage under steady-state conditions in
ID-ref 100 on the 2.2 wt.% catalysts (6% of Imax) as compared to the
higher loading catalysts (3.6 and 5.6 wt.%: 9% and 10%, respectively,
of Imax).

A similar trend of the particle size dependent CO methanation
activity was reported in early studies by King [12], Kellner and Bell
[13] and Che and Bennett [14] for reaction on differently loaded
Ru/Al,03 catalyst (1-11 wt.% Ru) under Fischer-Tropsch reaction
conditions (CO:H, =1:2). The dispersion of the Ru NPs was deter-
mined by H, chemisorption, yielding values between 30% and 90%.
Hence, the Ru NPs on these catalysts are clearly smaller than those
on the Ru/Al, 03 catalyst investigated in our laboratory previously
(5wt.% Ru, dispersion 15%) [25]. Especially at very high dispersions
(>80%) the turnover frequencies were found to decrease dramat-
ically. The above authors explained this by a structural effect,
assuming that the methanation of CO requires crystallite faces
whose amount increases with increasing particle size. For com-
parison, van Hardeveld and Hartog calculated that the fraction of
terrace surface atoms (relative to all surface atoms) increases by
a factor of 2 when increasing the particle size from 1.0 to 2.0 nm
[54]. Comparable particle size effects were reported also for Ru cat-
alysts on different supports in the ammonia synthesis [55], which
these authors attributed to a higher number of Bs adsorption sites

on (110) facets on larger Ru NPs than on smaller ones. The sup-
port was proposed to play an important role by stabilizing certain
Ru particle shapes. Similar effects would be reasonable also for the
present systems, for zeolite and Al, 03 supported Ru catalysts in the
selective CO methanation reaction.

More recent studies investigated the influence of the disper-
sion on the CO methanation reaction under conditions relevant for
feed gas purification [10,19,22]. Although the mechanistic under-
standing is hampered by the fact that these studies were either
performed under integral reaction conditions [22], or the CO, and
CO methanation were investigated separately at different tempera-
tures under differential reaction conditions [ 10], the results of these
studies agree well with the findings of the early studies [12-14] and
of our present work in the sense that they also observed an increas-
ing activity with increasing particle size and higher Ru loading.

In the context of the present work, particle size effects on the
selectivity are even more interesting than size related variations
in the CO methanation activity. Previously, we demonstrated that
the 2.2wt.% Ru/zeolite catalyst exhibits a high CO methanation
selectivity even at 100 ppm CO concentration in the presence of
15.5% CO,, whereas the selectivity of a 5wt.% Ru/Al,03 catalyst
(~2.5nm Ru particle size) was rather low under similar reac-
tion conditions [26]. We proposed that the small Ru particles of
the Ru/zeolite catalyst are responsible for the high selectivity. In
order to test such kind of particle size effects without interfer-
ence with possible variations in the metal-support interactions, we
performed CO methanation experiments in low-CO semi-realistic
reformate (SR-ref 100, 0.01% CO, 15.5% CO,, rest H, ) on the 3.6 wt.%
and on the 5.6 wt.% Ru/zeolite catalysts with their larger Ru par-
ticle sizes, similar to the previous measurement on the 2.2 wt.%
Ru/zeolite catalyst [26]. Fig. 7a—c depict the CO methanation and
the CH4 production rate on the 2.2wt.%, the 3.6wt.% and the
5.6 wt.% Ru/zeolite catalysts, whereas Fig. 7d-f show the selec-
tivity for CO methanation. The 3.6wt.% catalyst exhibits a CO
methanation rate of 50 x 10-® mol gg! s=! and a CO methanation
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selectivity of 90%, whereas for the 5.6 wt.% catalyst the corre-
sponding values are 52 x 10-6 mol g ! s~ and 80%. For the 2.2 wt.%
catalyst, we had determined values of 48 x 10~ mol gz s~! and
100% [26]. The higher reaction rates compared to reaction in the
SR-ref 6000 reformate (0.6% CO) are due to the lower CO concen-
trations (0.01%), reflecting the negative CO reaction order reported
in [26].

The observed decay in selectivity with increasing Ru particle
size agrees well with the trends in the CO,q signal intensities in the
DRIFTS measurements, where the difference between reaction in
ID-ref 100 and SR-ref 100 increases from essentially zero (2.2 wt.%)
via 1% of the saturation intensity (3.6 wt.%) to 2% of the saturation
intensity (5.6 wt.%) (note that the error margins are below 1%), and
where the CO.q intensity in CO,-ref increases from 6% to 12% of
the saturation intensity in the same order (Table 3). These trends
fully agree also with our previous proposal for the physical origin
of the selectivity for CO methanation on Ru/zeolite catalysts [26].
The very small particles dominant on the lower loaded Ru/zeolite
catalysts (1wt.% and 2.2wt.%) are little active for CO formation
from reversibly adsorbing CO,, as indicated by the lower CO,q
band intensity observed in CO-free CO,-reformate as compared to
the higher loading Ru/zeolite catalysts. (For the 1 wt.% catalyst we
assume similar or lower particle sizes as on the 2.2 wt.% catalyst
based on the adsorption/reaction characteristics.) This is attributed
to a higher barrier for CO, dissociation, which, according to the
Brenstedt-Evans-Polanyi relation [56,57], agrees perfectly with
the weaker CO adsorption, derived from the decreasing CO,4 band
intensity on these catalysts in Ref. [26]. Hence, on these catalysts,
the high selectivity for CO methanation even at low CO concentra-
tions is driven by an inherently low activity for CO, methanation,
due to a higher barrier for CO formation from reversibly adsorbed
CO,. Of course, at higher CO concentrations site blocking by a closed
CO adlayer comes as an additional effect.

For the higher loading Ru/zeolite catalysts we had assumed
that their larger mean Ru particle sizes (3.6 wt.%: 1.6 nm, 5.6 wt.%:
1.9 nm) results from a coexistence of larger Ru NPs outside the zeo-
lite particles and very small Ru NPs (0.8-0.9 nm diameter) inside
the pores, as present on the low loading catalysts. On the larger
Ru NPs, the selectivity is proposed to be controlled by a site block-
ing mechanism, where the active Ru surface is essentially covered
by strongly adsorbed CO.q4, preventing the dissociative adsorption
of CO,, which corresponds to the previous ideas for the origin
of the selectivity in the selective CO methanation over Ru cata-
lysts [17,18]. As the CO concentration and hence the CO,4 coverage
decreases, CO, can adsorb on the resulting empty sites and disso-
ciate to CO,q, which acts as intermediate for the CO, methanation
[27,49,50]. Therefore, the selectivity for CO methanation decreases
with decreasing CO concentration in the feed gas. The very small
Ru NPs (in the zeolite pores), which are most likely present also on
these catalysts, behave similarly as on the low loading Ru/zeolite
catalysts, with an inherently lower activity for CO, dissociation to
CO.4. On a microscopic scale, this trend towards a higher inher-
ent activity for larger Ru particles can again be explained by in
terms of the Brenstedt-Evans—Polanyirelation, similar to the corre-
lation between CO methanation rate and CO.4 adsorption energy,
where larger Ru particles result in a higher CO methanation rate
and a higher CO adsorption energy. A similar correlation is likely
also between CO,q stabilization and CO, decomposition, where sta-
bilization of CO,4 (increasing particle size) should be correlated
with an increase in CO, decomposition (stabilization of the final
state and of the transition state), in agreement with experimental
findings.

Based on the above trends, the variation in the selectivity for
CO methanation on the different Ru/zeolite catalysts is dominated
and can be rationalized consistently by particle size effects. This
may be different when changing the nature of the support. We had

demonstrated above that particle size effects are not sufficient to
rationalize the different activities of the Ru/zeolite catalysts and
a Ru/Al,03 catalyst with larger Ru NPs (~2.5nm). Also, for the
5.6 wt.% Ru/zeolite catalysts, whose mean particle size is not so
different from that of the Ru/Al,03 catalyst, the Ru mass based
activity differs by more than one order of magnitude from that of
the latter one. (Extrapolating from lower loaded Ru/zeolite cata-
lysts with smaller Ru NPs this difference should even increase when
going to hypothetical Ru/zeolite catalysts with even larger Ru NPs
(~2.5nm).) Similar discrepancies are also observed for the inher-
ent activity for CO, methanation, which controls the selectivity at
low CO concentrations. We reported recently that exposure of the
Ru/Al,03 catalyst to CO,-ref under identical reaction conditions
results in a similar CO,4 band intensity as obtained in SR-ref 6000,
which in turn corresponds to the maximum intensity achieved
on this catalyst (CO,q saturation) [26]. In contrast, on the 5.6 wt.%
Ru/zeolite catalyst, this value was only 12% of the saturation inten-
sity. Hence, on the Ru/Al, O3 catalyst with its larger RuNPs (~2.5 nm
particle size), CO, decomposition is relatively fast compared to
the combined rates of CO,q desorption and CO,4 methanation on
that catalyst. On the other hand, we have to consider that on the
Ru/Al, 03 catalyst also the methanation of the resulting CO,4 was
much slower, by at least one order of magnitude, than on the
5.6 wt.% Ru/zeolite catalyst (see above and Ref. [26]), which leads
to a higher CO,q steady-state coverage on Ru/Al,03 in CO,-ref than
on the 5.6 wt.% Ru/zeolite catalyst for a similar CO, decomposition
rate. Hence, metal-support interactions affect also the CO, metha-
nation reaction and hence the selectivity, either indirectly via the
build-up of a reaction inhibiting CO adlayer, via the competition
between CO,q formation from CO, and CO,4 removal, or directly.

Finally, we want to briefly comment on the implications of these
findings for technical application, i.e., for CO removal from CO-
contaminated feed gases for low-temperature polymer electrolyte
fuel cells (PEFCs). Obviously, both processes for removal of small
amounts of CO (<1%), the preferential oxidation of CO (PROX) and
the selective methanation of CO (SelMeth) are facing limitations
in the down-stream part of the reactor with its low residual CO
concentrations, if the selectivity is only due to reaction inhibit-
ing CO adlayer on the active particles. This leads to considerable
H, consumption due to H, oxidation (PROX reaction) or due to
CO, methanation (SelMeth reaction) The much simpler technical
realization of the SelMeth reaction as compared to a PROX reac-
tor, makes this pathway attractive from a technical point of view.
Therefore, catalysts with an inherently low activity for H, oxida-
tion (PROX reaction) or, as in the present case, for CO, methanation
(SelMeth reaction) are ideal candidates for complete CO removal
from these fuels, and fundamental for the realization of the SelMeth
process.

For reaction in the regime of very low CO contents, at the end of
the catalyst bed in technical applications, only inherently low activ-
ities for CO, decomposition will maintain the high selectivities of
~100%, which can be obtained via the site blocking mechanism
at higher CO concentrations in the reformate gas mixture. This
is crucial for the implementation of the Selective Methanation as
a technically simple and therefore attractive technology for fine
purification of H,-rich feed gases for low-temperature PEFCs, which
were prepared by steam reforming of fossil fuels and therefore
contain large amounts of CO, in addition to CO impurities.

4. Conclusion

We have systematically investigated the effect of Ru loading
and of the Ru particle size on the reaction behavior of differently
loaded Ru/zeolite catalysts in the selective methanation of CO in
CO,-rich reformate gases, employing in situ XAS, in situ DRIFTS
and kinetic measurements in reformate gases with different CO
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contents. Combining the structural information (particle sizes)
from XAS measurements, the time-resolved information on the
build-up of the adlayer and in particular of the CO,4 coverage on
the different catalysts and in different reaction atmospheres from
DRIFTS measurements, and the trends in reactivities and selectivi-
ties for CO methanation obtained from the kinetic measurements,
we arrived at the following conclusions on the reaction behavior of
these Ru/zeolite catalysts:

1.

The Ru particle size, measured by XAS under steady-state condi-
tions in idealized reformate, is clearly correlated with the Ru
loading; it increases from 0.9nm for the 2.2 wt.% catalyst to
1.9nm for the 5.6 wt.% catalyst. We propose that (i) the small
Ru NPs are located in the pores of the zeolite, and that (ii) for the
higher loading catalyst both 0.9 nm Ru NPs in the pores of the
zeolite and larger Ru NPs on the outer surface of the zeolite par-
ticles coexist. The 1 wt.% catalyst we expect to closely resemble
the 2.2 wt.% catalyst, with very small Ru NPs in the pores of the
zeolite.

. The activity of the Ru/zeolite catalysts for CO methanation (both

TOF-based activity and Ru mass normalized rates) increases with
increasing Ru particle size. Since variations in the metal-support
interactions can be excluded, the changes in reactivity purely
reflect a particle size effect. In addition, the rates are significantly
higher, by at least a one order of magnitude, than for a Ru/Al,03
catalyst under identical reaction conditions and extrapolated to
similar particle sizes. This difference must be solely due to a
variation in the metal-support interaction.

. The adsorption energy of CO,4 increases with increasing Ru par-

ticle size, as evident from the increasing relative CO,4 band
intensity and hence increasing CO,4 coverage in low-CO ideal-
ized reformate under identical adsorption/reaction conditions.
In reformate gas with higher CO concentrations, the CO,4 band
intensity reaches its saturation level, independent of catalyst
loading/Ru NP size.

. In the absence of CO, the dissociation rate for CO, increases

with increasing Ru particle size, as indicated by the increasing
CO,q4 band intensity This leads to an increasing inherent activ-
ity for CO, methanation with increasing Ru particle size. In good
agreement with the increasing activity for CO, decomposition,
its contribution to the CO,q band intensity in low-CO reformate
with Ru loading/NP size, as evident from comparison with the
band intensity in the same atmosphere, but without CO,.

. In low-CO reformate, the CO selectivity decreases with increas-

ing Ru NP size, from 100% for the 2.2 wt.% catalyst to 80% for the
5.6 wt.% Ru/zeolite catalyst. In contrast, in reformate gas with
higher CO concentration, the CO selectivity is constant at 100%,
independent of catalyst loading/Ru NP size.

. The high selectivity for CO methanation of the Ru/zeolite cat-

alysts and its particle size dependence are explained by a
combination of two effects: (i) a site blocking mechanism, where
a reaction inhibiting, strongly bound CO adlayer blocks the
decomposition of CO, to CO,4 and its further methanation, as
it was proposed for Ru catalysts earlier and (ii) a decreasing
inherent activity for CO, dissociation to CO,4 with decreasing
Ru particle size. The former results in a high selectivity at higher
CO concentrations, independent of the Ru particle size, while
the latter is responsible for the very high selectivities obtained
even at very low CO concentrations, despite the presence of vast
amounts of CO,. The pronounced decrease in activity for CO,
dissociation for very small Ru particles is explained in terms of
the Brgnstedt-Evans—Polanyi relation, with the barrier for CO,
dissociation increasing with a decrease of the CO,4 adsorption
energy at decreasing Ru particle size.

. In addition to particle size effects, also metal-support interac-

tions play a role and affect the selectivity for CO methanation of

the Ru/zeolite catalysts, as evident from the much higher selec-
tivity of the highest loading Ru/zeolite than the Ru/Al, O3 catalyst
with comparable particle sizes in low-CO reformate. Metal sup-
port interactions may affect the selectivity either directly, via
the activity for CO, decomposition, or indirectly, by modifying
the ratio between CO,4 formation and CO,4 removal (desorption
plus methanation), which changes the steady-state coverage of
the reaction inhibiting CO adlayer.
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