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This paper focuses on the effect of Ru and Rh addition to SiO;-supported Co catalysts for the oxidative
steam reforming of ethanol to produce hydrogen. Catalysts were tested in the reaction at atmospheric
pressure and 623-673 K and characterized by X-ray diffraction, temperature-programmed reduction,
X-ray photoelectron spectroscopy, and infrared spectroscopy with CO as the probe molecule. A synergistic
effect between Co and Rh or Ru was seen in the oxidative steam reforming of ethanol. A study of the
deactivation/regeneration of catalysts found that an oxidizing treatment recovered the performance of
deactivated bimetallic catalysts. This process could be used in cycles to optimize both ethanol conversion
and selectivity toward hydrogen production.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Due to increasing societal demands for clean and sustainable
sources of energy, interest is growing in moving from fossil fu-
els to renewable sources. In this context, several biomass-derived
products, including bioethanol and biodiesel, are currently in use
as fuel for transportation.

Ethanol can be further envisaged as an effective hydrogen car-
rier, used through a reforming process to feed H, to small, sta-
tionary or mobile fuel cells [1,2]. Ethanol reforming can yield up
to 6 mol of Hy per mol of ethanol reacted. Although the H, pro-
duced/C in the feedstock ratio is slightly lower than that obtained
from other fossil sources, such as natural gas, the required reac-
tion temperature also is lower. Moreover, the well-known technol-
ogy of catalytic reforming of other substrates could be successfully
applied to extract hydrogen from ethanol, and when ethanol is ob-
tained from biomass, the global amount of released CO; is lower
than that produced by the reforming of fossil fuels.

The ethanol-reforming reaction has been studied extensively in
recent years [3-11]. Our group has contributed to the development
of cobalt-based catalysts for the steam reforming of bioethanol-
like mixtures (water/ethanol ca. 13 molar ratio) to selectively pro-
duce H; at rather low temperature (T < 673 K) and minimize
the production of undesirable CO byproduct [12-15]. But under
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these conditions, significant energy consumption is needed to va-
porize the large amounts of water and carry out the endother-
mic process. One possibility for decreasing energy consumption
is to carry out the reforming under oxidative conditions and a
lower water:ethanol ratio. Different relevant thermodynamic anal-
yses have been reported [16,17]. A nearly autothermal process can
be achieved by coupling the steam reforming and partial oxidation
of ethanol in the oxidative steam reforming (OSR) of ethanol:

CH3CH,0H + (3 — 2x)H20 + x0; — 2C05 + (6 — 2x)Hy, (1)
for which
AH® = (((3 — 2%)/3)173 — (2x/3)545) kJ/mol. (2)

Several active phases (mainly nickel, copper, and noble met-
als) have been studied in the oxidative steam reforming of
ethanol [1,2]. The use of new metallic combinations and sup-
ports for low-temperature operation has been reported recently
[18-24]. In this paper, we describe the previously unreported
use of Co-based catalysts in the OSR of ethanol and their regen-
eration by oxidative treatment. Ru or Rh were added with the
purpose of stabilizing the metallic phases in the catalyst under
operation in oxidative conditions. The addition of a noble metal
such as Rh to Co/SiO, catalysts enhances the reducibility of the
catalyst and increases the difficulty of oxidation of the reduced
phases [25]. Our aim was to study the metallic function of the cat-
alyst; for this purpose, we used silica as the support, because of
its negligible activity in the process [26]. We studied catalytic be-
havior at atmospheric pressure and at 623-673 K, with a 6/1/0.5
water/ethanol/O; molar ratio. Characterization of the catalysts was
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done both before and after reaction by several techniques. In light
of the catalytic performance of these systems, we analyzed their
stability under continuous operation/regeneration conditions.

2. Experimental
2.1. Catalyst preparation

The catalysts were prepared by incipient wetness impregnation
using cobalt nitrate and rhodium or ruthenium chloride solutions.
The support was commercial silica from Degussa (175 m?/g). After
drying at 373 K, the catalysts were calcined at 673 K. The Co/SiO5,
Co-Ru/SiO;, and Ru/SiO; catalysts were reduced under H; at 673 K.
The rhodium-containing catalysts, Co-Rh/SiO, and Rh/SiO;, were
reduced at 523 K.

2.2. Characterization of catalysts

The metallic content of the catalysts was determined by
X-ray fluorescence analysis using a Phillips PW2400 fluores-
cence spectrophotometer and UniQuant(r) version 2.53 software.
The temperature-programmed reduction (TPR) and temperature-
programmed oxidation (TPO) profiles were recorded using a Mi-
cromeritics AutoChem II chemisorption analyzer. For the TPR ex-
periments, calcined samples were heated at a rate of 10 K/min
with a 12% Hy/Ar mixture (50 mL/min). For the TPO experiments,
used catalysts were treated with a 10% O2/He mixture (50 mL/min)
at increasing temperature from 298 to 673 K (with a ramp rate of
10 K/min), with the temperature maintained at 673 K for 2 h.
Hydrogen and oxygen consumption were measured by a thermal
conductivity detector.

The X-ray powder diffraction (XRD) patterns were obtained
using a Siemens D-500 X-ray diffractometer with nickel-filtered
CuK,q radiation (A = 0.15406 nm) and graphite monochromator.
The XRD profiles were collected in the 26 angle between 30° and
70°, at a step width of 0.08°, counting 5 s at each step.

X-ray photoelectron spectroscopy (XPS) was performed with
a VG Escalab 200R spectrometer equipped with a MgK, (hv =
1253.6 eV, 1 eV = 1.6022 x 10~ J) X-ray exciting source, a hemi-
spherical electron analyzer, and a pretreatment chamber. The bind-
ing energies (+£0.1 eV) were referenced to the C 1s peak at
284.9 eV due to adventitious carbon. The pressure in the analysis
chamber was maintained below 4 x 10~° mbar during data acqui-
sition. Peak intensity was calculated as the integral of each peak af-
ter smoothing and subtraction of the S-shaped background and by
fitting the experimental curve to the sum of Gaussian/Lorentzian
lines with a proportion of 90/10.

Infrared spectroscopy (IR) studies of carbon monoxide adsorp-
tion were performed with a Nicolet 5700 Nexus Fourier transform
spectrometer. The spectra were obtained at room temperature at
a resolution of 4 cm~! by collecting 128 scans. Special greaseless
vacuum cells with CaF, windows, which allowed thermal treat-
ment, were used.

The Raman spectroscopy measurements were carried out with
a Jobin-Yvon T64000 spectrometer using an Ar ion laser as the il-
lumination source (514.5 nm) and a CCD detector cooled at 77 K.
This technique was used to identify the presence of carbon de-
posits on the used catalysts. The Raman spectra of the catalysts
were collected between 1150 and 1750 cm~! at room temperature,
with the laser power limited to 1.7 mW to minimize laser heating
effects.

2.3. Catalytic oxidative steam reforming of ethanol

The OSR of ethanol was carried out in a microactivity reference
unit (PID Eng. & Tech. S.L.) at atmospheric pressure, using 0.1 g

Table 1
Chemical composition of the catalysts (wt/wt, %) and H, consumption in TPR exper-
iments

Catalyst Co (%) Ru (%) Rh (%) Consumed H; (TPR)/theoretical
Hy (mol/mol)?

Co/SiOy 8.3 - - 0.7

CoRu/SiO; 4.5 24 - 0.9

CoRh/SiO; 4.8 - 2.8 0.7

Ru/Si0, - 2.7 - 1.0

Rh/SiO, - - 33 09

@ Theoretical Hy necessary to reduce Co304 and/or RuO;, Rh,0s.

of powdered catalyst diluted with inactive SiC. The system con-
sisted of a fixed-bed tubular reactor (305 mm long, 14.5 mm o.d.,
9 mm i.d., 316-L stainless steel), with the catalyst placed in direct
contact with a thermocouple. The gases were fed into the reac-
tor by means of mass flow controllers, and the liquid mixture was
dosed through a pump (Gilson). Before the reaction, the catalytic
bed was heated to the reaction temperature (10 K/min) by flow-
ing pure helium (30 mL/min). The reactor was then cofed with a
vaporized ethanol-water mixture and oxygen (C;Hs;0H:H;0:0, =
1:6:0.5 molar ratio). The GHSV used was always 5000 h~!. Prod-
ucts were analyzed online with a Varian 4900 4-channel micro
gas chromatograph. Selectivity values were calculated as the mo-
lar percentage of products obtained, excluding water; Hy, CO,, CO,
acetaldehyde, and CH4 were obtained as products.

The catalysts were tested under OSR conditions following sev-
eral sequences of temperature and time:

Series I: 623 K (21 h) — 648 K (8 h) — 673 K (15 h).

Series II: 623 K (21 h) — 648 K (8 h) — 673 K (15 h) — oxi-
dation — 673 K (4 h).

Series III: 623 K (21 h) — 648 K (8 h) — 673 K (15 h) — oxida-
tion — 673 K (21 h) — oxidation — 673 K (18 h) — oxidation —
673 K (23 h) — oxidation — 673 K (4 h) — oxidation — 673 K
(4 h) — oxidation — 673 K (4 h).

Series Il and Il were carried out to study the deactiva-
tion/regeneration processes. The oxidizing treatments were carried
out at 673 K with a 2% 0;/He mixture for 2 h.

3. Results and discussion
3.1. Characterization of catalysts

The catalysts’ metallic content are summarized in Table 1. XRD
patterns of the calcined catalysts are depicted in Fig. 1. The Co/SiO;
pattern (Fig. 1a) shows only peaks characteristic of the Co304
crystalline phase. Its crystallite size was estimated from the (311)
reflection located at 26 = 36.9° using Scherrer’s equation, and a
value of 21 nm was obtained. From the XRD patterns of calcined
CoRh/SiO, (Fig. 1b) and CoRu/SiO, (Fig. 1c), the presence of Co304
also can be deduced. Despite the shape of the diffraction peaks,
which hinders estimation of the crystallite size using Scherrer’s
equation, the XRD patterns of CoRu/SiO, and CoRh/SiO, point to
a smaller crystallite size in bimetallic catalysts than in Co/SiO,.
On the other hand, although the location of the maxima of the
diffraction peaks of CoRu/SiO; coincides with those expected for
Co304, the peaks show asymmetry at lower 20 values. This could
be due to the presence of crystallites of Cos_xRu,O4 solid solutions
0 < x < 1, because CoaRuOQy4 is isostructural with Co304. This pos-
sibility has been proposed for Co/SiO, catalysts that contain low
amounts of ruthenium [27]. Besides the peaks characteristic of
Co304 or Cos.xRuyO4 phases, the XRD pattern of CoRu/SiO,, shows
a peak located at 26 = 28.2°, which is assigned to the most intense
(110) reflection of the RuO, phase. From this peak and Scherrer’s
equation, a value of 12 nm was estimated for the crystallite size of
this phase.
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Fig. 1. XRD patterns of calcined catalysts: (a) Co/SiO2; (b) CoRh/SiO2; (c) CoRu/SiO>.
Expected patterns for Co304 (JCPDS 65-3103) and RuO, (JCPDS 71-2273) phases are
also included.
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Fig. 2. TPR profiles of several calcined catalysts: (a) Co/SiO2; (b) Ru/SiOz;
(c) CoRu/Si0;.

Based on the XRD pattern of CoRh/SiO;, the possibility of par-
tial substitution of some cobalt by Rh in the Co304 phase cannot
be ruled out.

Figs. 2 and 3 show the TPR profiles of the calcined catalysts,
and Table 1 compiles the H, consumption referred to the theoret-
ical Hy amount to fully reduce the corresponding oxides, Co30;4,
RuOy, and Rh,03. As expected, Co/SiO, (pattern a in Figs. 2 and 3)
showed two main peaks that correspond to the two-step reduction
of Co304:

C0304 — Co0 — Co°.

The maxima of hydrogen consumption took place at 563 and
593 K, in accordance with data reported previously for Co/SiO,
catalysts [28]. The H, consumption for this sample was lower than
that expected for the total reduction of Co304 to Co®. The presence
of cobalt species interacting strongly with the silica support may
be responsible for this behavior, because these species are reduced
at temperatures above 873 K [28].

The TPR profiles of CoRu/SiO, and CoRh/SiO, show max-
ima of H, consumption at lower temperatures compared with

1 (e) K/\\,“
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in situ

Oxidation
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Hydrogen consumption (a.u.)
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Fig. 3. TPR profiles of several calcined catalysts: (a) Co/SiOz; (b) Rh/SiOy;
(c) CoRh/SiOy; (d) after the TPR experiment shown in (c), CoRh/SiO, catalyst was
oxidized at 673 K and then a new TPR experiment was carried out; (e) used
CoRh/SiO; (series I) was oxidized at 673 K, and then a new TPR experiment was
performed.

monometallic Co/SiO, (compare patterns a and c in Figs. 2 and 3).
The XRD pattern of calcined CoRu/SiO, points to the presence of
Co3.xRuyO4 and RuO,. Comparing the TPR profile of CoRu/SiO,
with the TPR profiles of monometallic catalysts Ru/SiO, and
Co/SiO, (Fig. 2, profiles b and a respectively) indicates that the
peak appearing at ca. 443 K is related to the reduction of oxidized
ruthenium in RuO, or CosxRuyO4 phases to Ru®, and the second
peak with maximum at 508 K should be related to the reduction
of cobalt species.

The deconvolution of both peaks allows us to quantify the hy-
drogen consumption. The H, consumption corresponding to the
peak with a maximum at 443 K exceeded that calculated for the
reduction of ruthenium species, indicating that some cobalt species
also were reduced at this low temperature. Once ruthenium ions
are reduced to Ru®, they may promote the reduction of cobalt
ions, probably Co3t to Co®*. The peak with a maximum at 508 K
may correspond to the reduction of Co?t to Co®. The extent of
reduction of the bimetallic CoRu/SiO;, exceeded that of Co/SiO; (Ta-
ble 1). These findings indicate that the presence of Ru favors cobalt
reduction, decreasing the temperature needed to accomplish the
reduction and increasing the extent of reduction achieved. Simi-
lar behavior was observed previously for NiRu/Al,03 catalysts and
was interpreted in terms of a nickel-ruthenium interaction [29].

The TPR pattern of bimetallic CoRh/SiO, catalyst (Fig. 3, pro-
file c) exhibited four peaks of H, consumption with maxima at
327, 353, 439, and 493 K. Monometallic Rh/SiO, showed two peaks
at 314 and 353 K (Fig. 3, profile b), which can be ascribed to the
reduction of Rhy0s3 particles of different sizes. Comparing the TPR
patterns of CoRh/SiO; and monometallic Rh/SiO; allows us to re-
late the peaks at 327 K and 353 K with the reduction of Rh(III)
species, which may form part of Rhy03 or Cos_xRhyO4 particles.
The peaks with maxima at ca. 439 and 493 K may correspond to
the reduction of cobalt species. Both peaks are located close to the
peaks for CoRu/SiO, (Fig. 2, profile c), pointing to easier reducibil-
ity of the CoRh/SiO, catalyst compared with Co/SiO;, as reported
previously [25].

Figs. 4, 5 and 6 show the XRD patterns after several treatments,
corresponding to the Co/SiO,, CoRu/SiO,, and CoRh/SiO, catalysts,
respectively. Reduced Co/SiO, (Fig. 4, pattern a) showed a peak at
20 = 44.2° that can be assigned to (111) reflection of the fcc Co,
the most intense reflection of this crystalline phase. The less in-
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Fig. 4. XRD pattern of Co/SiO, catalyst: (a) after reduction; (b) after reaction (Se-
ries I); (c) after reaction (Series II) (fcc Co, JCPDS 15-0806; hcp Co, JCPDS 05-0727;
Co0, JCPDS 71-1178).
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Fig. 5. XRD pattern of CoRu/SiO catalyst: (a) after reduction; (b) after reaction (Se-
ries 1); (c) after reaction (Series II) (fcc Co, JCPDS 15-0806; hcp Co, JCPDS 05-0727;
hcp Ru, JCPDS 70-0274).

tense peaks at 20 = 36.4°, 42.3°, and 61.4° indicate the presence
of CoO [(111), (200), and (220) planes, respectively].

The XRD pattern of reduced CoRu/SiO, catalyst (Fig. 5, pat-
tern a) shows low intensity and poorly defined peaks. The peak
at 20 = 47.6° may be assigned to the (101) reflection of hcp Co,
the most intense reflexion line expected for this phase. The most
intense peak of the XRD pattern of CoRu/SiO, catalyst is centered
at 260 = 44.8°, possibly due to the simultaneous presence of hcp
Co, with a (002) reflection at 26 = 44.7°, and fcc cobalt, with the
more intense reflection (111) expected to be located at 20 = 44.2°.

Fig. 5 shows the positions expected for the diffraction lines cor-
responding to hcp Ru. Based on the XRD pattern of CoRu/SiO», it is
not possible to infer the presence or absence of crystalline hcp Ru.
The reduction of mixed Co-Ru oxides would be expected to lead
to intimate bimetallic contact in reduced crystallites. Based on the
XRD pattern of Fig. 53, it is not possible to rule out the presence of
small crystallites of ruthenium in which Co has been incorporated,
because there is a shifting of Ru peaks to greater 26 angles. The
XRD pattern does not allow us to discern whether ruthenium is

CoRh/SiO o hepCo m fecCo
2 H 1 e CoO A fccRh
: * 00304 (a)

Intensity (a.u.)

2 theta (°)

Fig. 6. XRD pattern of CoRh/SiO, catalyst: (a) after reduction; (b) after reaction (Se-
ries I); (c) after (b) sample was oxidized at 673 K with an O,/He mixture; (d) after
reaction (Series II) (fcc Co, JCPDS 15-0806; hcp Co, JCPDS 05-0727; fcc Rh, JCPDS
65-2866; Co304, JCPDS 65-3103; CoO, JCPDS 71-1178).

Table 2
Binding energies (eV) of core-electrons and surface atomic ratios of reduced cata-
lysts determined by XPS

Catalyst Co2psp®  MP3dsp  CofSixps  CofSibuk  MP/[Sixps  MP/Sibuik

Co/SiO; 7782 (25) - 0.033 0.095 =
7813 (75)

CoRu/Si0;  778.0 (59) 2795 0.016 0.050 0.007 0.015
780.8 (49)

CoRh/Si0;  777.6 (49) 306.9 0.008 0.054 0.004 0.018
780.0 (51)

Rh/SiO;, = 3071 = = 0.008 0.016

Ru/Si0; = 279.2 = = 0.009 0.019

Bulk composition was determined by chemical analysis.
2 Values in parentheses are peak area percentages.
b M =Rh or Ru.

incorporated into cobalt crystallites, leading to an expansion of the
cobalt lattice and consequently a shift of the peaks of Co toward
lower 20 angles [30].

The XRD pattern of reduced CoRh/SiO, catalyst is shown in
Fig. 6, pattern a. Although a straightforward assignment of the pat-
tern is difficult due to the close proximity of several of the peaks
of hcp Co, fcc Co, and fcc Rh (see the diffraction lines expected
for these phases shown in Fig. 6), the possible coexistence of these
three phases in the catalyst cannot be ruled out. The location of
the peaks, which may be assigned to hcp Co, may indicate the for-
mation of bimetallic Co-Rh particles based in the hcp Co phase.

Reduced catalysts were characterized by XPS; Si 2p, Co 2p, Rh
3d, and Ru 3d levels were analyzed. Table 2 gives the main data
obtained from the XPS spectra. All of the catalysts exhibited a
binding energy corresponding to an Si 2p level of 103.4 eV.

XPS spectra corresponding to Co 2p level are shown in Fig. 7.
The complex profile of Co 2ps3; was used to determine the nature
of the surface cobalt species.

The Co/SiO; catalyst exhibits a broad band with a maximum
around 781 eV (Fig. 7). This can be deconvoluted into three com-
ponents: a component at 778.2 eV corresponding to Co®, one at
781.3 eV corresponding to Co®*, and one at higher binding ener-
gies assigned to a satellite line of Co®t species. Apparently, only
25% of the surface species of the Co/SiO, catalyst are reduced (see
Table 2 for the peak area percentage of several cobalt species).

The maxima of the Co 2p3, spectra of CoRh/SiO2 and CoRu/SiO;
catalysts (Fig. 7, spectra b and c respectively) are located around
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Fig. 7. XP spectra of Co 2p level of monometallic and bimetallic catalysts.

778 eV, indicating a higher reduction degree of cobalt surface
species of bimetallic catalysts (50-60%) compared with mono-
metallic catalysts (see Table 2). The spectra of Rh 3ds;; and Ru
3dsp; levels show a sole component corresponding to Rh® (BE of
Rh 3dsj; 306.9-307.1 eV) and Ru® (BE of Ru 3dspy 279.2-279.5 eV),
respectively, for both the monometallic and bimetallic catalysts.

Our XPS findings are in accordance with the easier reduction
of the bimetallic catalysts with respect to the Co/SiO, catalyst in-
dicated by the TPR and the XRD experiments. The atomic surface
ratios determined by XPS are given in Table 2. In all cases, both the
Co/Si and M/Si (M = Rh,Ru) ratios determined by XPS were lower
than those determined by chemical analysis (Table 2). Compar-
ing values of bimetallic catalysts shows that CoRu/SiO, had higher
values for Co/Sixps and M/Sixps (M = Ru, Rh) than CoRh/SiO;; how-
ever, the final M/Coxps ratio was similar in both CoRu/SiO, and
CoRh/SiO; (0.44 vs 0.50). A possibility may be the generation of
bimetallic particles Co-xMy, because CoRh/SiO, had a larger par-
ticle size than CoRu/SiO,. But, as stated above, the XRD patterns
of reduced CoRu/SiO; and CoRh/SiO; are complex and do not al-
low for unambiguous characterization of the presence of bimetallic
phases alone.

Reduced catalysts were characterized using CO as the molecule
probe. CO adsorption at room temperature followed by IR spec-
troscopy provided information about the nature of the metallic
surface species.

Fig. 8 displays the spectrum in the v(CO) region of CoRu/SiO2
catalyst after CO adsorption. For comparison, the figure also shows
the corresponding spectra of monometallic Co/SiO; and Ru/SiOy
catalysts. In the spectrum of Co/SiO,, the bands located at v(CO) >
2100 cm~! are characteristic of CO adsorbed on oxidized Co, those
appearing between 2100 and 2000 cm~! are due to linearly co-
ordinated CO on Co®, and the band at 1935 cm™! is characteristic
of bridged CO species onto Co® The band at 1692 cm~! may be
assigned to a CO molecule C-bonded to a reduced metallic cen-
ter and interacting through an O atom with an oxidized center.
The adsorption of CO onto Ru/SiO, (Fig. 8) gives rise to only one
broad band centered at 2035 cm~!, in accordance with the ten-
dency of ruthenium to not form adsorbed bridged CO species. The
spectrum obtained after CO adsorption on CoRu/SiO; shows a main
band centered at 2051 cm~! and slight absorption at 1689 cm!.
The broadness of the band at 2051 cm~! may be due to an over-
lap of the bands of CO linearly bonded to Co® or Ru®. The lower
wavenumber band at 1689 cm~! is related to the presence of sur-

1935 1692
2187 2056

ColSio,
—_ 2051
S
8
[0]
o
c
®
£
§ CoRu/SiO. 1689
< YA

2035
Ru/SiO,
2200 2000 1800 1600

Wavenumber (cm-)

Fig. 8. Infrared spectra in the v(CO) region after CO adsorption at room temperature
over several reduced catalysts.

face oxidized species and assigned to CO, C-bonded to reduced
metallic centers and interacting through an O atom with oxidized
Co species.

These experimental findings lead us to propose the formation of
bimetallic particles on the CoRu/SiO; catalyst. The dilution of sur-
face cobalt by ruthenium may avoid the formation of bridged CO
species on cobalt, which are responsible for the band at 1935 cm~!
that appears in the spectrum corresponding to the monometallic
catalyst Co/SiO;.

Fig. 9 shows the spectrum after CO adsorption onto CoRh/SiO5.
The spectrum exhibits mainly bands centered at 2184, 2087, 2065,
2024, 1875, and 1632 cm~!. It is complex but can be analyzed in
light of those of the monometallic catalysts Co/SiO; and Rh/SiO;.
For rhodium-containing catalysts, the presence of different CO
adsorbed species has been correlated with different Rh entities.
Large rhodium particles show the formation of linearly bonded
CO (characteristic band at 2040-2070 cm~!) and bridge-bonded
CO (characteristic band at 1850 cm~!) [31]. Adsorption of CO on
small Rh entities results in the formation of geminal dicarbonyl
species, Rh*(CO),, characterized by vs(CO) at 2120-2075 cm™!
and v,5(CO) at 2053-1990 cm~! [31,32]. The spectrum after CO
adsorption onto monometallic Rh/SiO, (Fig. 9) displays bands at
2096, 2069, and 2040 cm~!, along with a less-intense band cen-
tered at 1914 cm™!. Consequently, the presence of both large Rh
particles and small rhodium entities on Rh/SiO; is proposed. These
results are in accordance with those of the TPR experiment, which
also indicated a bimodal distribution of rhodium particle size.

Turning again to the spectra of CoRh/SiO,, after CO adsorption,
the bands at 2087 and 2024 cm~! are related to the presence of
small rhodium entities. The band at 2065 cm~! may be related to
linearly bonded CO to Co or Rh particles, and that at 1875 cm™!
may be related to bridged CO. The band located at 2184 cm~! and
those bands located below 1700 cm~! indicate the presence of oxi-
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dized surface species, as discussed earlier. Comparing the spectrum
of CO adsorbed on bimetallic catalyst with those spectra obtained
after CO adsorption over the monometallic catalysts suggests that
the bimetallic catalyst is not formed from separate monometallic
entities. Taking into account that rhodium has greater electroneg-
ativity than cobalt, an electronic enrichment of rhodium could
result from close contact between both metals, which could lead
to displacement of the bands due to CO adsorbed on rhodium at
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2040
Rh/SIO,
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Fig. 9. Infrared spectra in the v(CO) region after CO adsorption at room temperature
over several reduced catalysts.
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lower wavenumbers, as can be seen by comparing the spectra of
CoRh/SiO2 and Rh/SiO;.

3.2. Catalytic activity

All samples were tested in the oxidative steam reforming of
ethanol over time between 623 and 673 K (Series I). All of the
catalysts deactivated under reaction conditions and increasing re-
action temperature always produced an increase in ethanol con-
version. Besides Hy and CO,, CH4, CO, and acetaldehyde also were
produced. In general, a decrease in ethanol conversion led to an
increase in acetaldehyde selectivity and a decrease in hydrogen
selectivity. On the other hand, for a given value of ethanol con-
version, an increase in reaction temperature produced increases in
hydrogen and CO; selectivity and a decrease in acetaldehyde selec-
tivity.

To illustrate these findings, Fig. 10 displays the results for
the CoRh/SiO; catalyst. The turnover frequency (TOF), referred to
ethanol converted per metallic surface atom, was calculated for
fresh Co/SiO,, CoRu/SiO,, and CoRh/SiO, catalysts at 623 K (reac-
tion time, ca. 5 h). The particle size was estimated from XRD pat-
terns of reduced catalysts (pattern a in Figs. 4-6) using Scherrer’s
equation. For the Co/SiO,, the most intense peak at 20 = 44.2°
[Cofec(111)] was used. For CoRu/SiO; and CoRh/SiO;, due to the co-
existence of several metallic phases, the peak at ca. 260 = 47.5° was
used. Under our experimental conditions, the ethanol conversion
for the aforementioned catalysts at 623 K was 85-95%, and the
calculated TOF was 0.04-0.07 s~ 1.

The ethanol conversion values achieved with Rh/SiO; (39% at
673 K) or Ru/SiO; (52% at 673 K) were lower than those obtained
with Co/SiO; or bimetallic catalysts, making comparison of selec-
tivity values difficult in some cases. Rh/SiO, and Ru/SiO, showed
low selectivity to Hy and high selectivity to acetaldehyde, demon-
strating the importance of the oxidation reactions over both cat-
alysts and their problems in catalyzing ethanol steam reforming
under our reaction conditions. The catalytic behavior of CoRh/SiO;
and CoRu/SiO, was closer to that of Co/SiO, than to that of Rh/SiO,
or Ru/SiO;. The bimetallic CoRh/SiO; and CoRu/SiO; catalysts were
more appropriate than monometallic Rh or Ru catalysts for the ox-
idative steam reforming of ethanol.

As stated earlier, we thoroughly studied the behavior of mono-
metallic cobalt catalysts in the steam reforming of ethanol. Cobalt
catalysts are active in the dehydrogenation of ethanol to acetalde-
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Fig. 10. Catalytic behavior of CoRh/SiO, under ethanol OSR conditions at increasing temperatures (Series I). Reaction conditions: GHSV = 5000 h™!, 0.1 g catalyst,

ethanol:H,0:0,:He = 1:6:0.5:22. Selectivity values to: Hy (<); CO (®); COy (V)

; CHy (ﬁ) and acetaldehyde ().
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Fig. 12. Effect of an oxidation treatment on the catalytic behavior of CoRh/SiO, catalyst in the ethanol OSR at 673 K (Series II). Reaction conditions: GHSV = 5000 h~!, 0.1 g
catalyst, ethanol: Hy0:0;:He = 1:6:0.5:22. Selectivity values to: Hy ({); CO (@); CO, (V); CHy (i\() and acetaldehyde («).

hyde and then in the steam reforming of acetaldehyde. Our re-
sults demonstrate that cobalt oxide, which catalyzes the dehydro-
genation of ethanol, evolves under reaction conditions to metallic
cobalt, which is able to reform both ethanol and acetaldehyde [13].
Although the effect of introducing oxygen in the reactant mixture
has not been studied previously, acetaldehyde was almost the sole
product obtained from the partial oxidation of ethanol carried out
over Co/CeO, [33]. The presence of oxygen would be expected to
oxidize the surface of cobalt-based particles. This would favor the
production of acetaldehyde, avoiding its reformation under con-
ditions of oxidative steam reforming. In the bimetallic CoRh and
CoRu catalysts, the noble metal may prevent oxidation of cobalt
under reaction conditions, because although the bimetallic clusters
are thermodynamically unstable, the rate of segregation of metal
oxides may be slow under these conditions [25]. In addition, oxy-
gen may be used as an agent to regenerate the spent catalysts.
Thus, the presence of noble metals may play a significant role in
stabilizing the cobalt-based phase active in ethanol reforming.
Taking into account all of the foregoing considerations and the
fact that all catalysts were deactivated under our reaction con-

ditions, we attempted to regenerate the catalysts through an O,
treatment, carrying out new catalytic tests for this purpose (Se-
ries II). Figs. 11-13 illustrate the effects of this oxidative treatment
on the catalytic behavior of Co/SiO2, CoRh/SiO2 and CoRu/SiO,. The
oxidative treatment activated the CoRh/SiO, and CoRu/SiO, cata-
lysts, which demonstrated higher values for both ethanol conver-
sion and selectivity to hydrogen after the regeneration treatment.
The oxidative treatment eliminated carbon deposits, as demon-
strated by TPO and Raman spectroscopy analysis. The Raman spec-
tra of catalysts after the OSR of ethanol (Series I) exhibited two
bands in the 1200-1700 cm~! region, corresponding to carbon de-
posits. Fig. 14 shows the spectrum corresponding to the CoRu/SiO;
catalyst (spectrum a). The two bands that can be assigned to the
D and G lines are centered at 1335 and 1590 cm™!, respectively.
TPO experiments performed on used catalysts at temperatures
up to 673 K revealed a peak of oxygen consumption centered
at 653 K that can be ascribed mainly to the burning of carbon
deposits. The Raman spectra after the TPO experiment revealed di-
minished intensity of both lines D and G (see spectrum b in Fig. 14,
corresponding to the CoRu/SiO; catalyst). On the other hand, the
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Fig. 13. Effect of an oxidation treatment on the catalytic behavior of CoRu/SiO, catalyst in the ethanol OSR at 673 K (Series II). Reaction conditions: GHSV = 5000 h™!, 0.1 g
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Fig. 14. Raman spectra of used catalysts: (a) CoRu/SiO, catalyst after Series I activity
test; (b) sample (a) after TPO at 673 K; (c) CoRh/SiO, catalyst after Series I activity
test and then regenerated in the reactor with O, at 673 K.

monometallic Co/SiO; catalyst was not activated by the oxidative
treatment in terms of activity, and the selectivity pattern changed,
with increased selectivity to acetaldehyde and decreased selec-
tivity to hydrogen (see Fig. 11). The XRD pattern of the Co/SiO;
catalyst after the O, treatment and subsequent oxidative steam re-
forming (Series II) showed only narrow and intense peaks due to
CoO (Fig. 4, pattern c). The presence of cobalt oxide was respon-
sible for the behavior of Co/SiO;. Cobalt was oxidized during the
0, treatment but was not reduced under the subsequent oxidative
steam-reforming conditions.

As stated earlier, O, treatment resulted in the regeneration of
the CoRh/SiO, and CoRu/SiO;, catalysts (Figs. 12 and 13). The Ra-
man spectrum of the corresponding oxygen-treated CoRh/SiO; cat-
alyst (Fig. 14, spectrum c) exhibited low-intensity bands assigned
to the D and G lines of residual carbon deposits. A TPO experiment
carried out with the used CoRh/SiO, (after Series I) at tempera-
tures up to 673 K gave an O, consumption of 1.6 x 10~3 mol of O,
per g of catalyst (Fig. 15). Subtracting the amount of O, necessary
to oxidize the metallic phases allows us to estimate the carbona-
ceous deposits burned with the oxidative treatment (ca. 0.13 g of

673 K (2 h)

O, consumption (a.u.)

. —
0 20 40 60 80 100
time (min)

T T T T
120 140 160

Fig. 15. TPO profile of CoRh/SiO; catalyst after Series I activity test.

C/g of M, M = Co + Rh). Fig. 6 shows the XRD patterns of the
CoRh/SiOy catalyst after the oxygen treatment (pattern c) and after
the subsequent catalytic test (pattern d). After the O, treatment,
the presence of mainly crystalline Co304-based phases can be de-
duced. The XRD pattern changed after the subsequent catalytic
test. Wide peaks, pointing to the presence of CoO and metallic
cobalt-based phases, were present (pattern d). A TPR experiment
carried out with a sample that had been oxidized after the Series I
catalytic test (Fig. 3, pattern e) produced results similar to those
for a sample oxidized after the TPR experiment (Fig. 3, pattern d).
Both patterns indicate that the reduced rhodium and cobalt species
were in close proximity. The presence of Ru and Co-based metallic
phases, probably alloyed, also can be deduced from the XRD pat-
tern (Fig. 5, pattern c) obtained after the regeneration of CoRu/SiO,
with oxygen and subsequent catalytic testing (Series II). In this
respect, the XPS and FTIR results for chemisorbed CO, discussed
earlier, also point to close contact between cobalt and noble metal
phases, which could lead to the formation of bimetallic entities
and may be responsible for the improved catalytic behavior of
CoRu/SiO, and CoRh/SiO, compared with Co/SiOs.

Over the CoRh/SiO; catalyst, we performed a new catalytic test
with successive oxidation treatments (Series IIl). The results, de-
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Fig. 16. Effect of successive oxidation treatments on the catalytic behavior of CoRh/SiO; catalyst under ethanol OSR at 673 K (Series III). Reaction conditions:
GHSV =5000 h™', 0.1 g catalyst, ethanol: H,0:0,:He = 1:6:0.5:22. Selectivity values to: H, ({); CO (@®); CO, (V); CHy (ﬂ?) and acetaldehyde ().

picted in Fig. 16, show the successive activation of CoRh/SiO, after
the oxidative treatments. Both the ethanol conversion and the se-
lectivity values were recovered after each O, treatment.

4. Conclusion

In this work, a cooperative effect between Co and Rh or Ru
was found in the oxidative steam reforming of ethanol. The noble
metal facilitates the reduction of cobalt under the experimental
conditions of oxidative steam reforming of ethanol due to the in-
timate contact between Co and the noble metal (Ru or Rh) phases
in the silica-supported bimetallic systems. This makes it possible to
use an oxidizing treatment to regenerate the used bimetallic cata-
lysts. The oxidizing treatment removes carbon deposits and, under
the OSR of ethanol, restores the catalytic properties of the active
phases.
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