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ABSTRACT

A lanthanum oxycarbonate phase (La;0,CO3) with high surface area was prepared as support of Ru
catalysts. The metal was added by wet impregnation or incorporated during the oxycarbonate synthe-
sis. The reactivity of the lanthanum and ruthenium species was studied through in situ Raman under
dry reforming of methane conditions with and without oxygen addition. When Ru was incorporated by
wet impregnation, the solid showed a higher reactivity of lanthanum oxycarbonate to the formation of
La,03 in a hydrogen flow even at low temperatures while RuO, was completely reduced at 400 °C. It was
also found that the reduced ruthenium species could be re-oxidized by CO, at the reaction temperature
(550°C). Under the dry reforming of methane, the metallic Ru did not change its oxidation state and the
formation of graphitic carbon and oxycarbonate was observed. With the addition of oxygen, the same
phase transformation occurred as in the case of the dry reforming of methane. However, the re-oxidation
of Ru® species was observed through in situ Laser Raman spectroscopy and pseudo in situ XPS measure-
ments. These measurements allowed us to advance in the understanding of the solid transformations

produced during methane reforming reactions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The dry reforming of methane (DRM) has acquired importance
in recent years as a means of obtaining high purity H,. Natural
gas production from hydrocarbon rich shale formations, known as
“shale gas”, is one of the most rapidly expanding trends in onshore
oil and gas exploration and production today. Overall, unconven-
tional natural gas is anticipated to become an ever-increasing
portion of the proved reserves (extending over 100 years), while
conventional gas reserves are declining [1].

With the goal of reducing energy consumption and increas-
ing the production of hydrogen, it has been proposed to couple
carbon dioxide reforming (endothermic) and partial oxidation
(exothermic) of methane reactions. This process, which could be
autothermal, confers significant added value to the reactions under
study. In addition, hydrogen-permeable membrane reactors could
improve the performance with respect to hydrogen in systems
limited by thermodynamic equilibrium.

Lanthanum oxide shows interesting properties as promoter
of highly dispersed metal catalysts and can modify the chemical
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behavior of some systems such as silica, ceria and alumina supports.
It has been reported that the preparation procedure and composi-
tion strongly influences the microstructure of the promoter phase,
the surface basicity and consequently the catalytic behavior [2-4].
It has also been reported that Ru catalysts [5] supported on com-
mercial La; 03 have good activity and stability and present very low
carbon deposition for the dry reforming of methane reaction. The
high stability of these catalysts can be assigned to the metal sup-
port interaction. However, the dispersion of ruthenium on this solid
presents very low values.

In the lanthanum oxide system, several chemical species can be
present such as La;03, La(OH)3, Lay(CO3)3, and La;0,(CO3) [6-9].
The presence of certain phases (e.g. oxycarbonates) has been con-
nected with the catalytic stabilities of lanthanum oxide supported
Ni solids [10]. Moreover, a lanthanum oxide support can be formed
from lanthanum carbonate phases [10,11] that could participate in
the catalytic cycle of the dry reforming of methane. In the reaction
mechanism proposed by Verykios et al. [10] for Ni/La;03 and suc-
cessfully applied for Rh and Ru/La,;03 catalysts [11,12], methane
reversibly adsorbs on the metallic clusters while the cracking of
the adsorbed species proceeds slowly liberating H, and generating
carbon that remains on the metallic surface. The CO, rapidly reacts
with La, 03 to generate oxycarbonate which in turn reacts slowly
with carbon to generate carbon monoxide. This slow reaction could
most likely occur at the metal/support interface.
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In a previous study [13], we reported a Ru catalyst supported
on lanthanum oxycarbonate with high surface area for use in
membrane reactors. In this case, the carbon dioxide and methane
conversions were similar, suggesting that this solid does not favor
the reverse water gas shift reaction (RWGS) for DRM conditions in a
membrane reactor at a reaction temperature as low as 550°C [13].

The goal of the present work s to study the structure and reactiv-
ity of Ru and lanthanum species during reduction, re-oxidation and
the combined reforming of methane (CRM; CH4 +CO, <> 2H, +2CO
and CH4+% O, < 2H, +CO). To accomplish this, we employed
in situ laser Raman spectroscopy (LRS) complemented by pseudo
in situ XPS. To our knowledge, in situ Raman spectroscopy has
rarely been applied for investigating lanthanum compounds under
reaction conditions, in particular, during methane reforming reac-
tions.

All Ru catalysts were evaluated under two different reactor
operations: differential regime to determine the reaction rates
and under equilibrium conditions to measure carbon dioxide and
methane conversions.

2. Experimental
2.1. Catalyst preparation

A high surface area lanthanum oxycarbonate phase was syn-
thesized as support for Ru catalysts. La; 03 (Aldrich) was heated at
650°C in pure O, flow (UAP 5.0) during 6 h to obtain pure La;03
crystalline phase [14]. Then, a treatment with a solution of acetic
acid (50% v/v) was performed, stirring and drying at 80 °C to evap-
orate the solution. After that, the solids were dried at the same
temperature in a rotary evaporator (MR) during 6h or in a vac-
uum oven (MV) during 12 h (Table 1). All supports were calcined
at 400°C in pure O, flow. The metal was added using a solution of
RuCl3-3H,0 by wet impregnation (Rul) or by metal incorporation
during the support synthesis (Ru2) (Table 1). The concentration of
Ru was 0.6%w/w in all catalysts.

To prepare the La;0,CO3-type Il phase, La;03 (Anedra) was
heated under flowing dry CO, using a temperature program con-
sisting of a linear 5°Cmin~! ramp from 25 to 650°C, a linear
2°Cmin~! ramp from 650 to 700 °C, and finally an isothermal heat-
ing at 700°C for 30 min [ 15]. The preparation of the La,0,CO3-type
Ia phase was performed by the thermal treatment of La; O3 (Aldrich
99.99% Gold Label). The oxide was heated at 10°Cmin~! from 25
to 500 °C under flowing He. The flow was then switched to dry CO,
and the temperature kept at 500°C for 1h [15].

2.2. Catalyst characterization

2.2.1. Surface area

The BET (Brunauer, Emmett, and Teller) surface area was calcu-
lated from N, adsorption isotherms at liquid nitrogen temperature
using a Quantachrome Autosorb automatic gas adsorption instru-
ment. Prior to measurements, all samples were degassed at 150°C
under 0.13 Pa overnight.

Table 1
Summary of support and catalysts synthesized.

Solids Drying Ruthenium incorporation
MR Rotary evaporator -

MV Vacuum oven -

Ru2MR Rotary evaporator Support synthesis
RulMV Vacuum oven Wet impregnation
RuzMv Vacuum oven Support synthesis

2.2.2. Metal dispersion

The metal dispersion of the fresh catalyst was determined by
static equilibrium adsorption of CO at 25°C in a conventional vac-
uum system, following the hydrogen reduction at 550°C for 1h.
By taking the difference between the two isotherms, the amount
of irreversibly adsorbed carbon monoxide was determined. The
CO/Ru ratio was considered equal to one for the Ru dispersion
estimation.

The following expression was employed to estimate the metallic
dispersion (Dgy):

NT —NR

NT,.: Total CO adsorbed [mol]
NR,.: Reversible CO adsorbed [mol].

2.2.3. X-ray diffraction (XRD)

The XRD patterns of the calcined solids and supports were
obtained with an XD-D1 Shimadzu instrument, using Cu Ko radi-
ation at 30kV and 40 mA. The scan rate was 1.0°/min for values
between 26 =10° and 70°.

2.2.4. Temperature-programmed reduction (TPR)

An Ohkura TP-20022S instrument equipped with a TCD was
used for the TPR experiments. To carry out a thermal treatment sim-
ilar to the one performed in the reaction system, the samples were
heated up to 550°C in nitrogen flow, kept constant for one hour,
and then cooled down in N, flow. Afterwards, they were reduced
in a 5% H,—Ar stream with a heating rate of 10°Cmin~! up to the
maximum treatment temperature.

In addition, the evolved gases were analyzed with an on-line
Shimadzu GCMS-QP 2000/QP-2000 quadrupole mass spectrome-
ter. The masses corresponding to water and carbon dioxide were
followed.

2.2.5. Laser Raman spectroscopy (LRS)

The Raman spectra were recorded using a LabRam spectrometer
(Horiba-Jobin-Yvon) coupled to an Olympus confocal microscope
(a 100 x objective lens was used for simultaneous illumination and
collection), equipped with a CCD detector cooled to about —73°C
using the Peltier effect. The excitation wavelength was in all cases
532 nm (Spectra Physics diode pump solid state laser). The laser
power was set at 30 mW. Integration times ranged from a few
seconds to a few minutes, depending on the sample.

In situ LRS measurements were performed on a Linkam high
temperature cell. The catalyst was loaded in powder and the feed
flowed through the solids. The feed mixtures were prepared in a
flow system built for this purpose.

In the Raman cell, different treatments were carried out as fol-
lows:

(i) The catalysts were exposed to 5% Hy/Ar flux at different tem-
peratures between 25 and 550 °C. After that, the temperature
was kept at 550°C during 2h. Subsequently, the gas was
switched to a 30% CO,/Ar mixture at 550°C for 15 and 25 min.

(ii) After reduction at 550 °C, the catalysts were exposed to a mix-
ture of 20% CHy, 18% CO,, 15% CO, 10% H, and Ar at different
reaction times.

(iii) After reduction at 550 °C, the catalysts were exposed to a DRM
reactant mixture with a composition of 10% CHy, 10% CO, and
Ar at different reaction times.

(iv) After reduction at 550 °C, the catalysts were exposed to a CRM
reactant mixture with a composition of 10% CH,4, 10% CO5, 3.3%
0O, and Ar at different reaction times.
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2.2.6. X-ray photoelectron spectroscopy (XPS)

The XPS measurements were carried out using a multi-
technique system (SPECS) equipped with a dual Mg/Al X-ray source
and a hemispherical PHOIBOS 150 analyzer operating in the fixed
analyzer transmission (FAT) mode. The spectra were obtained with
passenergy of 30 eV; an Mg-Ka X-ray source was operated at 200 W
and 12 kV. The working pressure in the analyzing chamber was less
than 5.9 x 10~7 Pa. The XPS analyzes were performed on the sup-
ports and on the solids after treatment with H, or CO, at 400°C
carried out in the reaction chamber of the spectrometer. The spec-
tral regions corresponding to La 3d, C 1s, O 1s, Ru 3d and Ru 3p core
levels were recorded for each sample. All photoelectron binding
energies were referenced to the C1s peak of adventitious carbon,
set at 284.6eV.

The data treatment was performed with the Casa XPS pro-
gram (Casa Software Ltd, UK). The peak areas were determined
by integration employing a Shirley-type background. Peaks were
considered to be a mixture of Gaussian and Lorentzian functions
in a 70/30 ratio. For the quantification of the elements, sensitivity
factors provided by the manufacturer were used.

2.3. Catalytic test

2.3.1. Reaction rate measurements

The catalyst (50 mg) was loaded into a tubular quartz reactor
(inner diameter, 5mm) which was placed in an electric oven. The
catalysts were heated in Ar at 550°C and then reduced in situ in
flowing H, at the same temperature for 2 h.

The stability tests were carried out at W/F=2.67 x 107> ghml~!
under differential conditions.

The total gas flow rate was varied using a weight of 10 mg of
catalyst and 50 mg of quartz to select working conditions with no
limitations of external mass transfer.

The forward rate of reaction (rf) was calculated from the net rate
of reaction (1) by:

rp=m(1-n)
. _ FaoXa
"Tw

(Pco)* (Pry)” 1

= (PCH4> (Pcoz) Ke

where Fy is the feed molar flux of A species, X4 is the conversion
of A species, W is the catalyst mass, P; are the prevalent pressures
of reactants and products and K is the equilibrium constant calcu-
lated at the corresponding reaction temperature. The calculated
values were lower than 0.005 confirming the quality of the differ-
ential data obtained.

The turnover frequency (TOF) was determined from the
methane forward reaction rate (rcy,) and the Ru dispersion (Dgry)
by the following expression:

1} rch, [mol CHy/mol Ru.S]

TOF [g Drg

2.3.2. Conversions under equilibrium conditions

The catalyst (200 mg) was loaded into a tubular quartz reactor
(inner diameter, 16 mm) and placed in an electric oven. The cat-
alysts were heated up to 550°C in Ar flow and then reduced in
H, flow at the same temperature for 2 h. The methane reforming
reactions were performed at 550°C employing the following feed
flow [CH4:C0O,:0,:Ar] ratios equal to [1:1:0:1.2] and [1:1:0.3:0.9].
The O, concentration was 10% and W/F=2 x 10~4ghml~! in these
experiments.

The feed gases and the reaction products for both flow con-
ditions were analyzed with two on-line thermal conductivity
detector gas chromatographs: a Shimadzu GC-8A and a SRI 8610C
(SRIInstruments (USA)). The former instrument was equipped with
aPorapak column, and the latter with a molecular sieve column. The
carbon balance was close to one in all cases.

3. Results and discussion
3.1. Supports characterization

Fig. 1 shows the X-ray diffraction patterns of La,O3 and of the
synthesized MR and MV supports, dried in a rotary evaporator or
in a vacuum oven, respectively. The La;03 diffractogram exhibits
reflections assigned to hexagonal La; 03 (JCPDS 74-2430) and small
signals from the La(OH)3 phase (JCPDS 6-585).

Three polymorphic crystalline forms of La;0,(CO3) can be
observed. All are layer-type structures built up of slabs of (La; 0,2%),,
polymers and CO32~ groups. Type-I has the square (La, 0,2*), layers
found in LnOCI and related compounds (tetragonal), while type-II
has the hexagonal (La,0,2*), layers found in the A-form sesquiox-
ides. Type-Ia, on the other hand, has monoclinic form [9]. In the
case of the MR support, the diffractogram shows signals assigned
to the monoclinic La,0,CO5-type la phase and also low intensity
reflections from La(OH);. However, in the XRD diffraction pattern
of the MV support, only the monoclinic La,0,CO5-type Ia phase
could be observed.

Laser Raman spectroscopy has proved to be a useful technique
to distinguish among different lanthanum phases. Raman spec-
tra, taken for the reference phases and the synthesized supports
in the 200-1150cm~"! region, are shown in Fig. 2. In a previous
study, the structure of pure lanthanum phases was studied by laser
Raman spectroscopy, XRD and FTIR [15]. Those results are sum-
marized in Table 2. The bands in the 350-400cm™! region were
assigned to fundamental modes of La-O. In addition, the bands
in the 700-1500 cm~! region corresponded to the vibration of the
CO32-groups.

The spectrum of lanthanum hydroxide shows four bands at
274,339, 447, and 597 cm~!. The frequencies of these bands agree
with those reported for the crystalline phase of La(OH)3 [16]. The
Raman spectrum of La,0,COs3-type Il shows two peaks in the
region of 200-600cm~1, at 358 and 384cm~! (Fig. 2). It presents
a strong signal at 1086 cm~! and other weak bands at 1408, 1415,
and 1450cm~!. The spectrum of La,0,CO3-type Ia has several

¥ La,0,CO; type la
* La(OH)s

Intensity (a.u.)

20 (°C)

Fig. 1. XRD pattern of La,03 and MR and MV supports.
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Table 2
XRD phases and Raman shift of lanthanum compounds [15] and supports.

XRD phase (N° ASTM)

Vibration frequencies—laser Raman spectroscopy

250-700cm~! region

700-1500cm" region (CO3%")

la-La,0,C05(48-1113)
La(OH)3(6-585, 36-1481)

294, 315, 340, 356, 387, 437 (sh), 450
284,339, 447, 597

La,0; (5-602) 400

1-La, 0,CO5(37-804) 358, 384

MV 298, 317, 336, 358, 440, 455
MR 298,317, 336, 358, 440, 455

1340, 1417, 1444 1057, 1089 852 707,737
1408, 1415, 1450 1087 - 747
1053, 1062
1053, 1062

overlapping peaks at 294, 315, 338, 356, 387, and 437 (sh),
450cm~'. In addition, multiple splitting is observed in the
700-1150cm~! region (Fig. 2). The strongest band appears at
1060cm1.

MR and MV supports calcined at 400 °C present La;0,COs-type
Ia as the main phase. Furthermore, the spectra show weak bands at
284,342, and 452 cm~! that reveal the presence of small amounts
of La(OH)3 (Table 2).

3.2. Characterization of calcined Ru catalysts

Fig. 3 shows the X-ray diffraction patterns of the Ru cata-
lysts, where the peaks assigned to the La,0,CO3-type la phase
are observed. Therefore, it can be noticed that the incorporation
of the noble metal did not produce a phase change in the sup-
ports. Besides, reflections from Ru oxides were not detected in the
calcined catalysts by XRD. This result suggests that the average
crystallite size of the Ru species was below the XRD detection limit
and the oxidized Ru species were well dispersed on the support
structure.

Fig. 4 shows the Raman spectra of fresh catalysts compared
with the calcined supports. It can be seen that after the incorpo-
ration of metal, all solids kept the same structure in agreement
with the X-ray diffraction data. In addition, all catalyst spectra

La,0,CO, type Il

La,0,CO, type la

%u
Av/\y/N“_m,TE~,,_“*~ﬂ\~

La O

273

Intensity (a. u.)

La(OH),

T T T T
200 400 600 800 1000

Raman shift (cm™)

Fig. 2. Raman spectra of La,03, MR, MV supports and reference phases (La,0,CO3
type la and II).

=]
s
>
=
7]
c
2 RuiMVv
£
Ru2MVv
T T T T T T T T T T T
10 20 30 40 50 60 70

206 (°C)

Fig. 3. X-ray diffraction patterns of calcined Ru catalysts.

show a broad signal in the 600-700cm~! region which could
be related to the presence of RuOy oxides. For the freshly elec-
trodeposited Ru film [17], a pair of bands at 470 and 671 cm™!
was observed in the Raman spectrum. These bands were assigned
to different stretching modes of hydrated RuO,. The RuOj for-
mation included the appearance of a band at 800cm~! and the
presence of RuO4 was assumed from the formation of a band at
875cm!. In our calcined catalysts, two overlapping signals at 622
and 670cm~! were observed which could be assigned to differ-
ent stretching modes of RuOy species (Fig. 4) and no peaks were
detected close to 800cm~!. The broad Raman band at 670 cm™!
was previously attributed to Ru(IIl) which strongly interacts with
La[5].

M La,0; - RuOx
Ru2mv

/o

\ YN / \
o T Ru1MV

R

Ru2MR

AN N

T T T T T
200 400 600 800 1000 1200

Intensity (a. u.)

Raman shift (cni)

Fig. 4. The Raman spectra of the MR and MV supports and ruthenium catalysts.
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H, consumption

o~/ C

T T T T T T T
100 200 300 400 500 600 700

Temperature (°C)

Fig. 5. TPR profiles of Ru catalysts pre-treated in N, flux at 550°C.

To study the reducibility of Ru species, temperature-
programmed reduction experiments were carried out. The
calcined solids were pre-treated in situ in N, flow at 550°C
(Fig. 5). All profiles exhibited two minor peaks of reduction
at about 200 and 500°C and a third major peak at a higher
temperature (600-700°C). In order to separate the contribu-
tions of the 350-700°C region, a TPR experiment coupled to
a mass spectrometer was performed. Signals at amu=44 and
18 were observed in the mass spectrometer profile. These
results indicate that the peak at low temperature (T<260°C)
could be assigned to a reduction of Ru oxide particles. How-
ever, the hydrogen consumption peak between 400 and
500°C was due to a ruthenium oxide particles reduction, and
also to the decomposition of La(OH); and carbonate species.
Furthermore, the peak in the 600-700°C region could be
assigned to the La,0,C03 decomposition. It is known that
the decomposition temperatures of lanthanum hydroxide and
carbonate compounds are between 400 and 800 °C, respectively
[18].

In previous studies of Ru/La;053 solids, we compared TPR pro-
files of solids with different contents of ruthenium [5]. For the
catalysts with lower metal contents (Ru(0.2) and Ru(0.6)) both
profiles were similar. The samples show a main reduction peak
at 260°C, a second one a 375°C, and a low-intensity shoulder at
140°C.

Yan et al. [19] reported two reduction peaks at 150 and 200°C
in Ru/SiO, catalysts. The low temperature peak was assigned to
well-dispersed RuOy species and the high temperature peak was
attributed to RuO, particles [19]. The high temperature peak at
260°C in Ru(0.2) and Ru(0.6) solids supported on La,;03 suggested
the presence of a strong metal-support interaction. And the very
low-intensity of the 140°C peak was in agreement with the low
dispersion of all solids [5].

In addition, in our previous studies of Ru/La;O3 solids, laser
Raman spectroscopy and TPR results indicated the presence of

Table 3
Surface area, Ru dispersion and reaction rates for CH4—-CO; reaction at 550 °C of Ru
catalysts.

Solids reu,®  Teo,® H2/CO D[%]° TOF[s™'] Sgfresh  Sgused"
[m2g='] [m?g']

Ru/Lay03¢ 0.21 044 029 7 14 5-7 -

Ru2MR 025 059 030 18 6.5 35.2 221

RulMV 0.23 043 030 19 5.6 314 16.3

RuzMv 025 048 0.28 14 8.1 334 17.6

3 ren, and rco, [molh~'gcat~!] were measured after 24h on stream.

W/F=2.67 x 10-5 ghml-"
b Dispersion determined from CO chemisorptions.
¢ Surface area measured in used catalysts after 90 h in reaction conditions.
d From Ref. [2].

Ru(III) strongly interacting with Type II lanthanum oxycarbonate
(5]

3.3. Reaction rates and stability for the dry reforming of methane
(DRM)

The activity and stability of the Ru catalyts were evaluated in a
conventional fixed-bed reactor for the DRM reaction under differ-
ential conditions. Table 3 shows the reaction rate and H,/CO ratio
of Ru supported on lanthanum oxycarbonate compared with the
Ru/La, 03 catalyst. The surface area values of catalysts before (fresh)
and after (used) the catalytic test are also summarized in Table 3.

The La, 03 surface area was 5m? g~1. From the pure lanthanum
oxide crystalline phase treated with acetic acid, lanthanum oxycar-
bonates with high surface area were obtained. When the solid was
dried in a rotary evaporator (MR), a surface area of 15.1 m% g~! was
reached after calcination at 400 °C whereas after drying the sam-
ples in a vacuum oven (MV), the value obtained was 26.5m?2 g1,
These surface areas increased further after the incorporation of
ruthenium, reaching values between 30 and 35m?g-! (Table 3)
and after being under reaction conditions for 90 h, they decreased
up to 16-22m? g1,

The metal dispersion of the catalysts was measured by CO
chemisorption at room temperature. For the three catalysts, disper-
sions between 14 and 19% were obtained. As Ru dispersion and the
reaction rate had similar values for the Ru/La,0,COj3 catalysts, the
calculated turnover frequencies (TOFcy, ) were also similar, within
the 5.6-8.1s~! range. In a previous paper, we also reported a TOF
value close to 4s~! at 550°C with a Ru dispersion of 0.24 [2] for
Ru/La;03-Si0 catalysts.

The turnover frequencies for the dry methane reforming exper-
iments were in reasonable agreement with the TOFs, reported in
the literature for Ru catalysts [2,20,21]. Jakobsen et al. [21] studied
steam and CO, reforming of methane over Ru/ZrO,, their data were
well described by a kinetic model assuming the partial blockage of
the active sites by adsorbed CO and H. Rostrup-Nielsen and Hansen
[22] proposed a factor of 2-3 lower activities for CO, reforming in
comparison with steam reforming. Then, the TOFof 11 s~ for steam
reforming at 500 °C over a Ru/ZrO, catalyst reported by Jakobsen
etal.[21] would expect values of 4 and 6 s~! during CO, reforming.
These estimated values are close to the TOF reported in the present
paper. However, Wei and Iglesia [23] found that turnover frequen-
cies values on CH4 reforming were independent of the co-reactant
(CO; or H,0) employed. These similarities in turnover rates for the
two CHy reforming would indicate a common Kinetically relevant
step, which cannot involve species derived from co-reactants. They
studied CH4 reforming over Ru, Rh, Pt and Ir catalysts [23]. For
Ru catalysts, with similar dispersion, they found lower values than
those previously reported for dry refoming of methane at 600 °C.

Furthermore, the H,/CO ratio was similar for all Ru catalysts.
This ratio was also calculated from the methane and carbon dioxide
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Fig. 6. Stability test of Ru catalysts after reduction at 550 °C in the fixed-bed reactor.
(Reaction temperature =550°C, W/F=4.3 x 10-® ghml~') Feed composition: Peh, :
Pco, :Par=1:1:1.1.

reactionrates and these values were close to the measured values in
all cases. The low values (H,/CO =0.30) give evidence of the occur-
rence of the reverse water gas shift reaction, simultaneously with
the dry reforming of CHy. It should be equal to one if only the dry
reforming reaction occurred.

Fig. 6 shows the stability of the catalysts for the DRM reaction.
All catalysts were stable after 90 h in reaction. In addition, the solids
exhibited higher reaction rate values than Ru/La,05. No differences
in the catalytic activity were observed between the catalysts syn-
thesized employing different drying steps (Ru2ZMV and Ru2MR).
Comparing RulMV and Ru2MV catalyts, it can be observed that
RulMV (prepared by wet impregnation) showed a slightly lower
TOF.

3.4. Carbon dioxide and methane conversions for the dry and
combined reforming of methane under equilibrium conditions

The Ru/La;0,CO3 catalytic activity for the dry reaction of
methane followed by oxygen addition (CRM) was measured. These
measurements were carried out with a 0.8 cm catalyst bed and high
W/F. Under such conditions, the system could reach thermody-
namic equilibrium.

In the case of the addition of oxygen to the feed mixture, an
increase in CH4 conversion and H, production could be achieved.
The reactions that might occur were the following: the partial oxi-
dation of methane (POM) and the dry reforming reaction (DRM) in
addition to total oxidation of methane (CH4 +20, <> 2H,0+C0O;)
and the reverse (RWGS) or direct water gas shift reaction. Table 4
shows the measured methane and carbon dioxide conversions in
comparison with simulated values by HYSYS software for both feed
compositions, DRM and CRM.

To calculate the data, we employed the same total flow used in
laboratory experiments. Even the dimensions given to the Gibbs

Table 4

reactor, applied for the thermodynamic equilibrium calculations,
were equal to those used in the laboratory.

The methane conversion increased while the carbon dioxide
conversion decreased when oxygen was added to the mixture, as
expected, due to the occurrence of the total oxidation of methane. In
the reactor outlet, oxygen was not chromatographically detected,
indicating that it was completely consumed in the 0.8 cm catalytic
bed.

As shown in Table 4, values close to equilibrium were achieved
in all conditions in the Ru2ZMR and Ru1MV catalysts. In the case
of CRM, a different behavior was observed between the Ru2MV
and Ru2MR catalysts. The Ru2MVsolid showed a methane conver-
sion lower than the equilibrium value; however, values close to
equilibrium were reached under DRM conditions. Note that Ru was
incorporated during the support synthesis in both solids.

3.5. Reduction-reoxidation of Ru species supported on La;05,CO3
followed by in situ LRS and pseudo in situ XPS

To investigate how RuOy species and lanthanum phases changes
under reducing and oxidizing conditions, their transformations
were followed by in situ laser Raman spectroscopy during several
treatments. Fig. 7 shows the Raman spectra of the catalysts exposed
to 5% Hy/Ar flux at different temperatures between 25 and 550°C.
After that, the temperature was kept at 550°C during 2 h and then
the solid was exposed to 30% CO,/Ar mixture for 25 min.

At room temperature, the spectra show a signal in the
600-700 cm™! region, assigned to Ru (IIl) oxide and the bands cor-
responding to the oxycarbonate-type la phase (296, 335, 448 and
1060 cm~1) (Fig. 7). For all solids, the broad signal at 670 cm~! dis-
appeared when the temperature increased up to 400 °C, showing
the reduction of Ru species in agreement with TPR data.

In addition, a signal at 400 cm~! assigned to La, 03 was observed
at room temperature for the RulMV solid. During the reduction
treatment, the oxycarbonate bands were gradually removed and
only one peak was observed at 400 °C. This result shows that almost
all the oxycarbonate was decomposed at this temperature. For the
other solids, the signals assigned to lanthanum oxycarbonates were
always observed during the reduction process up to 400°C. How-
ever, after two hours at 550 °C, the signals disappeared indicating
the complete decomposition of the oxycarbonates. Note that in the
Ru1lMYV catalyst, the lanthanum oxycarbonate decomposes at lower
temperatures.

Subsequently, the gas was switched to a 30% CO,/Ar mixture
at 550°C (Fig. 7). The carbon dioxide composition was similar to
that employed in the dry reforming of methane reaction. In this
experiment, it was found that the ruthenium particles were re-
oxidized because there appeared the broad signal assigned to RuOy.
The La; 03 signal did not change during the time during which the
experiment took place (25 min).

A similar effect was observed in the Ru/La; 03 catalysts on CO,
rich streams by in situ Raman measurements [12]. The partial re-
oxidation of metallic Ru was assigned as one of the factors that
produced the catalyst deactivation under such conditions. Matsui
et al. [24] studied the effect of the support on the activity and reac-
tion mechanism in the CO, reforming of methane over Ru/La;03

Catalytic behavior of Ru/La,0,COs3 in a conventional fixed-bed reactor for different feed gas compositions.

Ratios CO,:CH4:0,:Ar RulMV RuzMv Ru2MR Equilibrium values®
Xeu,? Xco,? Xcu, Xco, Xcw, Xco, XCHyeq Xc0yeq

1:1:0:1.2 27.6 40.1 27.8 37.0 28.8 36.0 30.7 41.6

1:1:0.3:0.9 423 101 34.1 14.2 42.1 111 47.2 12.5

2 Methane and carbon dioxide conversions, catalyst mass=0.2 g, W/F=2 x 104 ghml-!, reaction temperature =550 °C.

b Calculated using HYSYS 3.0 software.
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Fig. 7. In situ LRS of Ru catalytic systems exposed to a reducing atmosphere (5% H/Ar) and oxidant (30% CO, /Ar) at different times and temperatures. References: RuOy (O),

La;03 (M) and La;0,COs-type Ia (x).

catalysts. They proposed the following reaction step based on CO,
pulse experiments:

Ru/La,03+CO, (ad) = CO(gas)+Ru — Ox/La,03

In the same way, other authors reported the oxidation of Ru
particles under oxygen at 600 °C in Ru/SiO, [19] and Ru/Al;03 [25]
catalysts.

The reduction/oxidation effect on surface Ru species was also
studied by XPS measurements. In this experiment, the solids were
exposed to H, and CO; flux in the reaction chamber of the spec-
trometer at 400°C. In a first stage, the catalysts were exposed to
5% Hy/Ar flow at 400°C and then they were kept at this tempera-
ture for 10 min. The Ru 3p, Ru 3d, C 1s, O1s and La 3d regions were
recorded.

Fig. 8a shows the Ru 3d XPS spectra obtained on the reduced cat-
alysts. There is an overlap between the signals of the Ru 3d and C1s
peaks at 284.6 eV, the latter being due to carbonaceous contamina-
tion. The peak at 289.2 eV was assigned to carbonate (CO32), while
Ru® species appeared at 280.1 eV. Because of this overlap, the Ru
3p3y; signal was also analyzed. The binding energy at 462 eV con-
firms the complete surface reduction to Ru® in all catalysts after
treatment in Hy at 400°C.

The O 1s region showed two signals at 531.5 and 528.9 eV (not
shown). The first peak could be related to C-O and/or O-H species
and the second to 0%~ of the framework [26]. For all catalysts, the
intensity of the high binding energy peak was twice as much that
of the low binding energy signal. In addition, the La 3ds, core level
was observed at 833.6 eV and the corresponding satellite-split was
3.9eV with a well-resolved profile. These values agree well with
those previously reported by Chan and Bell [16] for La,0s3.

Table 5 summarizes the XPS intensity ratios of reduced Ru cat-
alysts. The ruthenium surface ratio (Ru3p/La) was higher when the
metal was incorporated by wet impregnation. Note that in this
solid, the lanthanum oxycarbonate decomposes at lower temper-
ature (Fig. 7). The CO32~/La and O1s/La surface ratios were similar
for all catalysts. In addition, for the three catalysts, the CO32~/0>31
ratio was close to 0.33 indicating that carbonate species are always
present on the surface.

Subsequently, the catalysts were exposed to 30% CO,/Ar flow at
400°C during 10 min. Fig. 8b shows the Ru 3d XPS spectra obtained
on the catalysts. The Ru 3ds, signal was shifted to higher bind-
ing energy for RuIMV and Ru2MV, suggesting that Ru particles
were re-oxidized in these solids. This binding energy shift was
not observed in the Ru2MR solid, indicating that the Ru oxidation
state did not change at this temperature. Note that this experiment
was performed at lower temperature than LRS experiments due
to the maximum temperature limit of the spectrometer reaction
chamber.

3.6. In situ laser Raman spectroscopy during the dry reforming of
methane with and without oxygen addition

To further understand how the reaction mixture interacts with
Ru and lanthanum species, the catalysts were exposed to a mixture
of 20% CH4, 18% CO,, 15% CO, 10% H, and Ar in a high temperature
cell and their changes were monitored by in situ LRS. The mixture
composition was similar to that obtained in a fixed-bed reactor with
high W/F, which allowed reaching thermodynamic equilibrium for
the dry reforming of methane.

Fig. 9 shows the Raman spectra of the RulMV and Ru2MV
catalysts reduced in situ at 550°C and exposed to this mixture.
After reduction at 550°C, only the band at 400 cm~! correspond-
ing to lanthanum oxide was observed for both catalysts. When the
reducing atmosphere was changed to the reaction mixture, there

Table 5
Pseudo in situ XPS of Ru solids treated in H, /Ar and CO,/Ar mixtures at 400 °C.
Solid Treatment Ru3p/la 0%'[/La  Cico,),-/0* Cicoy),-/La
Ru2MR H, 0.005 1.17 0.44 0.52
CO, 0.006 1.30 0.43 0.55
RulMV Ha 0.048 1.40 0.40 0.53
CO, 0.046 1.51 0.40 0.60
RuzMv H, 0.008 1.20 0.37 0.45
CO; 0.011 1.48 0.45 0.67

For all samples, the binding energies of C and La were the following: C 1s=284.8 eV,
La 3ds;; =834.9eV.
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appeared the signals corresponding to graphitic carbon at 1590,
1620 and 1350cm™!, their intensities increasing with the reac-
tion time. The band at 1590 designated as G peak was the E2g
mode of bulk graphite and its intensity scaled with the crystal
size. The feature near 1340 cm~!, designated as D (disorder) band,
occurred near the crystal edges and the low intensity band at 1620
(D’ band) usually appeared as a shoulder and could be assigned to
the graphite layers located at the boundary of the crystals [27-31].

After 45 min on reaction, the complete transformation of La; 03
to oxycarbonate-type Ia (bands at 296-450 and 1060 cm~1) was
observed for the Ru2MV solid. However, in the case of RulMV, the
band at 400 cm~! was still present. In addition, low intensity bands
assigned to lanthanum oxycarbonate-type Il phase were detected
for this solid.

To analyze the role of oxycarbonates on the reaction mecha-
nism, the reaction mixture was changed to an inert gas (Fig. 9).
Both the disappearance of the graphitic carbon bands at 1339
and 1590cm~! simultaneously and the appearance of the sig-
nal at 400 cm~! assigned to La,;03 could be observed. Lanthanum
oxide could be formed by the reaction of oxycarbonate with car-
bon deposited on the active sites of the catalyst releasing carbon
monoxide [12]. This was one of the steps proposed in the reaction
mechanism for Ni, Rh and Ru catalysts supported on La;03 [10-12].
A complete picture of the proposed mechanism is shown below:

CH4+S <5 — CH,4 (1)
S — CH4—%.5 — C+2H, 2)
C0,+Lay03 <2512,0,C05 (3)
La,0,C05+C — S—41a,05+2C0+S (4)

where S is the metallic site.
The in situ LRS study helps to support the key role assigned
to the lanthanum oxycarbonate phase in the stability of

lanthanum-based catalyts. This phase reacts with the carbon
deposited on the catalyst surface avoiding the solid deactivation.

In a second experiment, all reduced catalysts were exposed to a
DRM reactant mixture with a composition of 10% CHg, 10% CO, and
Ar and were monitored by in situ LRS at different reaction times.
The Ru1MYV solid showed a higher reactivity of lanthanum oxycar-
bonate to the formation of La;0O3 in a hydrogen flow even at low
temperatures (Fig. 7). This behavior could be related to the higher
Ru/La surface ratio. When this solid was exposed to the reactant
mixture, it was less reactive to the formation of lanthanum oxy-
carbonates suggesting that La; O3 was more stable (Fig. 10). Similar
observations were reported for Pt and Rh catalyts after CO, treat-
ments followed by ex-situ Raman and FTIR, where Pt would favour
the carbon dioxide interaction with the support to form monoclinic
polymorph (type Ia), while rhodium would prevent the further for-
mation of the oxycarbonate phase [15].

In addition, the incipient formation of La,0,CO3-type Il phase
was observed for the Ru1MV solid as evidenced by the appearance
of the bands at 358 and 1089 cm~!. After 50 min under reaction
conditions, all catalysts showed the formation of graphitic carbon
with characteristic signals at 1340 and 1590 cm!.

When oxygen was added to the reactant mixture (CRM condi-
tions), the changes observed on the catalysts (Fig. 11) were more
pronounced than for the dry reforming of methane. Note that the
gas composition during the reaction should be different due to
the total oxidation of methane that increased the CO, concen-
tration decreasing the carbon dioxide conversion. In the case of
the Ru1MV catalyst, the oxycarbonate-type Il phase formation was
observed.

Ru particles were partially re-oxidized for the Ru2MV solid
under CRM conditions. The results obtained by Liu et al. [25] of
insitu Raman after ignition of the partial oxidation of methane reac-
tion showed that RuO, species were present even in the catalyst
located at the top of the catalyst bed, where O, was still available
in the reaction feed. This means that the noble metal species in the
entire catalyst bed could be in a highly reduced form under the POM
reaction conditions.
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The change in Ru oxidation state is in agreement with the low-
est activity of this catalyst in the combined reforming of methane
under equilibrium conditions (Table 4).

To understand the catalytic behavior of the Ru1MV and Ru2MR
solids in which no re-oxidation was observed during the combined
reforming of methane (CRM), different thermal treatments were
monitored by in situ LRS (Fig. 12). All experiments were carried
out with the same methane and carbon dioxide mixture adding
oxygen with a methane/oxygen ratio equal to three. After the reac-
tion in CRM conditions, the Ru1MV and Ru2MR catalysts were

exposed to an inert Ar flow during 10 min and the re-oxidation
of the metallic ruthenium was observed. This could be due to
decomposition of the lanthanum oxycarbonate producing CO,,
which re-oxidizes the Ru®. After that, the solids were exposed
again to the CRM mixture, the signals of the La,O3 and RuOy
species still being present in Ru1MV. Subsequently, this solid was
exposed to the DRM mixture and the signal in the 600-700 cm™!
region disappeared, indicating the re-reduction to Ru®. Further-
more, the incipient appearance of the oxycarbonate phase was
observed.
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Fig. 12. In situ LRS of Ru catalytic systems exposed to different thermal treatments with cycles of Ar and the DRM and CRM reactant mixture at 550 °C. References: RuOy (O),

La, 03 (M), La0,COs-type la (x) and La;0,COs-type II (*).
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Table 6
Lanthanum and ruthenium species present in the catalysts exposed at different atmospheres, monitored by Raman spectroscopy.
Treatment Catalyst Figure
RulMVv RuzMVv Ru2MR
H,, 400°C Ru?, La,03 Ru®, Lay03, La,0,CO3-la Ru®, Lay 03, La,0,CO3-la 7
H,, 550°C Ru?, Lay 05 Ru?, La; 03 Ru®, La; 03 7
CO3, 550°C RuOy, La; 05 RuOy, Lay 03 RuOy, La; 03 7
DRM, 550°C, 45 min (20%CH,4, 18% CO,, Ru®, La,03, La,0,C03-1a and I, Ru®, La,03, La;0,C05-Ia, C - 9
15% CO, 10%H, and Ar) graphitic carbon (C)
Then, Ar,550°C, 25 min Ru®, La,03 (vs)?, La;0,C0O3-la and I Ru®, La,03, La;0,CO03-la, C(t)* 9

DRM, 550°C, 120 min (10%CH4, 10% CO,
and Ar)
DRM, 550°C, 120 min CRM, 30 min

Ru, La, 03, La,0,C03-la and II,
graphitic carbon

RUO, L3203, L3202C03—la and 11,
graphitic carbon

RuOy, La;03

RuO, La; 03 (vs)?, La,0,C0O3-la (t)?

CRM, 50 min; Ar; CRM, 10 min, 550°C
Then, DRM, 550°C, 10 min

RUO, L¢':1203, L3202CO3-IEL C RUO, L3203' L3202CO3—13, C 10

RuOy, La;0,C03-1a, C Ru, La;0,C05-1a, C(t)* 11
- Ru®, Lay 03, La0,C03-1a 12
- RUO, L3203, L3202CO3—13 12

2 (t) traces were detected; (vs) very strong.

In the case of the Ru2MR solid, when exposed to CRM conditions,
the band at 670 cm~! disappeared indicating that even under this
condition the reduction to Ru® was observed.

3.7. Insitu structure-reactivity over Ru/lanthanum oxycarbonate

The structural change and phase reactivity of Ru species sup-
ported on lanthanum oxycarbonates during methane reforming
reactions were well followed by Raman spectroscopy.

The behavior of the catalysts was consistent with the reac-
tion mechanism steps proposed for the Ru solid [12]. The species
observed for each catalyst during the in situ LRS measurements are
summarized in Table 6 where the most striking evidence obtained
is highlighted. In the first experiment, the reduction of RuOy species
as a function of temperature was studied. Furthermore, the trans-
formations of the lanthanum species were observed, which may be
represented by the following reactions:

RuOy+xH; — Ru®+xH,0
La;0,C0O3 « Lay03+CO,

In CO, rich streams, the re-oxidation of the active metal
occurred:

Ru®+CO;5 — RuO4+CO

However, under DRM conditions for the two compositions
tested, metallic Ru did not change its oxidation state and graphitic
carbon and oxycarbonate formation was observed.

S—CHy — S — C+2H,
Lay 03+CO, < Lay0,CO3

The Ru1MYV solid showed a higher reactivity of lanthanum oxy-
carbonate to the formation of La; O3 in a hydrogen flow even at low
temperatures. In this solid, Ru was incorporated by wet impregna-
tion leading to a higher Ru/La surface ratio. An explanation could be
that the surface Ru species catalyzed type Ia oxycarbonate decom-
position. However, these Ru species do not promote the gas-solid
interaction that leads to oxycarbonate formation by reaction of the
support with CO,.

For the RulMV catalyst, the following phase transformation was
also produced:

La,0,COstypela — Lay0,COstypell

When the Raman cell was fed with Ar, the formation of lan-
thanum oxide and the disappearance of carbonaceous deposits
were observed in agreement with the reaction mechanism step:

La;0,C0O3+C — S — Lay,03+2C0O+S

Under CRM conditions, the same phase transformation occurred
as in the case of DRM and also for the Ru2MV catalyst, the re-
oxidation of Ru® species was observed:

Ru®+C0,/0, — Ru0,+CO/H,0

This observation is in agreement with the low activity of
this solid under CRM conditions. (Table 4). Finally, Fig. 12 sum-
marizes the different cycles the solids were exposed to, all
monitored by Raman spectroscopy. The conclusion of these ther-
mal treatments was that the RuOy could be re-reduced in the
dry reforming of methane conditions for the RulMV catalyst.
Moreover, in the Ru2MR catalyst, the re-oxidized Ru could be
re-reduced even in CO, rich-atmospheres, such as CRM condi-
tions.

4. Conclusions

All solids were active and stable for the dry and combined
reforming of methane reactions. The catalysts synthesized with
high surface lanthanum oxycarbonates were more active than the
Ru/La, 03 solid previously studied [5].

In situ laser Raman studies allowed us to further our under-
standing of the solids transformations produced during the reaction
and their influence on the activity and stability of the catalysts.

The Ru1MV catalyst with a higher Ru/La ratio was the solid that
presented greater reactivity of oxycarbonates to La,;03, as the sig-
nal appeared at a lower reduction temperature (400°C). In this
sense, when this reduced solid was exposed to the reaction mixture,
it showed a low reactivity of La,03 for the oxycarbonate forma-
tion.

For the Ru2MV under CRM conditions, the Ru particles were
partially re-oxidized. In addition, for the Ru1MV solid, the RuOx
species formed during the oxycarbonate decomposition could re-
reduce under dry reforming of methane conditions. However, for
the Ru2MR catalyst, the RuOy species could be re-reduced even in
oxidizing atmospheres, such as the CRM mixture.
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