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talytic performance of Ni based
catalysts in toluene reforming at low temperature
by structuring on SiC extrudates†

Lole Jurado, ‡* Michaël Martin Romo y Morales, Sébastien Thomas
and Anne-Cécile Roger

In biomass gasification, the use of metal-supported catalysts as primary catalysts for tar removal in an in-

bed configuration is limited by their fast deactivation due to the generation of coke deposits. Pellets,

rings, or monolithic structures are crucial to support the catalytic phase for its use as a secondary

catalyst in a downstream reactor to increase the lifetime of the catalyst and diminish operational issues

such as pressure drops. In the present work, catalytic structuration on SiC extrudates was conducted for

a (Ru)Ni/perovskite ((Ru)Ni/LSCF). The influence of the catalytic structuration on the physicochemical

properties of the catalysts was investigated using XRD, N2 physisorption, H2-TPR and SEM. Both powders

and structured catalysts were pre-treated in a model ex-biomass gas atmosphere and subsequently

tested in toluene reforming reaction at relatively low temperature (550 °C). Ni/LSCFpowder was found to

be inactive in toluene reforming, with the conversion being increased from <5% to 19% when adding Ru.

An enhancement in the activity in toluene reforming was observed by structuration of the powders on

SiC extrudates, increasing the conversion from <5% to 20% for Ni/LSCF and from 19% to 50% for RuNi/

LSCF. This was ascribed to the strong metal–support interaction and the high resistance to coke

deposition evidenced for the structured systems.
1. Introduction

The formation of tars is one of the major concerns of biomass
gasication processes.1–3 Tars are a mixture of light and heavy
hydrocarbons and oxygenated compounds that can easily
condensate, causing several operational problems and water
contamination.2,3 These compounds can also limit the down-
stream applications of the syngas generated during biomass
gasication processes. Among the several methods reported for
tar removal, the use of a catalyst is widespread. The catalysts
used for tar removal are generally classied in two groups: (i)
primary (or in bed) and (ii) secondary catalysts. The former is
directly added into the gasier reactor together with the
biomass feedstock, while the latter is commonly placed in
a downstream catalytic reactor.2–4 The design of the gasication
pilot plant most of the time determines the type of catalyst
required. The use of a uidized-bed gasier with an in-bed
catalyst is the most effective conguration for tar removal in
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large installations (power generation > 2 MW).3,5 In small
installations (power generation < 1 MW), the downdra xed-
bed gasier seems to be the most widespread design.3,5,6 Parti-
cles and ashes resulting from the gasication process are easily
accumulated in the bottom of this type of gasier, limiting the
use of in-bed catalysts. According to Claude et al.,3 the use of
a secondary catalyst is the only route for cleaning and upgrading
the raw syngas out from a xed-bed gasier.

Catalytic reforming of tars using nickel-based catalysts has
been reported as the most efficient method for tar removal in
the literature.2,3,7,8 Two Ni-based catalysts using a perovskite
(La0.6Sr0.4Co0.2Fe0.8O3−d (LSCF)) as a support have been previ-
ously prepared for their nal use as secondary catalysts in
a downdra xed-bed gasier.9 The synthesis was conducted via
wetness impregnation (Ni/LSCF) and sol–gel synthesis (Ni–
LSCF). Aer reduction in a H2 atmosphere, the two Ni/perov-
skite catalysts were tested in tar reforming reaction at 550 °C
using a model ex-biomass gas composition and toluene as one
of the model tar molecules. Both the model ex-biomass gas
composition and the inlet toluene content were selected based
on the real gas composition obtained in a pilot plant xed-bed
gasier set-up.10 Although the same toluene conversion was
found for both catalysts, the Ni/LSCF was more prone to form
coke deposits than Ni–LSCF due to the acidic character of its
surface.9 The impregnation with a small amount of Ru over Ni/
LSCF (RuNi/LSCF) was found to improve both its resistance to
Sustainable Energy Fuels, 2023, 7, 4273–4287 | 4273
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coke and its catalytic activity in toluene reforming. Certainly,
highly active Ni-based catalysts in tar removal under real oper-
ational conditions were evidenced, which make them prom-
ising candidates as secondary catalysts in biomass gasication
processes. However, they required a pre-reduction to generate
the active phase, which is commonly conducted under a H2

atmosphere at the laboratory scale. The raw syngas produced
during biomass gasication was extensively used as a reducing
atmosphere in the 90's. It contains reducing gases, such as CO,
CH4 and H2, which may efficiently substitute the use of pure H2,
being a cost-effective alternative.11 Tanaka et al. performed a life
test of an in-bed catalyst based on NiO/Al2O3 in a wood gasi-
cation process at 700 °C.12 The XRD of the sample aer the test
revealed that NiO was reduced during the gasication process.
Similar behavior was reported by Garcia et al., evidencing the
reduction of a Ni/Al catalyst when it was directly added in the
gasier.11,13,14 This was associated with the reducing atmosphere
formed by the thermal decomposition of biomass. Although the
use of raw syngas was extensive for the reduction of the catalyst
in the 90's, information about how this atmosphere inuences
the properties of the catalyst and its catalytic performance is
still lacking.

For industrial uses, the structuration of these catalysts on
pellets, monoliths, foams, or rings is highly required to mitigate
the pressure drop, improve the mechanical resistance, and
guarantee a uniform temperature distribution in the catalytic
bed.15,16 In the last few years, SiC has emerged as a competitive
catalytic support or carrier material for reforming reactions
owing to its chemical inertness, high mechanical strength, high
mass transfer and thermal conductivity.17–26 Nguyen et al.17

compared the catalytic performance in dry reforming of
methane (DRM) of Ni/SiC and Ni/Al2O3. A higher stability and
resistance to coke formation for Ni/SiC than Ni/Al2O3 was
found. Unlike the typical Ni/Mg–Al spinel, a uniform tempera-
ture distribution in the catalytic bed under coupling partial
oxidation of methane (POM) and steam reforming of methane
(SRM) was found for Ni/Al2O3–SiC foam monoliths.20 This
highlighted that the structuration of the catalyst on SiC foam
enhanced the mass and heat transfer, alleviating the hot spots
and cold zones respectively caused by the exothermicity of POM
and endothermicity of SRM. The inuence of the support on the
catalytic performance of nickel-based catalysts in steam
reforming of glycerol was investigated by Kim et al.18 An acidic
(Al2O3), a basic (CeO2) and a neutral (SiC) support were used.
The neutral properties of the SiC with respect to Al2O3 and CeO2

made possible to avoid the concurrent side reactions, giving rise
to a high catalytic stability and a low amount of coke deposits
during steam reforming of glycerol. Moreover, owing to the
inactivity of the SiC in the water gas shi (WGS) reaction, the
syngas ratio reached for Ni/SiC was the most suitable for the
Fischer–Tropsch synthesis. SiC has been used as a catalytic
support for chemical looping dry reforming of benzene by Nam
et al. using a lab scale uidized bed reactor.26 Recently, SiC-
foam monoliths have also been reported as outstanding cata-
lytic carrier on which a catalytic support and an active phase
were deposited for dry reforming of biogas.27,28
4274 | Sustainable Energy Fuels, 2023, 7, 4273–4287
Considering that a high catalytic performance was previously
reached for powdered (Ru)Ni/LSCF systems aer their pre-
reduction in a H2 atmosphere,9 the present work focuses on the
catalytic structuration of these catalysts using SiC as a catalytic
carrier and the evaluation of their pre-treatment under a model
ex-biomass atmosphere (CH4, H2O, CO2, H2 and CO). Toluene
was identied as the major component formed during wood
gasication conducted in a pilot plant equipped with a xed bed
downdra gasier at Offenburg University.10 Therefore, the
effects of the catalytic structuration and the pre-treatment
atmosphere on their catalytic performance in toluene reforming
were investigated. The SiC was used in the shape of an extrudate
which allows an efficient thermal transfer linked to the
combination of exothermic and endothermic reactions that
may simultaneously occur under a raw syngas atmosphere out
from the biomass gasication process. Moreover, it may provide
high mechanical resistance and diminish the pressure drops in
the downstream xed-bed reactor.
2. Experimental
2.1. Preparation of powdered catalysts

The catalytic support, La0.6Sr0.4Co0.2Fe0.8O3−d (LSCF), was
prepared by a sol–gel method using the metal acetates as
starting salts. A scheme of the procedure, previously described
in other work, is shown in Fig. 1, path 1.9 The resin obtained
from the sol–gel synthesis was subsequently calcined in a static
air atmosphere at 800 °C for 6 h to form the perovskite mixed
oxide (LSCFfresh).

Active phases, Ni and Ru, were added by wetness impreg-
nation as reported elsewhere.9 A Ni loading of 10 wt% was
added using an ethanolic solution of nickel(II) nitrate hexahy-
drate, giving rise to Ni/LSCF. A successive impregnation of Ru
was conducted over Ni/LSCF using an ethanolic solution of
ruthenium(III) acetylacetonate for preparing RuNi/LSCF with
a Ru loading of 1.0 wt%. Aer each impregnation, the powders
were calcined at 500 °C for 6 h in a static air atmosphere.
2.2. Catalytic structuration on SiC extrudates

2.2.1. Preparation of the La–Sr–Co–Fe (LSCF) precursor
solution. The precursor solution was prepared through the sol–
gel synthesis previously described (Fig. 1 (path 2)). The same
procedure as for LSCFfresh was followed until the formation of
the resin.9 The resin was subsequently re-dissolved in a given
volume of solvent to achieve a precursor solution with a cationic
concentration of 0.60 moltotal cations Lsolvent

−1

Owing to the high chemical affinity, propionic acid was
widely used for the re-dissolution of the resin (mixed propio-
nates) in the research group for conducting catalytic structur-
ation on several carrier materials such as SiC foam, Al and
Al2O3.16,29,30 However, its corrosive properties and toxicity are
some drawbacks of the use of this solvent for scaling up the
catalytic preparation. In this work, water was used as a neutral
and non-toxic solvent for re-dissolving the resin, being a greener
alternative to propionic acid. To assess the impact of the
dissolution on the physicochemical properties of LSCF, a given
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Sol–gel synthesis of the powdered support (path 1) and the cationic precursor solution (path 2).
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volume of the precursor solution (LSCFsolution) was calcined
using the same thermal treatment as the one used for the
preparation of LSCFfresh (800 °C for 6 h in static air atmo-
sphere). The physicochemical properties of the resulting
powder were compared with those of the fresh LSCF.

2.2.2. SiC extrudates. Open ring extrudates, mainly
composed of b-SiC, were used as carrier materials. The main
characteristics of the extrudates such as dimensions, packed
density, or number of extrudates per liter are listed in Table 1.
The extrudates displayed metallurgical purity as shown in the
averaged elemental composition reported in Table 1S of the
ESI.†

2.2.3. Dip coating procedure with the LSCF precursor
solution. The coating procedure conducted is similar to the
one described by Frey et al.29 Small batches of 20–30 extrudates
were coated with LSCF by dipping them for 2 min into the as-
prepared precursor solution (Fig. 1S of the ESI†). Aer
removing the excess of the solution by ashing them with
compressed air, the extrudates were dried at 100 °C for 3 h and
calcined in an air atmosphere using the same thermal treat-
ment described above for LSCFfresh (800 °C for 6 h in static air
atmosphere). The coated extrudates, LSCF/SiC, were exposed
to an ultrasound bath for 5 min to evaluate the stability and
anchoring of the LSCF phase at the surface of the SiC. This
procedure was repeated until achieving an amount of 54
gsupport Lext

−1. As SiC is easily oxidized under air at 800 °C,
forming a SiO2–SiOxCy layer,16,31,32 the mass uptake due to its
oxidation was evaluated for the bare extrudates. To follow
accurately the mass uptake resulting from the deposition of
LSCF, the mass measured aer each coating step was corrected
by substracting the mass uptake from SiC oxidation.

The mass uptake ascribed to the deposition of LSCF
measured aer each coating step is shown in Fig. 2S(a) of the
ESI† for three different batches. In general, a higher mass
uptake of LSCF than the target one (54 gsupport Lext

−1) is reached
Table 1 Main characteristics of b-SiC extrudates supplied by SICAT

Shape BE (mm) BI (mm) Len

Ring 8 5 5

This journal is © The Royal Society of Chemistry 2023
aer two coating steps, varying between 78 and 60 gsupport Lext
−1

among batches. This highlights that an accurate and repro-
ducible deposition on SiC extrudates cannot be well achieved
through the coating procedure used, being two coating steps,
the minimum required to reach the target value. It has been
reported that the air velocity used when blowing the excess of
the solution out might inuence the expected mass uptake or
the coating load.33 This could be one of the reasons of the
differences found in the mass uptake of LSCF among the
batches. The deposited mass remains stable aer the ultra-
sound test (see Fig. 2S(a)†), indicating that a well anchored
LSCF phase, due to a strong LSCF–SiC interaction, is achieved
through the coating strategy followed.

2.2.4. Impregnation of the active phases. Active phases (Ni
and Ru) were added on LSCF/SiC through the dip coating
procedure described above (Fig. 1S of the ESI†) using nickel(II)
nitrate hexahydrate and ruthenium(III) acetylacetonate as
precursors. The coated extrudates, LSCF/SiC, were dipped for
around 1 min in an ethanolic solution with a nickel(II) nitrate
hexahydrate concentration of 0.26 M. Aerwards, the extrudates
were dried at 100 °C for 3 h and subsequently calcined in a static
air atmosphere at 500 °C for 6 h. The procedure was repeated
until a Ni loading of 10 wt% was reached (6.0 gNi Lext

−1),
resulting in Ni/LSCF/SiC. An ethanolic solution with a ruth-
enium(III) acetylacetonate concentration of 0.050 Mwas used for
adding 1 wt% of Ru on Ni/LSCF/SiC. Aer Ru impregnation, the
extrudates were calcined using the same conditions as for Ni/
LSCF/SiC (500 °C for 6 h in air). Ultrasound tests were con-
ducted aer each impregnation to evaluate the stability and
anchoring of the active phases.

Themass uptake of Ni aer two coating steps is also reported
for three different batches in Fig. 2S(b) of the ESI.† The mass
uptake exhibits a linear tendency, achieving around 4.0 and 1.7
gNi per Lext per coating step for Ni/LSCF/SiC and RuNi/LSCF/SiC,
respectively. As previously observed for LSCF deposition, the
gth (mm) Packed density (g L−1) No. extrudates per L

499 2.67 × 103

Sustainable Energy Fuels, 2023, 7, 4273–4287 | 4275
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mass uptake of Ni varies among the batches. At least two
impregnation steps are required for reaching a mass uptake (6.8
gNi Lext

−1) close to the target one (6.0 gNi Lext
−1) for Ni/LSCF/SiC,

while rather low mass (4.0 gNi Lext
−1) compared to the target one

is obtained for the RuNi/LSCF/SiC. The differences in mass
uptake of both, LSCF and Ni, led to structured catalysts with Ni
loading ranging between 5 and 10% (see Table 2S of ESI†). The
mass of Ni remains stable aer the ultrasound test, suggesting
that nickel also establishes strong interaction with the coated
extrudates.
2.3. Characterization techniques

Textural properties such as specic surface area (SSA) and pore
volume (Vpore) were determined through N2 physisorption at 77
K on a Micromeritics sorptometer Tri Star 3000. Prior to the
measurement, structured catalysts were ground into small
pieces and both, powdered and structured catalysts, were out-
gassed at 250 °C for 3 h.

The crystalline structure was measured through X-ray
diffraction (XRD) on a Bruker D8 Advance diffractometer with
a LynxEve detector side and Ni ltered Cu Ka radiation. Dif-
fractograms were collected in the 2q range of 20–85° with a step
of 0.050° and step time of 1.6 s. The structured catalysts were
ground before the measurements.

The support reducibility and metal–support–SiC interaction
were assessed by hydrogen temperature programmed reduction
(H2-TPR) on a Micromeritics AutoChem II equipped with
a thermal conductivity detector (TCD). Around 50 mg of
powdered or structured catalysts were heated up from RT to 950
°C in a 10 mol% H2/Ar atmosphere with a total ow of 50 mL
min−1 using a heating ramp of 15 °Cmin−1. Before the analysis,
the structured catalysts were ground. The H2-TPR proles
normalized with respect to the mass of catalyst are plotted as
a function of temperature. The support reducibility of each
catalytic system has been estimated as follows:

Reducibility ð%Þ ¼ nH2 ;exp � nH2 ;ðNiO;RuO2Þ
nH2 ;ðFe;CoÞ

� 100

where nH2,exp is the experimental consumption of H2 in mmol,
nH2,(NiO,RuO2) is the mmol of H2 required for fully reducing the
nominal active metal content and nH2,(Fe,Co) is the theoretical
mmol of H2 required to reduce all the reducing species
present in the support, being Fe3+ and Co3+ in the case of
LSCF.

The morphologies of the fresh catalysts deposited on SiC
were evaluated by scanning electron microscopy (SEM) using
a Zeiss GeminiSEM 500 microscope with an electron source
based on the Schottky effect. Aer pre-treatment under a model
ex-biomass gas atmosphere, the catalysts were also analyzed to
determine the morphology of the carbon deposits formed at the
surface.

The amount of the coke generated during toluene reforming
reaction were determined by thermogravimetric analysis (TGA)
on a Q5000 IR from TA instruments. Around 3 mg of spent
catalysts were heated up from RT to 900 °C under air using
a heating ramp of 10 °C min−1. The amount of coke was
4276 | Sustainable Energy Fuels, 2023, 7, 4273–4287
reported as the mass of coke normalized by the mass of Ni
introduced in the reactor (gcoke gNi

−1).

2.4. Catalytic tests

The catalytic tests were performed at atmospheric pressure in
a xed-bed down ow quartz reactor with an internal diameter
of 5 mm in a homemade set up.10 A scheme of the set-up is
reported in Fig. 3S of the ESI.†

Prior to catalytic tests, the catalysts were submitted for in situ
pre-treatment using a total gas ow (wet basis) of 139 N mL
min−1 of a model ex-biomass gas atmosphere generated during
wood gasication (2.8 N mL min−1 of CH4, 13.9 N mL min−1 of
H2O, 16.7 N mL min−1 of CO2, 22.2 N mL min−1 of H2, 27.8 N
mL min−1 of CO, balanced with N2).10 The catalytic bed was
heated up from RT to 500 °C using a heating ramp of 5 °Cmin−1

and the temperature was held for 2 h. The possible modica-
tions in the outlet gas composition during the in situ pre-
treatment were measured using an on-line GC equipped with
a TCD detector.

The catalytic tests were conducted under isothermal condi-
tions at 550 °C for 6 h using the model ex-biomass gas atmo-
sphere previously employed for the pre-treatment and an inlet
toluene content of 13.4 g Nm−3 (toluene gas ow of 0.64 N mL
min−1). These reaction parameters were chosen based on the
data from the wood gasication at the pilot plant scale down-
dra gasier at Offenburg University.10 Due to the differences in
Ni loading achieved through the structuration, the mass of Ni
present in the reactor was kept constant (2.3 mg) for all the
tests, leading to a WHSVtar of 26 h−1 (eqn (1)). Before being
introduced into the reactor, the structured catalysts were
crushed into small pieces, resulting in a catalytic bed with
a height of around 1 cm.

WHSVtar

�
h�1� ¼ total tar mass flow

�
g h�1�

mass of Ni ðgÞ (1)

Two traps arranged in series were used for collecting the
water, the unconverted toluene and condensable by-products
that can be generated during the reforming reaction. The rst
trap was placed in an ice bath and the second one was placed in
dry ice with acetone. The outlet partial molar ow of the gaseous
components versus time, the average toluene conversion
(Xtoluene), the average benzene selectivity (Sbenzene) and the
amount of coke (gcoke gNi

−1) are reported for all the systems of
this study. These parameters and their calculations have been
described in our previous studies9,10.

The carbon balance varied between 0.95 and 0.99 and it was
estimated for each catalytic test as follow:

C ¼ nC;out

nC;in
¼

X

i

Fi;outDti þ nC;tol;out þ nC;coke

X

i

Fi;inti þ nC;tol;in
;

where nC,in and nC,out are the total mmol of carbon at the inlet
and outlet, respectively; Fi,in is the inlet C1 gas ow (CO, CO2

and CH4) in mmol min−1; ti is the time on stream (360 min),
nC,tol,in is the inlet mmol of carbon from toluene; Fi,out is the
This journal is © The Royal Society of Chemistry 2023
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C1 (CO, CO2 and CH4) gas ow in mmol min−1 measured in
each sampling; Dti is the time interval in which the sampling
was performed; nC,tol,out is the mmol of carbon from uncon-
verted toluene and nC,coke is the mmol of carbon from the coke
deposits measured by TGA.

3. Results and discussion
3.1. Characterization of the precursor solution

The specic surface area (SSA) and pore volume (Vpore) of the
supports formed aer the calcination of the resin (LSCFfresh)
and precursor solution (LSCFsolution) are reported in Table 2.
Similar values were found for both materials, suggesting that
the re-dissolution of the resin in water does not inuence the
textural properties of the nal perovskite. Low SSA (7–8 m2 g−1)
and pore volume (0.02–0.04 m2 g−1) were observed, due to the
high calcination temperature required for the formation of the
perovskite.

Diffractograms of the supports are shown in Fig. 2(a). As
previously reported, a perovskite structure with orthorhombic
symmetry (La0.7Sr0.3Fe0.7Co0.3O3−d, JPCD 01-089-1268) as the
predominant phase and lanthanum oxide (La2O3, JPCD 01-083-
1344), as the secondary phase, were observed for LSCFfresh.9 An
additional perovskite phase with hexagonal symmetry (La0.85-
Sr0.15CoO3−d, JPCD 01-153-3518) is observed for LSCFsolution
(Fig. 2(a), inset). Most likely the re-dissolution causes the partial
hydrolysis of the resin, favoring the formation of this new
phase. The shi to higher 2q of the LSCFsolution diffraction peaks
Table 2 Physicochemical properties of supports from resin (LSCFfresh) an
taken from ref. 9

SSA (m2 g−1) Vpore (cm
3 g−1)

LSCFfresh 7 0.04
LSCFsolution 8 0.02

Fig. 2 (a) Diffractograms and (b) H2-TPR profiles of supports obtained f
Data for the support from resin were taken from ref. 9.

This journal is © The Royal Society of Chemistry 2023
when compared with LSCFfresh evidences the contraction of the
lattice. It could be associated with the incomplete insertion of
La/Sr in the LSCF structure due to the formation of the new
perovskite phase generated by the re-dissolution.

The crystalline size (dsupport) and support lattice parameters
(asupport) of the supports are listed in Table 2. The crystalline
sizes were calculated using the Scherrer equation, while lattice
parameters were calculated by assuming a pseudo-cubic struc-
ture.9 The crystalline sizes are not modied aer the re-disso-
lution of the resin, found to be around 17–18 nm. As expected
from the shi in its diffraction peaks (Fig. 2(a)), a smaller lattice
parameter is attained for the LSCFsolution (3.84 Å) with respect to
the LSCFfresh one (3.87 Å). This decrease might be ascribed to
a lower La/Sr content into the LSCF structure as a consequence
of the formation of the new La0.85Sr0.15CoO3−d phase.

Two reduction regions are clearly distinguished in the H2-
TPR proles of the supports (Fig. 2(b)). The rst one at
temperatures below 500 °C (region I) has been ascribed to the
reduction process of Co3+ cations, while the one at temperature
above 500 °C (region II) has been linked to the reduction of Fe3+

species.9 By comparison with LSCFfresh, the re-dissolution of the
resin leads to some modications in the reduction proles of
LSCFsolution. Some new peaks emerge for LSCFsolution in region I,
giving rise to a barely different shape in comparison with
LSCFfresh. It has been reported that the reducibility of Co species
is widely affected by the chemical environment such as location
and coordination number into the structure,34 with the reduc-
tion temperature of these species being structurally sensitive.
d precursor solution (LSCFsolution). Data for the support from resin were

dsupport (nm) asupport (Å) Reducibility (%)

17 3.87 29
18 3.84 31

rom the resin (LSCFfresh) and from the precursor solution (LSCFsolution).
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Therefore, it could be assumed that the chemical environment
of the Co species in the LSCF structure changed aer the re-
dissolution of the resin. The formation of a secondary perov-
skite aer the re-dissolution (La0.85Sr0.15CoO3−d), conrmed by
XRD, might cause these changes in the reduction temperature
and shape. In contrast to LSCFfresh, two reduction peaks are
displayed for LSCFsolution in region II, most likely ascribed to the
reduction of Fe4+/3+ into Fe3+/2+.35 However, it is rather difficult
to clarify the different reduction processes that may occur due
to the complex composition of these materials. The support
reducibility (Table 2) was estimated by considering only Co/Fe
as the reducible species in the perovskite structure. Although
the re-dissolution of the resin affects the reduction processes,
modifying the chemical environment, it does not inuence the
support reducibility (∼30%).

3.2. Characterization results

Diffractograms of the powders and structured catalysts are
presented in Fig. 3. A perovskite with orthorhombic symmetry
(La0.7Sr0.3Co0.3Fe0.7O3−d, JPCD 01-089-1268) remains as the
main phase for Ni/LSCFpowder (Fig. 3(a)). The formation of
LaNiO3, evidenced for Ni/LSCFpowder in a previous study,
explains the absence of La2O3 and NiO in its diffractogram.9

These crystalline phases are modied aer the catalytic struc-
turation. Reection peaks mainly associated with b-SiC (JPCD
00-101-0995) are evidenced for the bare SiC (Fig. 3(b)). The small
peak at 33.5° evidences the formation of a-SiC caused by the
presence of stacking faults in the (111) reticular plane.36 Only
reection peaks with low relative intensity ascribed to La2O3 are
observed for LSCF/SiC. This might be due to the hydrolysis of
the resin during its re-dissolution, suggesting that the forma-
tion of the individual oxides prevails over the perovskite mixed
oxide for the structured catalysts. The intensity of the reection
peak related to La2O3 decreases for Ni/LSCF/SiC (Fig. 3(b),
inset). This fact might denote the generation of LaNiO3 aer Ni
impregnation, as it has been shown for Ni/LSCFpowder. Addi-
tional reection peaks at 44 and 62° linked to a cubic NiO phase
(JPCD 03-065-2901) are observed for Ni/LSCF/SiC.

A comparison between the H2-TPR proles of powders
(dotted lines) and structured (solid lines) catalysts is shown in
Fig. 3 Diffractograms of (a) powdered and (b) structured catalysts. (Dat

4278 | Sustainable Energy Fuels, 2023, 7, 4273–4287
Fig. 4(a). The TPR of the powders shows two reduction regions,
previously ascribed to the reduction of the Co (region I) and Fe
(region II) species.9 The reduction of the Ni species, existing as
LaNiO3 in the (Ru)Ni/LSCFpowder, and the reduction of Co
species can simultaneously occur in region I.9,37 An additional
reduction peak at low temperature is observed for both Ni/
LSCFpowder and RuNi/LSCFpowder, which have been respectively
linked to the reduction of NiO and RuO2 having a weak metal–
support interaction.9

The structuration leads to some changes in the reduction
proles in terms of the shape and reduction temperature by
comparison with the powders. The same as for LSCFsolution, two
regions are also found for LSCF/SiC. Region I shows a simpler
shape for LSCF/SiC than for LSCFsolution, indicating that the
structuration slightly modies the phases formed on the SiC.
According to the XRD results (Fig. 3(b)), it may be difficult to
generate the perovskite mixed oxide (La0.6Sr0.4Co0.2Fe0.8O3−d),
since the re-dissolution of the resin causes its hydrolysis, facili-
tating the formation of the individual oxides. A single peak
centered at 620 °C for LSCF/SiC is observed in region I and
a main reduction peak is shown at 830 °C in region II. Reduction
peaks of the Co3O4 in weak interaction with the SiC are reported
at temperatures around 300–400 °C.38,39 According to D́ıaz et al.,
reducible cobalt silicate, as a consequence of a strong Co–SiC
interaction, could also be formed, being reduced at 600 °C.39 The
temperature required for reducing the Co species in LSCF/SiC
suggests the formation of Co3O4 species in strong interaction
with the SiC or the formation of cobalt silicates. The peak at 830 °
C is ascribed to the reduction of Fe species. Both regions are
shied to higher temperatures for LSCF/SiC than LSCFsolution,
indicating that a strong LSCF–SiC interaction is accomplished
through the structuration. This fact explains the negligible mass
loss previously observed aer the ultrasound test.

Two reduction regions are also observed for Ni/LSCF/SiC.
Although the NiO phase was observed by XRD for Ni/LSCF/SiC
(Fig. 3(b)), the reduction peak at 270 °C displayed for Ni/
LSCFpowder, linked to NiO species in weak interaction with the
LSCF, is no longer observed for the structured catalyst. It might
be possible that NiO species in strong interaction with the SiC
are favored through the catalytic structuration. The same as for
a for the powders were taken from ref. 9.)

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 H2-TPR profiles of (a) powders and structured LSCF and (b) structured catalysts. (Data for the powders were taken from ref. 9.)
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RuNi/LSCFpowder, a small reduction peak is observed at low
temperature for RuNi/LSCF/SiC, ascribed to the reduction of
RuO2.9 The shi of region I to higher temperature for RuNi/
LSCF/SiC than for RuNi/LSCFpowder indicates, once again, that
phases having a strong interaction with the SiC are formed for
the structured catalysts.

In order to identify the Ni species generated through the
structuration, Ni was directly impregnated on SiC extrudates
(Ni/SiC), following the same coating procedure as previously
described. The H2-TPR proles of the Ni/SiC and structured
catalysts are reported in Fig. 4(b). Three characteristic peaks can
be distinguished in the reduction prole of Ni/SiC. The rst two
are partially overlapped and placed at relatively low temperature
(350 and 500 °C), while the third one is found at high temper-
ature (830 °C). The peak at 350 °C has been widely related to the
reduction of bulk NiO having a weak interaction with SiC,21,40–44

while the assignment of the peaks shown at higher tempera-
tures (500 and 830 °C) is debated. Reduction peaks at 620 and
820 °C associated with the thermal decomposition of layered Ni
silicates were observed for Ni/SiO2.45 Three reduction peaks at
temperatures around 400, 560 and 700 °C were reported for Ni/
SiO2 catalysts with different Ni loadings.41 The peaks at 400 and
560 °C were respectively ascribed to the reduction of NiO
species having a weak and strong interaction with the SiO2,
whereas the peak at temperatures higher than 700 °C was
ascribed to the reduction of nickel silicates. This peak placed at
high temperature (>700 °C) has also been associated with the
reduction of the nickel silicate in other studies.21,42 Therefore,
the reduction peak at 500 °C observed for Ni/SiC might be
attributed to NiO species having a strong interaction with the
SiC and the one shown at 830 °C might be linked to the
reduction of nickel silicates. The same reduction peaks as for
Ni/SiC are distinguished for Ni/LSCF/SiC, indicating that LSCF
does not fully cover the SiC surface, with part of the NiO species
being in close interaction with the SiC. The H2 consumption
observed between 500 and 650 °C for Ni/LSCF/SiC is related to
the reduction of LSCF. Thus, NiO species having weak and
strong interaction with the SiC and nickel silicate are also
This journal is © The Royal Society of Chemistry 2023
formed aer Ni impregnation on the LSCF/SiC. The reduction
prole slightly changes when Ru is added. The RuNi/LSCF/SiC
material no longer exhibits the reduction peak at 500 °C,
showing only one broad reduction peak in the temperature
range of 300–500 °C. This fact could suggest that a strong Ru–Ni
interaction is attained, favoring the reduction of NiO species
with strong Ni–SiC interaction. The higher H2 consumption
achieved for RuNi/LSCF/SiC than for Ni/LSCF/SiC in the
temperature range between 300 and 500 °C clearly evidences
that the presence of Ru promotes the reduction of NiO.

The support reducibility of the powders and structured
catalysts is reported in Table 2S of the ESI.† Regarding the
powders, the addition of Ni on LSCF improved the support
reducibility, increasing from 31% for LSCFsolution to 54% for Ni/
LSCFpowder. The same support reducibility as for Ni/LSCFpowder
is found aer the addition of Ru (56% for RuNi/LSCFpowder). As
previously reported, the addition of Ru favored the reduction of
Ni, but did not affect the support reducibility.9 The structura-
tion leads to a severe decrease in the H2 consumption, found to
be around three times lower for LSCF/SiC (1.4 mmol gcatalyst

−1)
than for LSCFsolution (4.4 mmol gcatalyst

−1). Consequently, the
support reducibility decreases from 30% to 10% when the LSCF
is deposited on the SiC (Table 2S†). As the XRD and H2-TPR
results suggest, the structuration most likely led to the forma-
tion of other phases, i.e., individual oxides or cobalt silicate,
which display lower reducibility than the perovskite mixed
oxide. As expected, the support reducibility of structured cata-
lysts increases by adding Ni (∼40% for Ni/LSCF/SiC), being
slightly lower than the value found for the Ni/LSCFpowder
(∼55%). The same support reducibility as for Ni/LSCF/SiC is
displayed for RuNi/LSCF/SiC (∼40%). This indicates that the
addition of Ru only promotes the reduction of NiO, as it was
observed for the powders.9 This fact is in good agreement with
the increase in the H2 consumption observed in the TPR prole
of RuNi/LSCF/SiC at low temperature (300–500 °C) (Fig. 4(b)),
mainly ascribed to the reduction of the NiO species. Although
a decrease in the support reducibility is achieved through the
structuration due to the formation of different phases, the
Sustainable Energy Fuels, 2023, 7, 4273–4287 | 4279
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behavior of the structured catalysts is similar to that of the
corresponding powders.

SEM images of the powdered LSCF (LSCFsolution) and struc-
tured catalysts are reported in Fig. 5. Due to the high calcination
temperature used, spherical and non-porous particles are found
for the LSCFsolution (Fig. 5(a)). Particles with similar morphology
to the powdered LSCF are shown for LSCF/SiC (bright zones of
Fig. 5(b)). Another kind of morphology, like a spider web, is
exhibited for the deposited LSCF on SiC (Fig. 5(c)). Elements such
as Sr, Co and Fe are found for LSCF/SiC by EDX analysis, reported
in Fig. 5S of the ESI.† The presence of these elements, which were
not previously observed by XRD (Fig. 3(b)), indicates that indi-
vidual oxides are likely formed through the structuration. The
impregnation of Ni over LSCF/SiC does not modify the
morphology of the LSCF deposited, as shown in the bright zones
in Fig. 5(d). The presence of Ni and the elements from LSCF (La,
Sr, Co and Fe) are observed in the bright zones of Ni/LSCF/SiC (A1
and A3, Fig. 6S†), while Ni is no longer observed in the dark zones
(A2 and A4, Fig. 6S†). This suggests that a heterogeneous
dispersion of Ni over LSCF/SiC is attained. Rather big particles
with “spherical” (Fig. 5(e)) and ower morphology (Fig. 5(f)) are
observed for RuNi/LSCF/SiC. The bright particles are related to
Ru (A1–A3, Fig. 7S†) and the owers are ascribed to Ni (A1 and A2,
Fig. 8S†). Although some elements linked to LSCF are shown in
the EDX analyses for RuNi/LSCF/SiC (A3, Fig. 8S†), part of the Ru
and Ni seems to be in direct contact with the SiC, being consis-
tent with the TPR results already discussed.

3.3. In situ pre-treatment under a model ex-biomass
atmosphere

The molar ow of each gaseous compound at the inlet
and outlet of the reactor during the pre-treatment of the
Fig. 5 SEM images of (a) LSCFsolution, (b and c) LSCF/SiC, (d) Ni/LSCF/SiC

4280 | Sustainable Energy Fuels, 2023, 7, 4273–4287
catalysts under model ex-biomass gas is reported in Fig. 6 for
the powders (dotted lines) and structured catalysts (solid
lines). All the catalysts show a strong consumption of CO
with a simultaneous production of CO2 and CH4 at tempera-
tures around 270–360 °C. Although the evolution of these
molar ows might suggest that water gas shi
ðWGS; COþH2O4H2 þ CO2; DH

�
298 ¼ �41 kJ mol�1Þ

and/or CO methanation
ðCOþ 3H24CH4 þH2O; DrH

�
298 K ¼ �206 kJ mol�1Þ simulta-

neously occur, a stable catalytic surface could not be reached
due to the short time on stream. Therefore, additional tests to
explain the occurrence of these reactions and draw more
accurate conclusions are required. Despite that, the noteworthy
variation of the outlet partial molar ows displayed for all the
materials indicates that the reduction of NiO under these pre-
treatment conditions is successfully achieved.

Aer the pre-treatment, the presence of carbonaceous
deposits is found on the surface of both Ni/LSCFpowder (Fig. 7(a))
and Ni/LSFC/SiC (Fig. 7(c)), while only perovskite particles were
previously observed for the fresh ones (Fig. 5). Filamentous
carbons such as carbon nanobers (CNFs) or carbon nanotubes
(CNTs) are mainly generated at the catalytic surface aer the
pre-treatment in a model ex-biomass gas atmosphere. The
presence of the Ni particles on the top of the lamentous carbon
is evidenced for the Ni/LSCFpowder when the chemical contrast
mode in the SEM analysis is used (Fig. 7(b)). This type of coke,
well known as whisker carbon, is usually formed at reaction
temperatures above 450 °C and, according to the literature, they
are mainly formed through the Boudouard reaction or decom-
position of methane or light hydrocarbons.46 These laments
appear to cover the surface of the LSCF particles (bright zones)
and the SiC (dark zones) for Ni/LSCF/SiC (Fig. 7(d)). Therefore, it
and (e and f) RuNi/LSCF/SiC.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Molar flows of gaseous components at the inlet and outlet of the reactor during the pre-treatment under a model ex-biomass
atmosphere.
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seems that the migration of the Ni at the top of the laments is
inhibited when the catalyst is deposited on SiC. Two growth
mechanisms of these carbonaceous deposits were widely
described in the literature for the Ni-based catalysts: (i) the
base-growth and (ii) the tip-growth mechanism.47 In the former
one, the metal particle remains attached to the support,
Fig. 7 SEM images with topological (right) and chemical (left) contrast o

This journal is © The Royal Society of Chemistry 2023
whereas these particles li off the surface and placed at the top
of the carbon nanotubes or laments in the later.47 The type of
growth mechanism is closely related to the metal–support
interaction, with the base growth being highly encouraged
when the interaction is strong and the tip-growth when it is
weak.48,49 The use of a model ex-biomass gas atmosphere
f (a and b) Ni/LSCFpowder and (c and d) Ni/LSCF/SiC.

Sustainable Energy Fuels, 2023, 7, 4273–4287 | 4281
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respectively promotes the tip- and base-growth mechanisms of
the carbon deposits for Ni/LSCFpowder and Ni/LSCF/SiC. This
indicates that the strength of the Ni–support interaction is
modied by the catalytic structuration, becoming stronger than
for the powders. This fact is in accordance with the TPR results
previously discussed, in which the presence of NiO species
having a strong interaction with the SiC and the formation of Ni
silicates were evidenced for Ni/LSCF/SiC.

The nature as well as the amount of coke deposits generated
during this pre-treatment have been evaluated by TGA for one of
the powders (Ni/LSCF). The derivative of the TGA curve versus
the temperature is reported in Fig. 4S of the ESI† for Ni/
LSCFpowder. An amount of coke of 0.064 gcoke gNi

−1 was found for
Ni/LSCFpowder, with the oxidation temperature of these deposits
being 480 °C. Several studies have reported the relationship
between the nature of the carbon deposits and their oxidation
temperature. It has been observed that amorphous carbon
deposits are easily oxidized at relatively low temperatures (<500
°C), whereas carbon allotropes such as lamentous carbon
(CNFs) or carbon nanotubes (CNTs) need higher oxidation
temperatures (500–600 °C) since they are more stable than the
amorphous one.50–53 The graphitic or structural carbon, such as
graphite, is usually oxidized at temperatures between 600 and
800 °C.51 As can be seen in Fig. 4S of ESI,† an oxidation
temperature of 480 °C is required to oxidize the carbonaceous
species formed at the surface of both materials. This elucidates
the generation of CNFs or CNTs with an amorphous character
aer pre-treatment in a model ex-biomass gas atmosphere,
being in good agreement with the morphology found by SEM
(Fig. 7).

3.4. Catalytic activity in toluene reforming

The catalysts pre-treated under model ex-biomass gas were
tested in the toluene reforming reaction at relatively low
temperature to investigate the effect of the catalytic structura-
tion and the pre-treatment on the catalytic performance.

The average toluene conversion, the selectivity to benzene
and the amount of coke deposited at the catalytic surface
normalized by the mass of nickel (gcoke gNi

−1) are reported in
Table 3. As is shown, Ni/LSCF is not efficient in tar removal,
reaching an average toluene conversion close to zero and
a relatively high amount of coke deposits (21 gcoke gNi

−1).
Ruthenium slightly improves the catalytic activity in toluene
reforming and the resistance to coke deposits of the bare Ni/
LSCF. Thus, an average toluene conversion of 19% and
a decrease by a factor of 2 in the amount of coke deposits (10
gcoke gNi

−1) are found for RuNi/LSCF. However, the selectivity to
Table 3 Reaction conditions, average toluene conversion, selectivity to
reforming at 550 °C for 6 h

mcata (mg) mNi (mg) WHSVgas (h
−1)

Ni/LSCF 23 2.3 370
RuNi/LSCF 23 2.3 370
Ni/LSCF/SiC 32 2.5 270
RuNi/LSCF/SiC 42 2.1 203

4282 | Sustainable Energy Fuels, 2023, 7, 4273–4287
benzene increases when Ru is added, found to be quite high
(10%). An improvement in the performance in toluene
reforming is observed for the structured catalysts when
compared with the powders. The average toluene conversion
increases from less than 5 for Ni/LSCF to 22% for Ni/LSCF/SiC
and the amount of coke decreases from 21 gcoke gNi

−1 for Ni/
LSCF to 5 gcoke gNi

−1 for Ni/LSCF/SiC. A selectivity to benzene
close to 10% is shown for Ni/LSCF/SiC. The same as for the
powders, the addition of Ru on Ni/LSCF/SiC enhances the
catalytic activity in toluene reforming, reaching the highest
toluene conversion (55%). The amount of coke slightly
increases for RuNi/LSCF/SiC (16 gcoke gNi

−1) compared to Ni/
LSCF/SiC (5 gcoke gNi

−1) and RuNi/LSCF (10 gcoke gNi
−1). This

increase in the coke deposits is in concordance with the rela-
tively high activity in toluene reforming displayed for the RuNi/
LSCF/SiC. Moreover, a decrease in the selectivity to benzene is
also observed when RuNi/LSCF is structured, reaching a value of
4% for RuNi/LSCF/SiC.

The variations of the molar ow of the gaseous components
(H2, CO, CO2 and CH4) versus the time are plotted in Fig. 8 for
the powders (dotted lines) and structured catalysts (solid lines).
The impact of steam reforming reaction on the changes in the
outlet C1 gas ows could be considered negligible due to the
rather low inlet gas ow of tar injected (0.19 mmolC min−1) with
respect to the total inlet carbon (2.33 mmol min−1). Both
powders, Ni/LSCF and RuNi/LSCF, display a strong consump-
tion of CO and a simultaneous production of H2 and CO2, with
the production of CH4 being negligible. This indicates that both
catalysts show relatively high catalytic activity in the WGS
reaction, while they are rather inactive in CO methanation. This
behavior has been previously observed for these materials
under the same reaction conditions using H2 as a pre-treatment
atmosphere. Their relatively high catalytic activity in WGS was
linked to the high content of Sr found by XPS at their surface,
which favored the water adsorption and promoted the WGS
reaction.9 The extremely low production of H2 and CO2 shown
for Ni/LSCF/SiC evidences the lower activity in the WGS reaction
of the Ni/LSCF/SiC than Ni/LSCF. The structuration of RuNi/
LSCF on SiC also modies the catalytic performance of the
powder. The production of CH4 and the consumption of CO
attained at the rst 150 min of the test for RuNi/LSCF/SiC
suggest that CO methanation prevails over WGS. The activity of
a given catalyst in WGS or CO methanation is widely governed
by several factors such as particle size, catalytic support and/or
reaction conditions.54 As aforementioned, the structuration
leads to some changes in the phases deposited, generating
individual oxides as well as cobalt and nickel silicates, which
benzene and mass of coke deposits per mass of nickel during toluene

WHSVtar (h
−1) Xtoluene (%) Sbenzene (%) gcoke gNi

−1

26 <5 — 21
26 19 10 10
24 22 7 5
28 55 4 16

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Molar flows of gaseous components at the inlet and outlet of the reactor during toluene reforming at 550 °C for 6 h.
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may explain the differences in catalytic performance found
between (Ru)Ni/LSCF and (Ru)Ni/LSCF/SiC. Moreover, it has
been reported that SiC is quite inactive in WGS when compared
with other mixed oxides,18 which can also explain the low
catalytic activity in WGS of the structured catalysts.

The morphology of the carbonaceous deposits was evaluated
for the spent catalysts by SEM. The images are reported in
Fig. 11S of the ESI† for both powders and structured catalysts.
As observed aer the pre-treatment (Fig. 7), lamentous carbon
is generated, suggesting that the presence of toluene in the fed
did not inuence the morphology of the coke deposits. The
same morphology was observed in these materials aer toluene
reforming when the pre-treatment was conducted in a H2

atmosphere.9 Its formation was associated with the reaction
temperature used and some gaseous components present in the
ex-model biomass atmosphere such as CO and CH4.9,50

An average toluene conversion of 54% for Ni/LSCF and 82%
for RuNi/LSCF has been previously reached under the same
reaction conditions when these catalysts were pre-treated in
a H2 atmosphere.9 Aer the pre-treatment under a model ex-
biomass gas atmosphere, both powders are still active in the
WGS reaction while their catalytic activity in toluene reforming
is quite poor. The catalytic activity in the WGS reaction exhibi-
ted for Ni/LSCF during tar reforming was mainly ascribed to the
activity of the support (LSCF) and the activity in the tar
reforming reaction was associated with the activity of the
metallic Ni.9 In order to verify that the catalytic activity in WGS
This journal is © The Royal Society of Chemistry 2023
evidenced for (Ru)Ni/LSCF in Fig. 8 comes from the activity of
the support (LSCF), a comparison between the outlet molar
ows of the bare LSCF and (Ru)Ni/LSCF is reported in Fig. 9S of
the ESI.† The partial molar ows at the outlet of the reactor are
quite similar for all the materials (Fig. 9S†), highlighting that
the catalytic activity in the WGS reaction comes from the
support. This fact indicates that the support remains active
aer the pre-treatment in the model ex-biomass gas atmo-
sphere. Therefore, the decient catalytic activity exhibited for
Ni/LSCF in toluene reforming suggests that Ni particles become
relatively inactive when the catalyst is pre-treated in the ex-
biomass model gas atmosphere.

The whisker-like carbon deposits found at the surface of Ni/
LSCF aer the pre-treatment in the model ex-biomass gas
atmosphere (see Fig. 7(a)) displayed a tip-growth mechanism
because of the weak metal–support interaction. Some
researchers reported an enhancement in the catalytic activity
due to an increase in themetallic Ni surface as a consequence of
this type of carbon growth mechanism. For instance, Souza
et al.55 pre-reduced Ni-based catalysts using a CH4/O2 atmo-
sphere and compared their activity with those pre-treated under
H2. The formation of lamentous carbon during the pre-treat-
ment in the CH4/O2 atmosphere encouraged the dispersion of
Ni, leading to an improvement of the catalytic performance. He
et al.49 investigated the growth mechanism of the CNTs during
steam reforming of toluene over Ni/a-Al2O3 and Ni/g-Al2O3.
Completely different catalytic behavior during toluene
Sustainable Energy Fuels, 2023, 7, 4273–4287 | 4283
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reforming was observed for the two catalysts. This was ascribed
to the type of growth mechanism of the carbon deposits. The
catalytic performance was found to be better for the Ni/a-Al2O3

than for Ni/g-Al2O3, which was ascribed to the improvement of
the Ni dispersion by the tip growth mechanism of the CNTs.
However, others reported a decline in the catalytic performance
associated with the loss of the Ni–support interaction by
detachment of Ni from the catalytic surface.50 Therefore, this
absence of activity in toluene reforming of the powders could be
associated with the loss of the metal–support interaction by
detachment of Ni from the catalytic support caused by the
generation of the whisker carbon during the pre-treatment.
Indeed, the tip-growth mechanism leads to a new catalyst,
mostly based on Ni deposited on lamentous carbon, which
does not display catalytic activity in toluene reforming. More-
over, the presence of CO chemisorbed on Ni, or the high
amount of coke accumulated at the surface of the Ni/LSCF could
also decrease the accessibility of Ni, decreasing its activity. The
addition of Ru over Ni/LSCF improves the toluene conversion,
although this conversion is still low (19%) and it is mainly
converted in benzene (selectivity to benzene of 10%). In
a previous study, better dispersion of the metals caused by
a stronger metal–perovskite interaction has been observed by
TEM for RuNi/LSCF with respect to Ni/LSCF (see Fig. 10S†).9

This improvement in the metal dispersion owing to the pres-
ence of Ru could explain the slightly better catalytic perfor-
mance of RuNi/LSCF in toluene reforming compared to Ni/
LSCF. Moreover, the resistance to coke formation is also
enhanced by the presence of Ru, making a high number of Ni
active sites available.

Generally, the catalytic structuration improved the efficiency
in tar removal. A decrease in the amount of coke and an
increase in toluene conversion were found when the catalysts
were structured on SiC extrudates. Several studies have reported
an improvement in the catalytic activity when SiC was used as
a carrier material or support. The high thermal conductivity of
SiC inhibits the cold/hot spots and thermal shocks caused in
the catalytic surface by the exothermicity or endothermicity of
the reactions, keeping it under quasi isothermal condi-
tions.28,56,57 This avoids sintering and reduces the formation of
coke deposits at the surface of the catalyst. Tar reforming and
CO methanation are respectively highly endothermic and
exothermic reactions and can lead to the formation of cold/hot
spots in the catalytic surface, promoting the formation of coke
and sintering of the metal particles. Therefore, the improve-
ment in the activity in toluene reforming by structuring the
catalysts highlights that the use of SiC as a carrier material
helps to mitigate the uneven heat distribution at the surface of
the catalyst and, thus, improves the resistance to coke forma-
tion. Moreover, the strong NiO–SiC interaction induced by the
structuration might also inuence the efficiency in tar removal.
As previously discussed, this strong interaction favors the base-
growth mechanism of the carbon deposits generated at the
surface of the structured catalysts aer the pre-treatment,
hindering the detachment of Ni from the support. Moreover, it
has been reported that a strong NiO–support interaction
inhibits Ni agglomeration by limiting the migration of Ni
4284 | Sustainable Energy Fuels, 2023, 7, 4273–4287
particles on the surface of the support.42 Thus, the presence of
NiO having strong interaction with the SiC achieved through the
structuration might limit or inhibit: (i) the detachment of Ni
from the support/carrier material during the pre-treatment
under the ex-biomass model gas atmosphere, since the base-
growth mechanism prevails over the tip-growth one and (ii) the
sintering of Ni that can occur during the pre-treatment or the
catalytic test.

4. Conclusions

For the industrial use of (Ru)Ni/LSCF catalysts as secondary
catalysts in a small biomass gasication installation, their
catalytic structuration on SiC extrudates was conducted. The
pre-treatment using a model ex-biomass gas atmosphere was
performed for all the catalysts to verify its efficiency in reducing
NiO/RuO2 species. The inuence of the structuration and pre-
treatment on the physicochemical properties and catalytic
activity of the catalysts in toluene reforming was investigated
and the results were compared with those of the respective
powders.

The catalytic structuration modied the crystalline phases
and the interaction of them with the SiC. The formation of the
individual oxides and silicates instead of the perovskite mixed
oxide was favored through catalytic structuration. The metal–
support–SiC interaction was also changed when the catalysts
were structured on SiC. The phases deposited on SiC had
stronger interaction with SiC than the one observed in the
powders. Although lamentous carbon is formed during the
pre-treatment, both systems, powders and structured catalysts,
were successfully reduced using a model ex-biomass atmo-
sphere. The catalytic activity in toluene reforming was quite
poor for the powders due to the high deactivation by coke and
the detachment of Ni from the support caused by the pre-
treatment. Generally, an improvement in the catalytic perfor-
mance in toluene reforming was attained when the catalysts
were structured on SiC. The structuration improved the resis-
tance to coke formation, likely due to the high conductivity of
SiC, which allowed an even temperature distribution in the
catalytic surface. Besides, the strong Ni–SiC interaction reached
through the structuration hindered the detachment of Ni from
the surface. Therefore, it can be concluded that structuration of
catalysts on SiC extrudates is a promising strategy for the
preparation of secondary catalysts that will be further used for
tar removal in a downstream reactor during biomass
gasication.
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22 J. M. Garćıa-Vargas, J. L. Valverde, J. D́ıez, P. Sánchez and
F. Dorado, Preparation of Ni–Mg/b-SiC Catalysts for the
Methane Tri-Reforming: Effect of the Order of Metal
Impregnation, Appl. Catal., B, 2015, 164, 316–323, DOI:
10.1016/j.apcatb.2014.09.044.

23 A. R. Kim, H. Y. Lee, D. H. Lee, B.-W. Kim, C.-H. Chung,
D. J. Moon, E. J. Jang, C. Pang and J. W. Bae, Combined
Steam and CO2 Reforming of CH4 on LaSrNiOx Mixed
Oxides Supported on Al2O3 -Modied SiC Support, Energy
Fuels, 2015, 29, 1055–1065, DOI: 10.1021/ef501938v.
Sustainable Energy Fuels, 2023, 7, 4273–4287 | 4285

https://doi.org/10.1016/j.jaap.2021.105314
https://doi.org/10.1007/s12649-021-01446-6
https://doi.org/10.1007/s12649-021-01446-6
https://doi.org/10.1021/acs.energyfuels.6b01642
https://doi.org/10.1021/acs.energyfuels.6b01642
https://doi.org/10.1016/j.rser.2012.12.062
https://doi.org/10.1016/j.rser.2019.109486
https://doi.org/10.1016/j.rser.2019.109486
https://doi.org/10.1016/j.egypro.2014.01.027
https://doi.org/10.1016/j.egypro.2014.01.027
https://doi.org/10.1016/j.rser.2015.09.030
https://doi.org/10.1016/j.ijhydene.2016.05.233
https://doi.org/10.1016/j.ijhydene.2016.05.233
https://doi.org/10.1016/j.apcatb.2021.120687
https://doi.org/10.1016/j.apcatb.2021.120479
https://doi.org/10.1021/ie9801960
https://doi.org/10.1021/i300014a009
https://doi.org/10.1021/ef970097j
https://doi.org/10.1021/ef980250p
https://doi.org/10.1016/j.ces.2018.11.028
https://doi.org/10.1016/j.ces.2018.11.028
https://doi.org/10.1016/j.cattod.2008.10.019
https://doi.org/10.1002/cssc.201100821
https://doi.org/10.1016/j.apcata.2012.04.016
https://doi.org/10.1016/j.apenergy.2013.02.039
https://doi.org/10.1016/j.apcatb.2013.11.013
https://doi.org/10.1016/j.apcatb.2014.09.044
https://doi.org/10.1021/ef501938v
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D3SE00705G


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
24

 6
:1

8:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
24 Q. Wei, G. Yang, Y. Yoneyama, T. Vitidsant and N. Tsubaki,
Designing a Novel Ni–Al2O3–SiC Catalyst with a Stereo
Structure for the Combined Methane Conversion Process
to Effectively Produce Syngas, Catal. Today, 2016, 265, 36–
44, DOI: 10.1016/j.cattod.2015.08.029.

25 Q. Wei, G. Yang, X. Gao, N. Yamane, P. Zhang, G. Liu and
N. Tsubaki, Ni/Silicalite-1 Coating Being Coated on SiC
Foam: A Tailor-Made Monolith Catalyst for Syngas
Production Using a Combined Methane Reforming
Process, Chem. Eng. J., 2017, 327, 465–473, DOI: 10.1016/
j.cej.2017.06.109.

26 H. Nam, Z. Wang, S. R. Shanmugam, S. Adhikari and
N. Abdoulmoumine, Chemical Looping Dry Reforming of
Benzene as a Gasication Tar Model Compound with Ni-
and Fe-Based Oxygen Carriers in a Fluidized Bed Reactor,
Int. J. Hydrogen Energy, 2018, 43, 18790–18800, DOI:
10.1016/j.ijhydene.2018.08.103.

27 Z. Zhang, G. Zhao, G. Bi, Y. Guo and J. Xie, Monolithic SiC-
Foam Supported Ni-La2O3 Composites for Dry Reforming
of Methane with Enhanced Carbon Resistance, Fuel
Process. Technol., 2021, 212, 106627, DOI: 10.1016/
j.fuproc.2020.106627.

28 Z. Zhang, G. Zhao, W. Li, J. Zhong and J. Xie, Key Properties
of Ni/CeAlO3-Al2O3/SiC-Foam Catalysts for Biogas
Reforming: Enhanced Stability and CO2 Activation, Fuel,
2022, 307, 121799, DOI: 10.1016/j.fuel.2021.121799.

29 M. Frey, T. Romero, A. C. Roger and D. Edouard, Open Cell
Foam Catalysts for CO2 Methanation: Presentation of
Coating Procedures and In Situ Exothermicity Reaction
Study by Infrared Thermography, Catal. Today, 2016, 273,
83–90, DOI: 10.1016/j.cattod.2016.03.016.

30 A. Waldvogel, Mise au point d'un catalyseur performant pour
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