
Bi-Reforming of Biogas for Hydrogen
Production with Sulfur-Resistant
Multimetallic Catalyst

A multimetallic sample, NiCeSnRh/Al2O3, was tested in methane reforming with
a CH4:H2O:CO2 molar ratio equal to 3:2:1. A very stable methane conversion with
the time-on-stream was achieved during 20 h. Dimethyl sulfide served as a model
sulfur molecule and a sulfurized sample was also tested. This achieved slightly
lower conversion with a stable performance for more than 10 h and a minor but
continuous decrease of its activity, after this period. The carbon dioxide conver-
sion was always higher than the methane conversion in agreement with the lower
H2/CO ratio observed with respect to the theoretical value, 2/1, indicating the sul-
fur might block the active sites for H2O activation. The analysis of the used cata-
lysts showed graphitic and disordered carbon deposits.
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1 Introduction

Nowadays, the growing biogas production from agriculture
wastes, underutilized resources, or sewage sludge favors the
application of this raw material as a source of H2 or syngas [1].
The composition of the biogas depends on the biomass source
but it can be assumed that it is a wet mixture mainly composed
of CH4 and CO2 [2]. Methane can be catalytically converted
into a syngas stream by a reforming procedure. An alternative
technology is the combined reforming also known as bi-re-
forming of methane (BRM), Eq. (1), a combination of the two
well-known technologies, the steam methane reforming
(SMR), Eq. (2), and the dry reforming of methane (DRM),
Eq. (3). This approach is capable of obtaining a theoretical
H2/CO ratio equal to 2/1 which is suitable for Fischer-Tropsch
synthesis [3, 4], but also minimizes the CO2 emissions and coke
deposition by methane decomposition according to Eqs. (4),
and (5).

3CH4 þ 2H2Oþ CO2 �! 4COþ 8H2 DH ¼ 659 kJ mol�1

(1)

CH4 þH2O �! COþ 3H2 DH ¼ 206 kJ mol�1 (2)

CH4 þ CO2 �! 2COþ 2H2 DH ¼ 247 kJ mol�1 (3)

CH4 �! Cþ 2H2 DH ¼ 75 kJ mol�1 (4)

2CO �! Cþ CO2 DH ¼ �172 kJ mol�1 (5)

The major downside of the biogas is that it carries some
sulfur components such as H2S, dimethyl sulfide (DMS), or
methyl mercaptan [5], which are poisons for the conventional
reforming catalysts. In the present work, DMS was used as a
model molecule for this sulfur poison and a multimetallic sam-
ple catalyst was tested under BRM conditions of synthetic bio-
gas NiCeSnRh/Al2O3.

Ni has been employed as a traditional component of meth-
ane reforming catalysts and more recently, the combination
between Ni and ceria (Ce) has proven to be useful to enhance
the activity of the catalysts and to carry out the SRM reaction
at slightly lower temperatures due to the redox synergy be-
tween these components [6]. As well, an improved perfor-
mance should also be expected due to the addition of Sn by
two different features. Firstly, it was observed that the interac-
tion between Ni-Sn improved the propensity to oxidize
attached carbon atoms [7]. Secondly, it was concluded by
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Density Functional Theory (DFT) calculations that a Ni/Sn
surface alloy exhibited enhanced sulfur resistance [8].

Otherwise, in a previous work it was reported that a Ni-Rh
alloy improved the coke gasification of the monometallic Ni
solids in the CO2 and CO2+H2O reforming of methane [9]. In
addition, this promoter may be also useful to improve the resis-
tance to sulfur poisons present in the biogas stream. Ocsacho-
que et al. studied the deactivation by sulfur on these two active
metals, Ni and Rh supported over Ce, by conducting a theoreti-
cal study by DFT. The authors have simulated the surface of
the samples exposed to H2S and demonstrated that Rh-sup-
ported Ce showed a higher tolerance to sulfur content in com-
parison with Ni/CeO2 due to the fact that desorption of S–O
species from Rh/CeO2 is more favorable [10].

2 Experimental

A multimetallic NiCeSnRh/Al2O3 sample was obtained by
simultaneous incipient wetness impregnation of the alumina
support (SBET = 246 m2g–1, Vp= 0.76 cm3g–1) with an aqueous
solution of the chemical precursors: Ni(NO3)2�6H2O,
Ce(NO3)3�6H2O, Rh(NO3)�xH2O, and an SnC2O4 solution in
nitric acid in order to obtain the following nominal composi-
tion: 9 at nm–2 of Ni and 5 at nm–2 of Ce, Sn:Ni (1:1000 atomic
ratio) and Rh:Ni (1:10 000 atomic ratio).

After the impregnation stage, the sample was kept in stagnant
air at 90 �C overnight and then treated in air for 5 h (10 �C min–1).
This latter stage was followed by a reduction procedure at 700 �C
(10 �C min–1) during 20 min in 5 % of H2 (N2 as balance) with the
aim of activating the sample. A poisoned sample was prepared by
wetting a reduced catalyst with a DMS solution obtaining
0.2 wt % of DMS per catalysts mass. This solid was dried at 90 �C
overnight and then tested under reaction conditions.

The catalyst was characterized by thermogravimetric analy-
sis, Brunauer-Emmett-Teller (BET) isotherm, X-ray diffraction
(XRD), Raman and X-ray Photoelectron Spectroscopy (XPS)
equipment described elsewhere [4, 9].

The catalytic activity evaluation was conducted with a
total flow of 100 mL min–1 (Gas Hourly Space Velocity
(GHSV) = 3200 h–1), 45 vol % CH4, 30 vol % H2O, 15 vol %
CO2 (N2 balanced) representing a CH4:H2O:CO2 ratio equal to
3:2:1. The conversion of CH4 (Eq. (6)), and CO2 (Eq. (7)),

together with H2/CO ratio (Eq. (8)) and carbon balance
(Eq. (9)), were used to characterize the catalytic performance.

CH4 conversion : xCH4
¼

Fin
CH4
� Fout

CH4

Fin
CH4

(6)

CO2 conversion : xCO2
¼

Fin
CO2
� Fout

CO2

Fin
CO2

(7)

H2=CO ratio ¼
Fout

H2

Fout
CO

(8)

Carbon balance ¼
Fout

CH4
þ Fout

CO2
þ Fout

CO

Fin
CH4
þ Fin

CO2

(9)

3 Results and Discussion

3.1 Characterization of Fresh and Reduced
Samples

The thermal decomposition of the chemical precursors moni-
tored by thermogravimetric analysis (TGA; see Fig. S1 in Sup-
porting Information) showed a step at approximatively 220 �C
in agreement with nitrate decomposition of Ni and Ce [11]
while the corresponding to SnC2O4 is reported to occur close
to 380 �C but the sample mass change was negligible due to the
low content in the solid [12] and was unnoticed. In addition to
the original catalyst, two extra samples were also characterized,
one obtained after the reduction procedure with H2 (activation
stage) and another reduced solid wetted with a saturated solu-
tion of DMS producing an ex-situ poisoned catalyst, hereafter
denoted as sulfurized sample. The surface area decreased by
17 % after the reduction from 150 to 124 m2g–1, suggesting a
probable loss of active surface by agglomeration of crystallites;
see Tab. 1.

The XRD pattern of the fresh solid showed different crystal-
line phases as indicated in Fig. 1. Sn or Rh species were not
observed. The lattice parameter of the fluorite phase was
slightly lower than the reported value for a similar Ce catalyst
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Table 1. Summary of characterization results of XRD, Raman, and XPS for NiCeSnRh/Al2O3 under different studied conditions. The used
samples correspond to 20 h in reaction stream at 700 �C.

Sample afluorite dfluorite aNi0 dNi0 IG/ID Ce3+/Ce [%] Ni/Ce

[nm] [nm] [nm] [nm]

Fresh 0.5401 5.4 0.4156 (NiO) 8.5 (NiO) – 22 1.5

Reduced 0.5411 5.9 0.3521 5.9 – 34 0.7

Reduced-sulfurizeda) 0.5409 4.6 0.3519 4.1 – 38 1.0

Used 0.5422 5.6 0.3506 11.2 0.47 ND ND

Used-sulfurized* 0.5400 8.5 0.3521 13.3 0.72 ND ND

a)0.2 wt % of DMS added ex-situ.
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calcined at the same temperature range, which might indicate a
possible replacement of the host Ce4+ ions of the lattice by oth-
er smaller such as Ni2+, Sn4+ or Rh4+ [13]; see Tab. 1. Otherwise,
the lattice parameter of bunsenite phase showed a value very
close to the theoretical reported in the PDF chart, 0.4177 nm.

The crystallite size of fluorite and bunsenite species were
estimated by the Scherrer equation. After the activation stage,
an increase of the crystallite size of the fluorite particles for this
reduced sample was observed in conformity with the lower
BET surface area measured. For this sample, an expansion of
the unit cell was found as it was expected by the reduction of
Ce4+ ions to the larger size Ce3+ in agreement with XPS results.
The main peak of the NiAl2O4 phase could not be identified in
this reduced sample implying that no crystalline phase is pres-
ent after the activation procedure. By analyzing the pattern of
the sulfurized solid it can be seen that the lattice parameters of
the fluorite and cubic phase of the metallic nickel remained
almost unchanged when they are compared with the reduced
sample suggesting that no major changes were observed in the
solid by the impregnation with the sulfur compound. The anal-
ysis of these used samples will be detailed later in the manu-
script.

Raman spectroscopy was used to characterize the catalysts
(Fig. 2). The original solid showed a peak at 458 cm–1, ascribed
to the well-known F2g vibrational mode of Ce4+ cations [14],
while the broad band between 550 and 650 cm–1 may indicate
the presence of oxygen vacancies [15, 16] as well as the interac-
tion of Ni and Ce by Ni–O–Ce species [17]. The reduced sam-
ple presented much less intense bands as it was expected after
H2 exposure [18]. The peak previously found at 636 cm–1 in the
fresh sample was not observed in the reduced one and appar-
ently might be merged as a single peak close to 600 cm–1. It is
worth mentioning that the band of the most probable sulfur
compound according to XPS analysis, Ce2(SO4)3 close to

1100 cm–1, was not found [19]. The deconvolution
procedure delivered different peaks, one corre-
sponding to the previously mentioned F2g band
(450–460 cm–1), another ascribed to the O vacan-
cies (close to 554 cm–1) in agreement with the
reduced and clean sample, but the remaining at
615 cm–1 is not correlated to any previously ob-
served, which might indicate oxygen vacancies due
to a possible Ce-S-O interaction.

The main spectra of the components Ce3d,
Ni2p, Sn3d, including the S2p region (poison), and
the adventitious carbon C1s are reported in the
Supporting Information, Fig. S2. In all Ni2p spec-
tra, two doublets and two satellites were identified
in agreement with the literature [20]. Specifically,
both reduced samples, clean and sulfurized, pre-
sented a peak close to 852 eV indicating a fraction
of reduced Ni. The analysis of the Ce3d spectrum
showed a high content of trivalent ions in the fresh
sample in agreement with the intense bands in the
Raman spectra between 500–700 cm–1 (Tab. 1). In
the sulfurized solid the highest value of Ce3+ ions
was found indicating a clear effect of the DMS
attached on the surface of the catalyst. This is pre-
sumably due to the formation of Ce sulfates(III) as

it was reported in the literature by the oxidation of the sulfide
anion with the Ce4+ ions [21, 22]. In fact, the S2p spectrum
showed a broad band with a doublet at 168.5 and 169.8 eV
ruling out the presence of inorganic sulfides (161–162 eV),
adsorbed H2S (170.7 eV) or CH3SH (170 eV) [23].

Other possible containing compounds are dimethyl sulfide
(169.5 eV) and dimethyl disulfide (169.8 eV) [24]. However,
both fitted peaks (after charge correction) are located almost at
1 eV lower binding energy in the sample in comparison with
the reference values. Tin, Ce, and Ni sulfates present signals in
the range of 167.9–169.7 eV, according to the NIST database,
which are in a better agreement with the fitted peaks [25]. As a
consequence, it might be possible that different sulfates were
formed after the exposure of the sample to the DMS including
the well-known Ce2(SO4)3 as it was theoretically predicted by
Density Functional Theory (DTF) [26].

3.2 Activity Performance Evaluation

A preliminary test of the clean sample indicated that methane
conversion was noticeable for temperatures higher than 625 �C.
Then, the ex-situ sulfurized solid was tested in the same range
(625–700 �C) with the aim of understanding the effect of the
poison. This sample was used as an attempt to split different
possible involved phenomena, by studying the sulfur interaction
with the active sites in the presence of gaseous reactants avoid-
ing the probable continuous change in the catalysts surface by a
constant feed including sulfur. This latter approach may hinder
the analysis carried out to shed light on the deactivation of the
sample. The results of the light-off curves are reported in Fig. 3
along with the equilibrium composition calculated by the mini-
mization of the Gibbs free energy [27] including the solid coke
species following the procedure reported elsewhere [28].

Chem. Eng. Technol. 2023, 46, No. 6, 1176–1184 ª 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 1. X-ray diffraction patterns of fresh, reduced, and used samples. CeO2

(PDF#43-1002), NiO (PDF#47-1049), NiAl2O4 (PDF#10-0339), Ni0 (PDF#04-0850),
Al2O3 (PDF#10-0425).
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It is worth mentioning that neither DMS nor any sulfur species
were included in the thermodynamic equilibrium study due to it
was assumed that sulfur was strongly attached to the surface and
methyl groups were decomposed during the drying step in the
poisoning procedure in agreement with XPS results. Theoretical
methane conversion is always higher for the studied temperature
range when carbon deposition is allowed, probably by the occur-
rence of CH4 decomposition that further increases methane con-
version, or by the extent of the Boudouard reaction (Eq. (4)),
which favors the occurrence of BRM due to the consumption of
CO (Eq. (5)). CO2 equilibrium conversion also increases with the
temperature (Fig. 3b), and the calculated values are slightly high-
er when carbon deposits are considered, suggesting that carbon
atoms may also be distributed in a new phase.

On the other hand, the H2/CO ratio is markedly increased
by lowering the temperature of the reactor (Fig. 3c), in agree-
ment with the simulation results of Matus et al. [29]. This is
due to the activation of the water-gas shift reaction that con-
sumes 1 mole of CO to form an additional H2 mole. What is
more, if carbon is allowed in the calculus, the H2/CO ratio is
further increased by the possible decomposition of methane
providing additional H2. The theoretical ratio of carbon-con-
taining molecules between the inlet and the outlet of the reac-
tor (Fig. 3d) showed that the values of the equilibrium curve
including the carbon deposits are increased, i.e., the coke yield

decreases with temperature [30] implying that H2O and CO2

gasification reactions of solid coke are enhanced in this range.
The experimental methane conversion increased with the

temperature as it was expected for this endothermic reaction
and, in comparison, the sulfurized sample showed lower values
suggesting that some active sites may be unavailable to the
reaction after the exposure to the DMS. This is probably by the
generation of sulfates as it was suggested by the analysis of the
XPS and Raman spectra. In the case of the CO2 conversion,
both samples followed the same trend with the temperature,
but the poisoned sample presented slightly lower values instead
of the appreciable difference found for CH4 conversion, except
for the highest temperature when both values of fresh and sul-
furized samples were quite similar.

In line with this trend, a moderate increase for the H2/CO
ratio with the reaction temperature can be observed, achieving
at 700 �C a ratio very close to the theoretical value H2/CO = 2
according to Eq. (5), but presenting lower values for tempera-
tures lower than 700 �C in agreement with the theoretical ratio
H2/CO = 1 of the dry methane reforming reaction (Eq. (2)). In
summary, the sulfur presence induced a lower CH4 conversion
with almost unchanged CO2 conversion, and a concomitant
decrease of H2/CO. Therefore, it seems that the active sites
capable of performing the H2O activation are presumably
blocked by the sulfur presence hindering the SMR reaction.

Chem. Eng. Technol. 2023, 46, No. 6, 1176–1184 ª 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 2. Raman spectra of fresh and reduced samples of multimetallic NiCeSnRh/Al2O3.
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Otherwise, the ratio of carbon-containing components be-
tween the inlet and the outlet of the reactor showed scattered
values around the calculated equilibrium since this parameter
involves several magnitudes (molar fractions of different com-
ponents). It is expected to have a certain dispersion due to the
error propagation during calculus in agreement with other
authors in the literature [31]. However, the processes of carbon
deposition and gasification may occur during the test as it was
evidenced by the post-run analysis and the equilibrium calcu-
lus.

A long-term run was carried out and the results are reported
in Fig. 4 together with the equilibrium values for the sake of
clarity. The performance of both samples presented two differ-
ent stages with the evolution of the variable time-on-stream,
hereafter called TOS. Firstly, an induction period was observed
during the first two hours of continuous exposition to the gas
mixture, characterized by a clear change of all the reaction
parameters and secondly, a stage marked by a very stable
response of the clean solid and a moderate decrease of the sul-
furized sample. Regarding the clean catalysts, the observed
prominent initial values may be decreased by a combination of
factors which involve changes of the different active sites of the
multimetallic catalyst.

On the one hand, the loss of active area of Ni particles was
evidenced by the increase of the crystallite size and became
twice as the corresponding value of the reduced sample
(Tab. 1), owing to the exposure to the H2O stream as it was also
observed for Ni/Ce catalysts [32]. On the other hand, the
decrease in the catalytic activity of the sample was also due to a
quick coke formation on the surface of the solid as it was indi-
cated by the results of the thermodynamic calculus and clearly
observed by the Raman spectra presented in Fig. 2.

In fact, the coke content was so relevant that almost 40 wt %
of the spent recovered catalyst was coke. This will be detailed
in the next section involving a post-run study. By analyzing the
results obtained from the second stage of the long-term run for
the multimetallic catalyst, it can be seen that the achieved CH4

and CO2 conversion values after 20 h were 55 % and 45 %,
respectively, and the H2/CO ratio was very close to the theoreti-
cal 2/1 suggesting that a bi-reforming reaction has taken place
during the entire experiment.

These results imply that the proposed catalyst is capable of
successfully performing the reaction even in the presence of
coke deposits and the sintering of the Ni active phase after an
induction period. By comparison with other samples reported
in the literature under similar reaction conditions (Tab. 2), it

Chem. Eng. Technol. 2023, 46, No. 6, 1176–1184 ª 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 3. Catalytic performance results versus temperature for clean sample (0 ppm) and poisoned sample
(0.2 wt % ex-situ). (a) CH4 conversion, (b) CO2 conversion, (c) H2/CO ratio, (d) carbon ratio. Thermodynamic
equilibrium conditions omitting and including coke deposition are plotted with dashed and dotted lines, respec-
tively.
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can be found that methane and carbon dioxide conversions
were acceptable in line with the moderate GHSV employed,
while other noble metal-based catalysts were tested at half or
even a third of our GHSV [41, 43].

In addition, the achieved H2/CO ratio very close to 2 was
higher than others indicating that the catalyst and the reaction

conditions chosen were convenient to produce syngas. Finally,
the stability was evaluated during a 20-h TOS pointing out that
this is very promising catalyst comparable with those reported
in the literature. A lengthy summary of BRM stability results
including different catalysts supports can be found elsewhere
[33, 34]. Otherwise, to the best of our knowledge, the published

Chem. Eng. Technol. 2023, 46, No. 6, 1176–1184 ª 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 4. Stability analysis of the samples, clean and poisoned ex-situ, under BRM conditions at 700 �C. (a) CH4

conversion, (b) CO2 conversion, (c) H2/CO ratio, d) carbon balance. Equilibrium conditions omitting and including
C deposition are plotted with dashed and dotted lines, respectively.

Table 2. Summary of catalytic performance of several Ni-containing catalysts for BRM stability test.

Catalyst T GHSV CH4:H2O:CO2 TOS xCH4
xCO2

H2/CO Ref.

[oC] [h–1] molar ratio [h] [%] [%] ratio

NiCeSnRh/Al2O3 700 3200 3:2:1 20 55 45 2 This work

Ni/Al2O3 700 13650 1:0.8:0.48 6 75 – – 1

NiO/CeO2 700 » 1900 3:2.4:1.2 30 75 78 – 33

Co-Pt-Zr-La/Al2O3 700 1500 1:1:1 100 99 80 1.5 41

Ni/CeO2 700 » 1270 3:2.4:1.2 30 75 75 – 42

Co-Pt/Al2O3(Zr) 700 1000 1:0.2:1 50 100 100 1.6 43

Ni/CeZrO2 800 » 11 250 1:0.8:0.4 20 50 – – 44

NiRh/Al2O3 700 6000 3:2:1 14 40 50 0.75 45

Research Article 1181
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works dealing with sulfur poisoning in methane reforming are
very scarce, normally constrained to steam or dry reforming
and involving noble metals-based catalysts [35, 36].

The catalytic performance of the sulfurized NiCeSnRh/
Al2O3 sample also presented an induction period with a
marked decrease in the performance. According to the results
observed for the second period, the methane conversion
showed a noticeable decrease while the CO2 conversion pre-
sented more stable values, simultaneously with a H2/CO ratio
close to 1.8, lower than theoretically expected for BRM H2/CO
= 2/1. Since the BRM is a linear combination of SMR and
DMR, Eq. (1) =2Eq. (2)+Eq. (3), the observed trend in both
analized conversions suggest that the SMR was hindered in
agreement with the lower H2/CO ratio found.

In addition, the presence of the poison caused the sintering of
the sample since the crystallite sizes of the fluorite and the
metallic Ni have been enlarged (see Tab. 1). As a consequence,
the metal support interface was shrunk, severely affecting the
amount of available active sites for H2O splitting as it was
reported in the literature by a DFT study conducted for a
Ni-CeO2 solid [37]. Otherwise, in the case of the DRM reaction,
the most favorable sites for CO2 activation were identified as
oxygen vacancies located at the interface of Ni-Ce as well as at
the support (with further migration of the labile oxygen) [38].

In conclusion, the attached sulfur had a more severe effect in
the SMR reaction. These observations are in agreement with the
common reaction mechanism reported for SMR and DRM for
Ni/CeO2 in which Ce has an active role in the catalytic perfor-
mance [39, 40]. Finally, at the end of the run (TOS > 15 h), a
simultaneous decrease of the CH4 and CO2 conversions was ob-
served suggesting that the active sites had been partially blocking
by coke deposits. This is a noticeable difference with the stable
performance of the original sample (without sulfur) that also pre-
sented a considerable amount of coke deposit (as it will be dis-
cussed below), indicating a possible synergy between sulfur and
coke deposition as deactivation mechanisms. With the purpose
of conducting an thorough analysis of the causes of the deactiva-
tion, the used samples were studied by XRD, Raman, and TGA.

3.3 Evaluation of Used Samples

Both spent catalysts were analyzed after the long-term reaction
with TOS = 20 h. As it can be seen in the XRD patterns pre-
ented in Fig. 1, a clear graphite signal was found in both cata-
lysts, in agreement with the Raman spectra shown Fig. 2. In
addition, fluorite and metallic Ni signals were identified. By
comparing these with the corresponding one of the reduced
sample, a change in the intensity and the width of peaks is
observed indicating a higher crystallite size due to the exposure
to reaction conditions. As a result, a clear reduction in metallic
surface area can be inferred, which is more marked in the case
of the sulfurized sample as it was stated before; see values in
Tab. 1. By analyzing the obtained values for the lattice param-
eter of the fluorite, a higher value for the used sample with
respect to the reduced solid can be stated, suggesting an expan-
sion probably by a higher content of Ce3+. Otherwise, the used-
sulfurized catalyst showed a lower value in comparison with
the reduced-sulfurized one, demonstrating a shrinkage due to

the incorporation of smaller cations into the unit cell which
might be carbon or sulfur.

Regarding the lattice parameter of the metallic Ni, no appre-
ciable change was found for this sulfurized sample but a con-
traction was observed, which might also be due to a Ni–C
interaction. This will be further studied. Raman spectroscopy is
useful to identify coke formation after the exposure of the sam-
ple to reaction conditions. In order to investigate the spatial
homogeneity of carbon deposits, several spectra were recorded
at different locations. The results indicate minor changes
between different spots and the spectra with the most promi-
nent carbon signals are reported in Fig. 2. Two marked signals
were observed at 1342–1348 cm–1 and 1587–1595 cm–1 ranges.
These are associated to different carbon species probably
formed by the Boudouard reaction and/or CH4 decomposition.
At a lower shift the D-band can be found which is related to
the presence of disordered carbon, whilst the second is known
as G-band addressed to graphitic carbon [42].

The type of carbonaceous species strongly determines the
possibility of sample reactivation by conducting a soft or harsh
treatment. The most unreactive is the graphitic carbon followed
by amorphous carbon, and then the carbidic [46]. Some authors
claimed that the D-band is associated with a mixture of carbidic
and amorphous carbon [47]. However, other authors argued
that in the presence of carbon nanotubes the D-band may indi-
cate defects in the nanotube walls and the amorphous carbon
may be identified by a very broad peak beneath the D- and
G-peaks, practically absent in the studied samples of the present
work. Also, the G-band of carbon is an in-plane ring stretching
mode characteristic of graphite (1575 cm–1), multiwalled carbon
nanotubes (1580 cm–1) or graphite clusters (1600 cm–1) [48].

The ratio of the intensities of the D and G bands was used to
characterize the degree of graphitization of the coke deposit, and
therefore, the feasibility of sample reactivation with a soft treat-
ment, i.e., a low D and G band intensities (IG/ID) ratio is consid-
ered beneficial. The sample poisoned ex-situ with DMS pre-
sented a value close to 0.5 in contrast with the 0.7 of the clean
catalyst (Tab. 1). As a consequence, the sulfur content in the
sample favors the formation of the graphitic carbon as it was also
observed by Frontera et al. in the presence of H2S during ethanol
steam reforming at 700 �C [49]. However, the amount of coke
present is less in the sulfurized sample in comparison as it was
calculated by the TGA, with 41 % for the sulfurized sample and
48 % for the original catalyst (Fig. 3). This suggests that the
attached sulfur to the surface of the solid may hinder the carbon
deposition during the reaction. The same behavior is reported
for the Ni-based catalysts of the steam crackers.

The usual procedure carried out is the sulfurization with
dimethyl disulfide (DMDS) of the catalytic solid with the
objective of minimize the material coking tendency by induc-
ing the passivation of active metal by a strong attach of the
sulfur [50, 51]. The Differential Thermogravimetric analysis
(DTG) profiles of used samples (Fig. 5) in the long-term run
analysis showed two clear peaks at 525 �C and 640–660 �C indi-
cating two different carbon species present. The first one, oxi-
dized at lower temperature, is normally ascribed to amorphous
carbon while the second is related to graphitic carbon [52] in
agreement with the findings of Raman analysis (Fig. 2). In sum-
mary, it is expected that the catalyst could be reactivated in a
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soft oxidation treatment with steam instead of the common
technique employing diluted oxygen, because most of the pres-
ent coke is disordered carbon [53].

4 Conclusions

The studied multimetallic sample proved to be useful to con-
vert synthetic biogas into a syngas stream. The light-off curves
demonstrated that it is more convenient to operate at the high-
est temperature. The results of the long-term run evidenced a
stable performance for almost 20 h. Actually, the achieved
performance was comparable with previous Ni-based catalysts
reported in the literature under clean conditions.

The DMS incorporation caused the deactivation of the sam-
ple by a strong attach to the surface owing to the presence of
sulfates probably cerium sulfate. This compound has induced
the sintering of the sample decreasing the Ni–Ce interface hin-
dering the SMR reaction. In addition, the clean and the sulfur-
ized samples showed a relevant content of coke after the run.
As a consequence, it was assumed that the main effect of the
attached sulfur to the sample surface was the deactivation of
the solid by blocking of the actives located at the Ni–Ce inter-
face and inducing the formation of graphitic carbon. However,
it is expected that a soft reactivation treatment will be capable
of regenerating the solid removing the disordered coke.
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j [mol s–1] inlet molar flow, j: CH4, H2O, CO2,

CO, H2

Fout
j [mol s–1] outlet molar flow, j: CH4, H2O,

CO2, CO, H2

Abbreviations

BET Brunauer-Emmett-Teller
BRM bi-reforming of methane
DFT Density Functional Theory
DMS dimethyl sulfide
DTG Differential Thermogravimetric analysis
GHSV Gas Hourly Space Velocity
IG/ID Intensity ratio of G and D Raman bands
SMR steam methane reforming
TGA thermogravimetric analysis
TOS time-on-stream
XRD X-ray diffraction
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