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Abstract: The reforming of biofuels represents a promising technology for low carbon and
renewable hydrogen production today. The core of the process is an active and stable catalyst, which
can help to improve this technology and its efficiency. With this review, we aim to survey the
more relevant literature on heterogeneous catalysts for the reforming of biofuels with improved
sulfur tolerance. The review is structured into four main sections. Following the introduction, the
fundamental aspects of sulfur poisoning are discussed. In the third section, the basic principles of the
reforming of biofuels are reported, and finally, in the fourth section—the core of the review—recent
progresses in the development of sulfur resistant catalysts are discussed, distinguishing the role of
the metal (noble and non-noble) from that of the support.

Keywords: sulfur; reforming; biofuels; carbon oxides; catalysts; decarbonization; renewable hydro-
gen; net-zero emission

1. Introduction

In order to contribute to decarbonization, today’s energy sector is called to respond to
a complex challenge: to simultaneously satisfy the recent energy needs of an increasingly
large population, and to limit greenhouse gas emissions. On the one hand, there are
promising solutions to supply the future energy demand, such as the recovery of waste
energy and various technologies that produce power from renewable sources [1–4]. On the
other hand, the last World Energy Outlook of the International Energy Agency explained
what it means for the energy sector to achieve net-zero emission by 2050 (NZE2050) [5].
Several countries, in their national development policies, have introduced stringent goals
to achieve net-zero emission by 2050. International actions that will be implemented in
the next decade will have a decisive role in reaching the 2050 objective. First of all, CO2
emissions should decrease by at least 45% from 2010 to 2030. This gives the energy and
industrial sectors a 2030 target of 20.2 Gt CO2 that must not be exceeded, as shown in
Figure 1 [6].

The next COP26 will be a further milestone in the path aimed at achieving the ob-
jectives of the Paris Agreement, which aims to reduce the global temperature increase to
1.5 ◦C. In this scenario, the promotion of hydrogen use can make an important contribution
to reduce emissions, and could represent a solution to the decarbonization of highly energy-
intensive industrial sectors. Alternative energy sources to hydrogen production have been
considered in order to promote the use of this energy vector. There are several production
processes of traditional hydrogen or low carbon hydrogen: steam reforming of natural gas
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or of oxygenated hydrocarbons, gasification, electrolysis of water, biological processes,
etc. [7–13]. Very recently, the Italian energy giant, ENI SpA, has published an interesting
report—"Eni for 2020–Carbon Neutrality by 2050”—in which one of its strategies to reach
this important milestone is to intensify hydrogen production using different technological
paths: reforming of natural gas combined with the CO2 capture (called blue hydrogen),
catalytic partial oxidation of natural gas or biomethane (kGas technology), gasification of
non-recyclable waste (waste-to-hydrogen), and electrolysis of water by renewable energies
(called green hydrogen) [14].
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Beyond these processes, due to the technological advancements in stationary energy
systems—such as the fuel cells—reforming of biofuels is currently an interesting alternative
for renewable hydrogen production [15–21]. Using biofuels to produce hydrogen means
reducing net carbon dioxide emissions in energy production: hydrogen derived by biomass
can be used in the solid oxide fuel cells (SOFCs) to the direct conversion of fuels into
electricity [21,22]. Ethanol, glycerol, and biodiesel are the most promising candidates for
hydrogen production due to their low toxicity and safety in handling, while the most
efficient processes are the catalytic ones [23–25]. The most active species in these processes
are noble metals and nickel-based catalysts, which are the typical catalysts for reforming
reactions [26–31]. High carbon and sulfur poisoning resistance are required for these
catalysts. It is well known, in fact, that the presence of heavy hydrocarbon and sulfur
compounds can deteriorate the reforming catalyst.

To overcome these limitations, chemical modifications of support and metal active
species have been applied to the catalyst synthesis procedure. High carbon deposition
resistance can be achieved by catalysts containing alkaline earth metal oxides and rare
earth oxides in the support [15,32–36].

Moreover, avoiding metal sintering particles is another aspect deeply investigated by
researchers in order to reduce the coke deposition during the reforming reaction [37–40]. If
the deactivation of the catalyst does not involve the metal particles sintering phenomenon,
the spent catalyst by coke deposition can be recycled and reused after the appropriate
re-activation procedures are able to remove carbon particles deposited on the catalyst
surface [41].

The presence of Mo, Re, or Pd as additional active species is the main solution to
improve the sulfur resistance of the catalyst [23,27,42–45].

Recently, Yeo et al. reviewed the various strategies that have been developed to
impart sulfur resilience and improve reforming performance where sulfur compounds
are considered as valuable reactants in order to look at some possible directions moving
forward [46].

The aim of this review is to point out, discuss, and highlight the main features of
catalytic materials that are resistant to sulfur poisoning for the reforming of biofuels. The
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catalyst sulfur resistance is always strongly dependent on the materials of both the active
metal species and the support used in the design of the catalysts. After the fundamentals
of reforming reactions and the formation of sulfur compounds are discussed, the review
will deal with the role of materials on the development of reforming catalysts resistant to
sulfur poisoning, in hopes of giving the reader a useful tool through which more promising
results can be achieved.

2. Fundamentals on Sulfur Poisoning

The loss of activity and/or selectivity of most transition metals can occur for several
reasons in the catalytic process, such as a temperature that is too high, or a steam/hydrocarbon
ratio that is too low. These wrong conditions can cause coke deposition on the catalyst
surface in a very short time of reaction. At the same time, several reactants’ contaminants
that are present in the feed can completely deactivate the reforming catalyst: it is well
known that sulfur can be one of these. In a hydrocarbon feed, sulfur can be present in
organic or inorganic form. The most common inorganic sulfur compound is hydrogen
sulfide (H2S), while the organic ones are carbon disulfide (CS2), carbonyl sulfide (COS),
dimethyl sulfide (DMS), and thiophene (C4H4S).

In fuels derived from natural sources, the concentration of sulfur species can be
included within a very wide range. For example, the sulfur level in biodiesel is present as
trace, and in amounts lower than 10 mg/Kg [47,48], while the sulfur level in biogas—mainly
present as H2S—is 1500 ppmv on average [49,50].

Without any pre-treatment, these biofuels can poison the reforming catalyst. Only
10 ppm of H2S can deactivate the nickel catalyst, although temperature, reaction time,
and catalyst geometry strongly affect the catalyst stability [51]. The main cause of catalyst
deactivation is the irreversible chemisorption of the sulfur on catalytic active sites. The
poisoning effect of sulfur is due to its high adsorption strength, with respect to that of other
species that are competing for catalytic sites in the reaction media.

Many of the studies that deal with the poisoning effect of sulfur have been carried out
on nickel-based catalysts, but the mechanism by which sulfur affects the catalyst surface
can be generalized independently of the metal.

First of all, the mechanism through which sulfur can irreversibly affect the activity
of the catalyst starts by a physical blocking of one or more adsorption and reaction sites.
Second, due to its strong chemical bond, sulfur modifies the nearest neighbor of metal
atoms electronically (Figure 2). This consequently and irreversibly modifies the ability
of these metal atoms to adsorb or dissociate other reactants’ molecules [52]. It has been
evaluated that these effects can extend up to about 5 a.u. [53].
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Several works have studied the structure of sulfur adsorbed on Ni metal, and indicated
that sulfur adsorbed on nickel catalysts is more stable than sulfide species present in the
bulk (Ni3S2, Ni2S3) [54–56]. Some of these authors have reported that the saturation
coverage of sulfur on Ni(100) occurs more easily than on that of Ni(110) or Ni(111). For
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example, for Ni(110), the saturation coverage occurs at S/Nis = 0.5, while a higher S/Nis
ratio is necessary to achieve the saturation coverage for more open surface structures,
such as Ni(110) [55,56]. Since the sulfur adsorption on a metal surface is very strong, its
poisoning effect on the other transition metals, such as Fe or Ru, is considered similar,
even if there are no studies on the other transition metals so thorough as those relating to
sulfur/nickel [57].

From a chemical point of view, since the reactivity of sulfur depends on the number of
electron pairs available for bonding, the H2S is more dangerous for metals than the SO2 or
SO2

= species [52].
Recently, Beale et al. showed an interesting chemical imaging of the sulfur-induced

deactivated Cu/Zn/Al2O3 industrial catalyst in the WGS reaction [58]. They observed
that H2S concentration has a significant effect on catalyst activity due to the formation of
crystalline sulfur-containing phases, including CuS, Cu2S, CuSO4, and β-ZnS. Moreover,
sulfur-containing species also show different spatial distributions, revealing that Cu2S
and CuSO4 species are mainly present in the edge of the sample, named egg-shell like,
while CuS and β-ZnS species are mainly present in the sample periphery—described as
egg-white—but not in the shell. Finally, no sulfur-containing species are present in the center
of the sample, known as the egg-yolk region (Figure 3). They concluded that the Cu/Zn
sulfides species formed at the shell of the catalyst destroy the catalyst porosity, avoiding the
diffusion of other molecules inside the catalyst structure and preventing further sulfides
species formation [58].
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The poisoning due to sulfur compounds is remarkable also in the CH4 oxidation [59]
and in the diesel oxidation reactions [60] in the presence of novel metals Pt/Pd bimetallic
catalysts. However, further SO2 oxidation studies on Pd/Pt mono- and bimetallic Al2O3
supported catalysts reveal that the catalysts with a higher Pt content were more active in
terms of apparent SO2 to SO3 oxidation, based on outlet gas-phase measurements. Diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) studies showed indeed that
higher Pd content catalysts were more active for oxidizing surface sulfur species at low
temperatures. Moreover, in an oxygen atmosphere, Pd uptakes less SO2 than Pt, but
inhibiting species, such as palladium sulfates, are stabilized on the catalyst surface at
higher temperatures [61]. These observations on the behavior of noble metals can be
extended to the catalyst for the reforming of biofuels in the presence of sulfur compounds.

3. Reforming of Biofuels

The use of biofuels in reformation processes reveals several advantages derived from
its renewable nature and potential integration in the process of H2 production.
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Today, the main process of H2 production from generical hydrocarbon is steam re-
forming (SR) (Equation (1)) [15,62–64]:

CnHmOk + (n − k)H2O↔ nCO + (m/2 + n − k)H2 ∆Ho
298K > 0 (1)

The addition of oxygen to the reaction mixture provides a more advantageous energy
balance within the process, owing to the use of exothermic heat of the oxidation reactions
in Equations (2) and (3) for the energy supply of the endothermic reforming reaction in
Equation (1):

CnHmOk + (n + m/4 − 0.5k)O2 ↔ nCO2 + m/2H2O ∆Ho
298K < 0 (2)

CnHmOk + (n−k)/2O2 ↔ nCO + m/2H2 ∆Ho
298K < 0 (3)

The coupling reaction of Equation (1) with the reaction of Equation (2) or (3) allows
the autothermal conditions to be obtained, generating a global process called autothermal
reforming (ATR).

Also, the dry reforming (DR) of hydrocarbon fuels indicated in Equation (4) has
received considerable attention for H2 production due to the utilization of greenhouse gas
−CO2 [63,65–67]:

CnHmOk + (n − k)CO2 ↔ (2n − k)CO + m/2H2 ∆Ho
298K > 0 (4)

Hydrogen is considered to be a clean and effective energy carrier. Therefore, other
processes for its production must be envisaged due to the environmental problems derived
from the use of fossil feedstocks, so that the use of biofuels can contribute to this finality.

Generally speaking, biofuels are any renewable combustible fuels derived from recent
(non-fossil) living matter, and include solid, liquid, or gaseous fuels derived from biomass.

The term “solid biofuel” is attributed to materials like wood, sawdust, leaves, and
to all other forms of waste or renewable biological matter used as fuel. Steam reform-
ing of solid biofuels is also known as steam pyrolysis or steam gasification, where an
oxidizing agent such as oxygen or air is provided so that it approaches an autothermal
process [68,69]. The ISO 16994:2016 describes methods for the determination of the total
sulfur and total chlorine content in solid biofuels [70]. The content of sulfur depends on
the origin of the solid biofuels (Figure 4). The sulfur concentration is usually low in woody
biomass, and the damage of the sulfur content is related to the process of direct combustion,
where the noticeable amounts of Sox—depending obviously on the initial S content—may
be produced.

Among liquid biofuels, bioethanol and biodiesel are the potential biofuels devoted to
H2 production through on-board reforming, in accordance with Demirbas [71], who con-
cludes through a deep analysis that bioethanol and biodiesel are the liquid transportation
fuels with the highest potential to replace gasoline and diesel fuel in the future [71].

Currently, bioethanol, which is mainly derived from the fermentation of sugar cane
and starch, is by far the most widespread non-fossil alternative fuel in the world. Actually,
the world production of bioethanol increased from 24.5 million metric tons in the year 2004
to 110 million metric tons in 2019 [72].

Biodiesel is a fatty acid methyl ester (FAME) which is produced from the transester-
ification of vegetable oil with methanol. Glycerol emerges as a by-product, and can be
further used for the food industry and pharmaceutical applications. The world production
of biodiesel increased from 2 million metric tons in the year 2004 to 41 million metric tons
in 2019 [79].
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The main challenge related to biofuel reforming is to avoid the deposition of coke on
the catalyst surface, resulting in performance losses. Furthermore, catalyst deactivation
can be caused by sintering and/or sulfur poisoning [80].

The properties of bioethanol depend strongly on its purity. In particular, the impurity
of sulfur plays a significant role [81]. The content of sulfur in bioethanol depends also on
raw sources, as shown in Figure 4.

Sulfur components have a more noxious effect on steam reforming than other im-
purities present in bioethanol. Yamazaki et al. [82] attributed the loss of the catalytic
performance of Pt/ZrO2 at 400 ◦C in the steam reforming of corn bioethanol to both sul-
fur compounds and the second generation of bioethanol, obtained by the fermentation
of lignocellulosic biomass with a high content of sulfur compounds. Thus, a significant
decrease of ethanol productivity is observed in steam reforming [21]. Extensive simulation
performed by Martin et al. [19], including a variation of the reforming temperature, the
air ratio, and the steam-to-carbon ratio highlighted that the reforming of bioethanol and
biodiesel is a suitable perspective in sustainable clean energy production because of its
lower system complexity and better dynamic behavior [19].

Biodiesel is one of the oxygenated hydrocarbon candidates of fuel for internal re-
forming solid oxide fuel cells (SOFCs) [83,84]. Generally, biodiesel contains less sulfur
than fossil diesel; however, its composition depends on its raw feedstock and suppliers
(Figure 4). For instance, the biodiesel derived from soybean oil (SO) contains several ppm
of sulfur compounds, which is highly dependent on the crop conditions (e.g., soil properties
and fertilizers) and region [85]. On the contrary, considering scum holds as a biodiesel
feedstock, the sulfur content ranges from 600 to 1000 ppm [86]. Limits to the sulfur content
in biodiesel have been restricted by some governments and agencies across the world.
According to EN 14214 in Europe, the maximum allowable amount of sulfur in biodiesel is
10 mg kg−1, compared with that of 500 mg kg−1 according to ASTM D6751 in the United
States [87,88].

However, the main challenge in biodiesel reforming studies is its multi-compound
and variable composition, as well as the quantity of unsaturated esters [20] that affect the
catalyst performances [89–91].

Among biofuels, biogas is more suitable for H2 production via reforming, as attested
by the exponential increase in articles on syngas production from biogas reforming [92].
Biogas contains CH4 and CO2 as main components, as well as N2, O2, H2O, and trace
amounts of other gases (e.g., H2S, NH3, and H2). If its composition is affected by the type
of feedstocks/waste sources utilized [93,94], then the sulfur content is variable, as shown
in Figure 4.

Natural gas and biogas are essentially the same type of gas: methane. However,
there are significant differences in the characteristics of biogas and natural gas. Natu-
ral gas is mainly composed of methane (95%) and ethane (5%), whereas biogas mainly
contains methane (45–65%) and carbon dioxide (30–40%). The higher content of carbon
dioxide (30–40%) determines the much lower energy of biogas as compared to natural
gas [95]; however, an indisputable advantage of biogas with respect to natural gas is its
renewability without the addition of any GHGs (Greenhouse Gases) to the atmosphere.
Moreover, it helps in reducing the pollution produced by organic wastes, and mitigates
waste management disposal [96].

4. Materials for Catalytic Sulfur Resistant Systems

The catalytic systems for the reforming of biofuel poisoned by sulfur compounds are
continuously under investigation, as evidenced by the representative varying research
reported in Table 1, and as referred to over the last two years. In the research, the main
points that are investigated are the active metallic phase, which is in most cases nickel-
based, and a second metallic phase supported on different materials. In the following
sub-paragraphs, the identification of materials employed in the aforementioned main
points of investigation are reported.
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Table 1. Representative recent trends (last two years) on the catalyst interactions of the reforming of
biofuels with sulfur compounds.

Catalysts Process Involved References

Commercial Ni catalyst Methane trireforming in the presence of 1000 ppm H2S
and SO2 (±19 ppm) [97]

Ni/Al2O3

Tar reforming (Naphthalene was used as the
representative tar compound, with a content of

50 ppmv H2S)
[98]

Ni/CeO2-ZrO2
Dry reforming of methane (DRM) with two different

amounts of feed sulfur: <1 ppm and 20–30 ppm [99]

Mo/Ni–CeO2

Anodic catalyst in a direct internal reforming solid
oxide fuel cell (DIR-SOFC), fed by biogas containing

sulfur and siloxanes simultaneously
[100]

Ni/coal fly ash Glycerol steam reforming (sulfur is due to support
catalyst) [101]

Rh(1%)/MgAl2O4/Al2O3

Steam reforming of a synthetic biogas stream
containing 200 ppm of H2S, carried out in a membrane

reactor
[102]

Ni-Rh/MgAl2O4
Autothermal and steam reforming of methane in the

presence of H2S and NH3
[103]

M-CaO-Al2O3 (M = Ni or Co) Steam reforming of surrogate diesel (dodecane) with
100 ppmv of Thiophene [104]

MoOx decorated Ni/SiO2 catalyst Dry reforming of methane with 5000 ppm H2S [105]

4.1. Role of Metal Phases
4.1.1. Non-Noble Metals

The large number of papers regarding the use of nickel as a catalyst for reforming
processes is related to the ability of this metal to break C–C bonds and promote water-
gas shift reactions, thus increasing hydrogen production. The interest of researchers on
Ni-based catalysts is due to their lower cost and higher availability as compared to noble
metal catalysts, as well as their considerable intrinsic activity, especially when the metal
is highly dispersed over a support [106]. However, the use of nickel-based catalysts has
presented a significant challenge due to active metal sintering and coke deposition, which
leads to catalyst deactivation, and, consequently, poor stability [107–110].

The deactivation of Ni-based catalysts due to S poisoning has also been the focus of
many studies [111,112] in the field of SOFCs. The chemical compound with major negative
effects is hydrogen sulfide, which reacts with nickel, the main anodic constituent, form-
ing sulfides and blocking catalytic sites for electrode reactions. Furthermore, hydrogen
sulfide interacts with all cell components via physical, chemical, and electrochemical mech-
anisms [113]. Among the fuel cells, molten carbonate fuel cells (MCFC) are particularly
suitable for bioenergy production because they can be directly fed with biogas, which can
then be transformed to hydrogen through internal reforming. However, the use of biogas
containing hydrogen sulfide as MCFC fuel causes anode degradation and, consequently,
the decay of cell performances, such as power output and durability [114–117].

The addition of a secondary metal to the metallic phase can have a positive effect
on the resistance to sulfur poisoning, as a result of electronic perturbations produced by
metal–metal bonding, or as a consequence of changes in the number of active sites present
on the surface [118].

Cobalt is more resistant to sulfurization in comparison with nickel [99,119]. The
combination of these metals produces a synergistic effect of bimetallic anode and the
biodiesel feed, at a concentration of 5% hydrogen sulfide. An exchange current density of
1.91 mA/cm2 and significant fuel cell life has been observed by [120].

In the dry reforming of biogas, a bimetallic catalyst in which cobalt was impregnated
before nickel resulted in the development of active, stable, non-precious metal catalysts, in
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which the cobalt acts as a sacrificial element to improve the sulfur tolerance of the nickel
species [121].

Molybdenum also appears to have certain supportive properties against sulfur deac-
tivation when combined with nickel. In the dry reforming of biogas, Gaillard et al. [122]
found that while monometallic molybdenum and nickel catalysts are prone to deactivation,
the Ni-doped Mo-based catalysts exhibit enhanced stability in the presence of sulfur in the
feed [122]. Quincoces et al. [123] found for the CO2 reforming of H2S-odorized methane
that a small amount of Mo exhibits an important thioresistance, independently of the
impregnation sequence [123].

4.1.2. Noble Metals

Improved sulfur tolerance combined with a resistance to coke deactivation is claimed
for precious metal catalysts such as Rh, Pt, Pd, and Au [118].

Rh has shown a high resistance to sulfur poisoning, yielding high conversion of
hydrocarbons and high selectivity for H2 [124–126]. A precious metal catalyst with an
overall Rh loading of 69.1 g/ft3 onto a monolith support has been investigated in biodiesel
steam reforming at various operating conditions, including a variation of temperature,
pressure, steam-to-carbon ratio, and gas hourly space velocity. The biodiesel produced by
the transesterification of soybean oil (40%) and palm oil (60%) with a low content of sulfur
was used as a feedstock for steam reforming experiments, revealing that the precious metal
catalyst improved performance over the ceramic-based catalyst at similar conditions [127].

Xie et al. [128] demonstrated that the Rh catalyst possesses a stronger capability to
maintain carbon gasification activity in the reforming of liquid hydrocarbons than a Ni
catalyst in the presence of sulfur.

The high sulfur resistance of the bimetallic Rh-Ni alumina catalyst is related to the
spillover effect of sulfur from rhodium to the Ni-Rh phase separation surface. The protec-
tion effect of nickel is due to the reaction of this metal with sulfur adsorbed on rhodium [6].

Small amounts (0.1%) of palladium or platinum added to nickel catalysts for the
reforming of methane demonstrated the greatest resistance to the action of H2S (3500 ppm).
The resistance of the catalysts to the poisoning by H2S increases in a sequence that coincides
with an order of the corrosion resistance of metal active components of composites in the
air saturated with water vapor, containing a trace of hydrogen sulfide (Ni < Pt < Pd) [129].

An addition of Pd to Ni-based catalysts in the anode of a solid oxide fuel cell enhances
the sulfur tolerance of Ni/GDC cermet (Gadolinium Doped Ceria), especially in the low
H2S concentration range (e.g., <100 ppm), indicating that the enhanced sulfur resistance
of a Pd/Ni bimetallic catalyst is attributable to the promotion effect of impregnated Pd
nanoparticles on the diffusion processes [130].

An addition of Au (2.3 wt%) to Ni-based catalysts allows it to obtain an enhanced
sulfur tolerance in the steam reforming of methane in H2S (10 ppm). The Au on the
bimetallic catalyst promotes two effects: i) the hindering of the sulfur diffusion from the
support surface to the catalytically active Ni sites, and ii) the production of an Au-Ni
alloyed surface that inhibits the formation of strongly bonded sulfur compounds, such as
Ni sulfide [131].

4.2. Materials for Catalyst Support

The support is an important element in the catalyst design, as it has the function of
a skeletal framework that distributes the active metal particles. The interaction with the
support is very important since it stabilizes the metal particles by modifying their elec-
tronics and morphological properties, and consequently affecting their reactivity [132,133].
In particular, the catalytic activity and/or selectivity may be improved as a result of the
interactions with the support.

Alumina is the catalyst support largely used for its ability to disperse the supported
phase, but also for its high thermal stability and availability. The capacity to disperse
the metal phases is associated with its very stable surface OH groups, its Lewis acidity,
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and the very high polarity of the surface acid–base pairs, which provide specific sites for
anchoring cationic, anionic, and metallic species [134]. The catalyst traditionally used in
steam reforming is based on nickel metal dispersed on alumina. The process operates
at a high-temperature (T = 700–900 ◦C) and at a space velocity between 3000 to 8000
h−1 [95,135]. However, alumina, due to its acidity, causes cracking of hydrocarbons, which
is not desirable in fuel reforming as it may lead to deposits of coke on the catalytic surface,
which is “inert” regarding the sulfur poisoning [111].

The promotion of supports with proper elements can increase the catalysts basicity
and its poison resistance related to sulfur components. Efforts have focused mostly on the
addition of CeO2 [136–139] and ZrO2 [140,141] as promoters to alumina supports.

The addition of ceria on Ni-based catalysts supported on alumina improves their
activity and stability in the reforming of heavy tar compounds. Due to oxygen vacancies
with high mobility, CeO2 acts as an oxygen donor on the catalyst surface [108], favoring
the reaction between CO2 and C, and thus helping to reduce coke formation promoted by
the reverse Boudouard reaction. In the presence of H2S, the promotion effect of cerium,
due to its oxidative properties, enhances the sulfur tolerance of Ni/Al2O3, thus reducing
the poisonous effects of hydrogen sulfide on the Ni active sites [136–139,142].

Similarly, the use of ZrO2 has shown some resistance to sulfur components; however,
the main drawback of ZrO2 is its low surface area compared to other supports [140,141].

Recently, high and stable catalytic activity of pure CeO2 in the dry reforming reaction
in the presence of 2000 ppm of H2S was demonstrated by Taira et al. [143]. H2S improved
the reducibility of CeO2, since sulfur on CeO2 can change the oxidation state rapidly,
contributing to improved oxygen mobility. The swift changes among the oxidation states
of sulfur accelerated the re-oxidation of CeO2 by CO2, which in turn decreased the amount
of oxygen vacancies on the CeO2 surface [143].

Another type of support for the catalyst in the reforming reaction largely investigated
are perovskite materials, which could improve sulfur resistance by providing labile lattice
oxygen atoms that facilitate the oxidation and removal of sulfur from the catalysts [144,145].

The general formula of perovskites is ABO3, where A is a metal with a larger ionic
radius, typically from the rare-earth group, and B is a metal with a smaller radius, usually
from the transition metals group. Partial substitution of A, B, or both allows for the
synthetization of a wide variety of compositions with different properties.

Dinka et al. [146] have proved that complex perovskite (ABO3)-based catalysts can be
very effective for the ATR of heavy hydrocarbons. Specifically, it was demonstrated that
for LaFeO3 basic composition, a partial substitution of La by Ce on the A-side enhances the
catalyst ability for carbon removal, while corresponding B(Fe)-site substitution by Ni leads
to an increase in its catalytic activity. Furthermore, a small amount of metal additives can
increase the stability of perovskite-based catalysts in a sulfur-containing environment. For
example, it was found that 2 wt% of potassium or 1 wt% of ruthenium substituted on the
B-side of the La0.6Ce0.4Fe0.68−YNiyO3−δ significantly increases its durability during the
ATR of a fuel-containing sulfur [146].

For the perovskite catalysts in the family of compositions based on LaMO3 (where
M = Cr, Mn, Fe, Ni, Co), Cr was found to be the best element for B-site doping in terms of
maintaining constant H2 yields, providing some degree of sulfur tolerance when reforming
sulfur-containing fuels [147].

A study of the catalytic reforming of a tar model compound over La1−xSrxCo0.5Ti0.5O3−δ
dual perovskite catalysts highlights the resistance to sulfide upon introduction of 50 ppm
of H2S at 800 ◦C, despite the fact that the conversion on material drops to 20%, which
was maintained for 5 h of H2S exposure. Subsequently, after stopping H2S in the feed,
the catalyst was able to regenerate about 95% of the initial activity at the same reaction
temperature [148].

Recently, Wang et al. have reviewed the state-of-art of sulfur poisoning for the
perovskite cathode materials of the SOFCs, clarifying the plausible sulfur poisoning mecha-
nism and the relationship between features of chemical reactions and cathode performance
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degradation in terms of the effects of electrochemical aspects on the chemical reaction. They
found some interesting differences in sulfur poisoning between (La, Sr)CoO3−δ (LSC) and
(La, Sr)(Co, Fe)O3−δ (LSCF), which can be correlated with differences in the availability of
the adsorption of oxygen molecules on the perovskite oxide surface [149].

5. Concluding Remarks

The sulfur tolerance of reforming catalysts always represents a severe issue in de-
termining the performance and stability in the reaction process, which is particularly
relevant for biofuels. Several studies and reviews have been published on this topic, and
various approaches have been investigated in the last decade to increase the resistance
to sulfur in heterogeneous catalysts, including an incorporation of different elements; a
modification of the physico-chemical structure, e.g., core-shell morphology; a modifica-
tion of electronic properties; alloying; synthesis procedures; and process experimental
conditions. Far from being exhaustive, the present work aims at condensing the most
relevant information present in the literature to design possible catalyst architectures for
sulfur-resistant materials.

Different challenges remain to be solved by researchers: i) the evaluation of the
sulfur adsorption capacity of reforming catalysts in order to measure the resistance to
poisoning and to avoid the blocks of the active catalytic sites, ii) the investigation of the
catalytic stability of a reforming catalyst in the simultaneous presence of different types
of deactivating compounds (H2S, higher hydrocarbons, and siloxane compounds), and
iii) the evaluation of reforming options to increase the catalyst lifetime and/or reduce the
poisoning effect of sulfur compounds.
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