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Abstract: Clean biogas, produced by anaerobic digestion of biomasses or organic wastes, is one of
the most promising substitutes for natural gas. After its purification, it can be valorized through
different reforming processes that convert CHy and CO, into synthesis gas (a mixture of CO and
H,). However, these processes have many issues related to the harsh conditions of reaction used,
the high carbon formation rate and the remarkable endothermicity of the reforming reactions. In
this context, the use of the appropriate catalyst is of paramount importance to avoid deactivation, to
deal with heat issues and mild reaction conditions and to attain an exploitable syngas composition.
The development of a catalyst with high activity and stability can be achieved using different active
phases, catalytic supports, promoters, preparation methods and catalyst configurations. In this paper,
a review of the recent findings in biogas reforming is presented. The different elements that compose
the catalytic system are systematically reviewed with particular attention on the new findings that
allow to obtain catalysts with high activity, stability, and resistance towards carbon formation.

Keywords: biogas; syngas; CO, valorization; dry reforming; steam reforming; bimetallic catalysts;
Ni catalysts; structured catalysts

1. Introduction

Six years after the Paris Agreement, the first legally binding global climate change
deal, countries were asked to revise their plans for reducing emissions [1]. Since the
commitments pledged in 2015 have not been sufficient for limiting global warming within
1.5 °C, and less than a decade is left to prevent irreversible damage from climate change, the
Conference of the Parties held in Glasgow (COP26) was called to negotiate new pressing
goals to tackle the issue [2]. With COP26 the world has had its best last chance to ensure
that runaway climate change is under control. One-hundred-and-fifty-three countries have
updated or drafted new emission targets, with over 85% of global emissions that are now
covered by net zero commitments [3].

By now, the role of CO; as a greenhouse gas (GHG) and its impact on the environment
is generally acknowledged, and many actions have been taken in the past few years to
reduce CO, emissions. On the other hand, CHy has an estimated global warming potential
around 30 times greater than CO, [4], which in 2016 contributed for the 17.3% of global
emissions [5]. Atleast 25% of the warming experienced today is driven by CHy4 from human
actions [6]. However, its role in climate change has only received the deserved recognition
during COP26. The pledge to reduce global methane emission by 30% by 2030 that has been
signed during the negotiations will prevent more than 8 Gtons/year of CO, equivalents
from reaching the atmosphere [3,7]. As a matter of fact, specialists from all over the globe
agree that reducing CHy emissions is the single most effective strategy to keep the goal of
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limiting warming to 1.5 °C within reach [6,8,9]. The major sources of CH, include enteric
fermentation associated with cattle population; distribution, transmission, and storage of
natural gas; and decomposition of wastes in landfills [10]. Every year, human activities
produce over 105 billion tons of organic wastes, emitting methane. Their recycling through
anaerobic digestion by the biogas industry has the potential to reduce the worldwide GHG
emissions by 10 vol.% by 2030 [11].

In this framework, biogas (BG) seems to provide an answer to both the problem of
methane emission of organic waste and landfills and to the need for decarbonization, being
a renewable alternative to fossil-based resources. It is then clear why in the last 20 years BG
has become the object of an impressive number of studies, going from about a hundred
publications in the year 2000 to 3358 in 2020 (Figure 1). Nevertheless, in 2019, BG accounted
for only 1% of the total gross inland energy consumption worldwide, and in the same year
Europe consumed an amount of BG only equivalent to the 4% of natural gas consumption.
This demonstrates that, up to now, BG is not a readily available alternative to fossil gas, thus
its promotion through financial support and technological developments is fundamental
and compelling [12].
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Figure 1. Number of publications containing the word “biogas” in the title, abstract or keywords
from 1980 to 2020 found on the Scopus database.

Biogas

BG is a complex mixture of methane (50-70% vol.%), carbon dioxide (30-50% vol.%)
and other components in trace amount, such as water, hydrogen sulfide, siloxanes, volatile
organic compounds (VOCs), ammonia, oxygen, carbon monoxide and nitrogen [13]. Its
production relies on the anaerobic digestion of different types of biomasses, ranging from
urban organic waste, industrial wastewater, plants and animal industry by-products, and
dedicated crops. Then, the resulting BG is purified from the contaminants, such as sulfur
and nitrogen compounds [14] and utilized in different applications, depending on the level
of purification. The most straightforward use is its combustion for heating and lightning
purposes, principally carried out at household levels and in rural areas of developing
countries [15]. However, the major BG application is in combined heat and power systems
(CHP), converting almost one-third of the produced BG in Europe. This method relies on the
use of biogas in an electricity generating system without wasting the heat produced through
combustion, which is used for space or water heating, industrial processes, greenhouses,
etc. [16-18].
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Another application of BG under study is the generation of electricity at high tem-
peratures or by using a catalytical system in fuel cells. However, high capital costs and
long start-up times are the principal drawbacks in this kind of application [15,19]. By
analyzing the literature, it is possible to highlight that the energy balance (sum of thermal
and electrical energy generated through CHP system—sum of thermal and electrical energy
used in the anaerobic digestion (AD) treatment) seems advantageous, nevertheless, it is
important to consider that the above results convey only an energy balance while the
effective environmental impact is not directly considered [20-29].

In addition to these direct applications for green energy production, BG could be
upgraded to biomethane (BM) using a variety of techniques (water scrubbing, physical or
chemical absorption, pressure swing adsorption, membrane separation, cryogenic separa-
tion) [30].

Currently, 10 vol.% of the BG produced in Europe is upgraded to BM [16]. Although
efficiency values are close to 100%, upgrading biogas, strictly from an energy perspective,
seems to be non as convenient, since there would be an overall energy loss that can be
prevented by burning biogas as it is. On the other hand, for BM to be injected in the natural
gas (NG) grid or to be used as a fuel of various kinds, upgrading it to BM is the ideal path,
assuring high CHy purity and high energy efficiencies. To better understand whether the
BM may represent an environmentally friendly alternative, it is important to compare the
impact of its production and use to the one associated with the exploitation of NG [31-35].

The highest global warming potential (GWP) in BM production is obtained when
energy crops are used due to the employment of agricultural machinery, herbicides, etc. [36].
The GWP is reduced when BM is produced from wastes such as municipal solid wastes,
agro-industrial wastes and manures, reaching negative values when BM leakage from
storage is avoided. By comparing the results, it is possible to conclude that, on the basis of
the GWP values, the production of BM may be considered environmentally attractive only
in very few cases. Its production seems to be advantageous only if obtained from urban
or agro-industrial wastes. To accurately evaluate the overall effect on the environment,
it is therefore important to point out all the parameters involved in the production and
utilization of BG or BM that could be considered as a possible source of impact [37-39].

Lastly, BG could also be chemically upgraded to high added value products, such as
syngas (a mixture of CO and Hj) or hydrogen, through reforming reactions (Figure 2). Syn-
gas, in turn, has many applications such as producing methanol or long-chain hydrocarbons
via the Fischer-Tropsch process.

Many studies in the last decade report encouraging results about the transformation
of biogas into hydrogen or syngas. The first step for the upgrading of BG to chemicals is
the production of syngas that represents the starting point to produce hydrogen, methanol
and hydrocarbons. The H, /CO ratio mainly depends on the reforming technology used.

Steam Reforming (SR): CHy + H,O = CO + 3H,

Partial Oxidation (PO): CHy + 0.50, — CO + 2H,

Dry Reforming (DR): CHy + CO; = 2CO + 2H;

Combined Steam/Dry reforming of Biogas (S/DR): 2CHy + CO; + H,O = 3CO + 5H,
Water Gas Shift (WGS): CO + H,O = CO, + Hp

Methane Try reforming (MTR): a combination of SR, PO and DR.

Autothermal Reforming (ATR): a combination of SMR and PO

In fact, when syngas is obtained with a suitable H,/CO ratio, it can be processed
in a water gas shift (WGS) section to obtain pure hydrogen or it can be transformed
in methanol or in hydrocarbons by Fischer-Tropsch process [40,41]. BG can be used as
such (after purification) or after CO; removal as BM. If BM is considered as feedstock
to produce syngas, it is easy to understand that the current technology can be applied,
instead, if BG is the starting feed, the reforming unit must be opportunely modified to
maximize the CO, conversion. By analyzing the existing literature, it is possible to state
that there is the possibility to convert biogas into syngas with different Hy /CO ratios
by tuning the operation conditions and by using an appropriate catalyst. Starting from
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these assumptions, it is fundamental to evaluate whether the use of BG instead of the NG
represents a sustainable route to produce syngas.

Biomass

!

Anaerobic digestion
and purification

|

— C.lean —— Catalytic Reforming
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Upgrading
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Figure 2. Biogas utilization routes.

The Life Cycle Assessment (LCA) studies found in the literature report result in
comparing different ways to convert BG or BM into different chemicals. In this way;, it is
possible to state which route is most appealing for the conversion of this feedstock, but
it is impossible to verify whether BG could represent a suitable alternative to natural gas.
Analyzing the GWP for the production of Hj starting from BG or BM, the impact of the
production of a certain amount of hydrogen depends on the feed used and the technology
applied for biogas upgrading [42-46].

The synthesis of methanol using BG seems to be more attractive from an environmental
point of view if compared to H, production. Additionally, in this case, it is possible to
assert that the impact is a function of the feedstock used for the production of BG and the
technology used for its upgrade [47-52]. Recently, Schiaroli et al. [53] reported a study in
which both BG and NG are considered as feed for the production of syngas (suitable for
methanol synthesis). As reported above, syngas represents an intermediate to produce
methanol, hydrogen, and hydrocarbons. Considering that the current technologies for the
production of these chemicals are very similar, the syngas production may be taken into
account to carry out representative LCA studies. As reported in the above cited manuscript,
the production of syngas starting from BG instead of NG is environmentally convenient
only using the combined steam and dry reforming technology and simultaneously utilizing
BG as an energy supplier.

Summarizing the findings reported in this paragraph, it seems that the use of BG as a
feedstock to produce chemicals may represent an alternative to the NG. It is noteworthy
that most of the authors report comparison between different upgrading technologies and
not a comparison between BG and NG, avoiding highlighting whether this renewable
source can represent an alternative to the fossil fuels.

In any case, it is fundamental to realize a solid process in which the choice of the best
catalytic system determines both the economic and the environmental sustainability.
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2. Catalysts for Biogas Upgrading
2.1. Monometallic Ni-Based Catalysts

The reforming of BM has been performed using different classes of catalyst containing
different active phases and support. Starting from studies conducted on the well-known
steam reforming of NG, and considering the low price and the fact that they are easy
to synthetize, Ni-based catalysts have been widely investigated not only in presence of
steam but also for the dry reforming of BG [54-60]. The choice of Ni as active phase
for the upgrade of BG to syngas using dry or combined reforming may represent an
economic alternative to noble and more expensive metals (Figure 3) but the overall catalytic
formulation could be carefully modulated to obtain a performing and stable material.
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Figure 3. Estimated prices of syngas using different catalysts [30].

The catalysts can be synthetized using different synthetic routes such as: impreg-
nations [61-65]; one-pot evaporation-induced self-assembly [66]; template-free (TF) syn-
thesis followed by hydrothermal treatment [67]; sol-gel synthesis [68-70]; preparation
from hydrotalcite-type precursors [71,72]; pH-controlled impregnation [73]. Alumina or
Mg/ Al/O mixed oxides are widely used as support for Ni-based catalysts for their thermal
stability. Several papers report on the behavior of this class of materials. Ni/Al,O3 catalysts
showed good performances in terms of CH, conversion (98% when H,O/CHy is 6.1), also
at 600 °C cofeeding a large amount of water; CO; in these conditions showed very low
conversion (23% when H,O/CHy = 1.2) [74]. Other authors investigated alumina as sup-
port in steam and dry reforming of biogas finding high methane and CO, conversions and
syngas produced with interesting H, /CO values with temperatures ranging from 600 to
900 °C [66,73,75-83]. It has been demonstrated that 5 wt.% Ni supported on microporous
alumina is more active and resistant compared to the 5 wt.% Ni supported over nonporous
alumina. The interaction between active phase and support strongly increases in case
of samples synthesized introducing the active phase precursor at the beginning of the
synthesis process, leading the formation of more resistant catalysts [66]. The distribution of
the Ni particle on the alumina surface plays a fundamental role on the activity and stability
of these catalysts also in DR of BG. A more efficient synthesis allowing the formation of
highly dispersed and reducible Ni particles that increase the activity of samples [73]. It
is noteworthy that the reoxidation of Ni’ may take place in steam reforming conditions,
while a strong deactivation caused by a massive coke formation is observed during dry
reforming (Figure 4) [70,74-76,83].
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Figure 4. TEM images of typical carbonaceous materials formed during dry reforming: carbon
nanotubes (left) and encapsulating carbon (right).

The addition of Mg to the catalytic formulation leads to the formation of mixed splinel
phases and basic sites that have been proven to improve the CO, conversion and the overall
stability [75,76,83]. Depending on the synthetic routes, the interaction, and the dispersion
of Ni® over the support could be increased allowing the increases in both activity and
resistance to coke formation [77,84-88]. Silica has also been investigated as a possible
support for Ni in dry and combined reforming. Samples containing the same amount
of Ni and prepared using the same procedure show different behaviors in methane dry
reforming and silica SBA-15 resulted to be more active and stable (CH4 and CO; conversion
of 78% and 85%, respectively) than aerosol and diatoms [61]. Although using silica as a
support facilitates the reduction in Ni species, weak interaction between active phase and
support causes rapid deactivation (from 90% to 80% for both CH4 and CO, after 100 h of
reaction at 750 °C) [89]. High surface area values and the possibility to obtain support with
a specific lattice structure have been claimed as the responsible for the performances of
Ni/SBA-15, Ni/MCM41 or other amorphous silica supports [60,88,90-94]. Good results
in dry, combined and tri-reforming of methane have also been obtained with Ni/ZrO,
catalysts well-known to be stable at high temperatures [88,95-98]. A non-innocent support
has been identified into CaO that can be synthesized in different ways showing different
physical properties such as surface area, porosity, and crystallite size. Ni supported over
these materials showed interesting activity that resulted higher for the sample obtained by
hard template synthesis with an initial value of 80% for both CH, and CO; conversion [67].
The possibility to modulate the acidity and basicity of the samples is one of the reasons
for the choice of the hydroxyapatite as support for Ni and other metals active in the dry
reforming of BG. It has been noted that samples containing 10 wt.% of Ni increase their
activity during time-on-stream; ascribed by the authors to the evolution of active surface
that promote the activation of Ni** cations inserted to the apatitic structure and, on the
other hand, the formation of Ni® particles on top of carbon nanofibers that results active in
the dry reforming of methane (CH4, CO, conversion = 35%, 45% at 700 °C, 1.6 bar) [99].
Similar results have been reported by several authors, highlighting the possibility to use
this class of materials as possible candidates for the production of stable catalysts for dry
reforming of methane or BG [100,101]. The possibility to regenerate the above-cited group
of catalysts demonstrated by Rego de Vesconcelos et al. [102] is noteworthy, as it represents
a remarkable upgrading in the DR processes.

2.2. Metal Oxides as Activity Promoters

Ni-based catalysts can be improved by different promoters and supports that enhance
its performance, stability, and resistance to carbon formation in the reforming harsh reaction
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conditions. CeO; has been successfully applied in dry, steam reforming and combined
processes [103-106]. The redox chemistry between Ce®* and Ce**, CeO, high oxygen
affinity and adsorption/excitation energy bands associated with its electronic structure,
together with its Lewis acid and base sites, makes ceria a suitable promoter to suppress
carbon formation on the catalyst surface. Ni/CeO, catalysts were reported to be active
in reforming reactions and activate CO, [107,108]. CeO; is reduced by H in the reaction
and the oxygen can be replenished by CO,. Carbon dioxide can be then converted to CO
while the adsorbed oxygen is available to provide a pathway for carbon oxidation. As
demonstrated by Al-Swai et al. [109], a CeO,-MgO binary oxide (15:85 wt/wt) can improve
Ni activity in the DR at low temperature. The authors report that, although further improve-
ments are needed regarding the stability of the catalyst, a 20 wt.% Ni/CeO,-MgO catalyst
shows remarkable CH4 and CO, conversions at 400 °C (20%, GHSV = 36,000 mL g_1 h™1),
higher than those registered for similar catalysts tested at higher temperatures [110,111].
On the other hand, carbon more likely forms at such high Ni loading, and this aspect can
be detrimental to the achievement of an optimal compromise between quantity of active
sites and resistance to carbon deactivation, especially at low reaction temperature.

The type of synthesis can highly influence either the CeO, promotion or the reac-
tion pathways. Das et al. [112] reported the utilization of a new core—shell structured
Ni-5i0,@CeO; catalyst for the dry reforming reaction at 600 °C. The final catalyst was
composed of nanometric spheres in which the porous Ni/SiO, surface is covered by a
uniform thin layer of CeO, (~10 nm). This catalyst configuration increases the Ni dispersion
and reducibility as well as the resistance to agglomeration, thus avoiding deactivation over
72 h. The results in terms of activity and carbon formation were compared to the bare
Ni-SiO, system and a Ni-CeO; catalyst obtained through impregnation. Though there was
a clear occurrence of the RWGS reaction (H, /CO ratio ~0.5 mol/mol), the Ni-SiO,@CeO,
showed a superior carbon oxidation capacity (0.047gC/gcatalyst after 72 h) due to the syner-
gic Ni-CeQ; interaction that, as evidenced by in situ DRIFTS analysis, surprisingly changed
the dry reforming reaction pathway (Figure 5).

(a)

CH,

Ca.rbony]s (b) Redox — CeO, lattice oxygen Carbonates
(major route) (major route) (mainly inactive)
CcO

Figure 5. Mono-functional and Bi-functional reaction mechanism for dry reforming on (a) Ni-SiO,
and (b) Ni-S5iO,@CeO; catalyst. Reprinted with permission from [112]. Copyright (2018) Elsevier.

Similar results were obtained from Marinho et al. [113] for Pt@CeO2 and Pt@CeZrO2.
The formation of an embedded structure enhances the extent of ceria reduction and the
creation of oxygen vacancies on the catalyst surface. DRIFTS revealed the formation of
carbonates only for the embedded catalysts and not for a traditional Pt/CeO, system,
evidencing a higher amount of oxygen vacancies over these structures.

Ni-CeO; catalysts were also applied in combined steam and dry reforming in a recent
work by Gao et al. [114]. A ZSM-5 support was chosen to deposit Ni-CeO, because of
its unique textural and physicochemical properties. From the results, the use of ZSM-5
allowed to obtain a high specific surface area of 286 m?/g and microporous structure that
improves the metal-support interaction and help to increase the resistance to deactivation.
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The Ni and Ce loading show that both the elements have crucial effects on the catalyst
performances. The tuning of CeO, amount can increase the catalytic activity and stability
in both terms of CH4 and CO, conversion. The optimal catalyst composition is 20 wt.% of
Ni and 2 wt.% of Ce, attaining conversion of CHy and CO; of 95% and 85%, respectively, at
800 °C, 0.5 of steam-carbon ratio and 3.6 L h~! g~!. This catalyst was stable over 40 h of
reaction with a total amount of carbon deposited lower than 5% of the catalyst weight.

Other rare earth oxides were reported to be promising promoters for reforming re-
actions. Among them, Lanthanum oxide, if used as a support in dry reforming reaction,
can effectively activate CO,, reducing the deposition of carbon by enhancing its oxida-
tion [115,116]. Charisiou and co-workers [117] studied the BG reforming over a Ni/La;O3-
Z1O;. The catalyst showed a high dispersion of La;O3 in the ZrO, lattice and TEM analyses
revealed the presence of cubic ZrpgLap101.95. The investigation of surface basicity by
CO,-TPD experiments revealed that the La-modified catalyst presents a high population of
very strong basic sites that can efficiently activate CO;, and enhance carbon gasification. It
is noteworthy that it was found that these properties could also enhance the occurrence
of RWGS reaction, which lowered the H,/CO ratio of the reforming outlet stream but
increasing the CO, conversion in all reaction conditions tested.

Similar catalysts were applied in the steam reforming of methane and model BG at low
temperature to produce H;. This process aims to produce pure hydrogen at temperatures
of 400-550 °C, which offers the chance to remarkably lower the operating costs, in addition
to favoring the WGS reaction in a one-step reactor. These features could be limited by
thermodynamic constraints that required the use of hydrogen-selective membrane and
the use of a highly active catalyst to shift the chemical equilibrium towards Hy. Angeli
et al. [118] synthetized the catalysts via wet impregnation of Ni or Rh on LayO3-CeO,-ZrO,
and LayO3-ZrO, supports. ZrO, can enhance the accumulation of water on the surface to
form hydroxyl groups at 500 °C [119] while La improves the oxygen storage-capacity and
thermal stability of CeO,-ZrO, [120]. Rh enhances the presence of oxygen vacancies over
the reducible support through the spillover effect, while Ni has a minor influence on the
support reducibility. This behavior, already observed in previous works [121-125], increases
the resistance of the Rh catalyst towards carbon formation, but it was probably responsible
for surface modifications during the time on stream, which caused a mild deactivation of
16.7% after 60 h of reaction. Hence, the choice of a Ni 10 wt.% CeZrLa catalyst was the best
in terms of stability and activity even when the reforming of biogas was conducted at 7 bar,
500 °C, GHSV of 30,000 h—! and a S/CHy, of 3. In these conditions, the CH, conversion
values over 90 h of time on stream reach the thermodynamic equilibrium (~18%). Although
the carbon formation through Boudouard reaction can be fast in the low temperature range,
the authors observe low carbonaceous material accumulation, which is highly reactive
towards oxidation or hydrogenation.

Perovskites containing Ni/La and other elements such as Co [126], Rh [127], Sr [128],
Fe [129], Zn [130], Ce [131] and Ca [132], were successfully applied in BG reforming. The
general formula of these compounds is ABO3, where A is an alkaline earth metal or a rare
earth element, while B is a 3d transition metal. By partially substituting the site A or B it is
possible to tune different properties of the catalyst such as the oxygen mobility /vacancies,
its redox behavior, and the oxidation state of the elements, which influence the catalytic
activity and stability of the material.

By adding Mn and Co to LaNiOj3 perovskite structure, Kim et al. [133] were able to obtain a
highly active tri-metallic LaNig 34Cog 33Mnyg 3303 catalyst for DR of BG (CHs/CO; = 1 mol/mol).
The results suggested that the superior performance may come from a closer interaction
between Ni and La;O3, mediated by MnO that, together with Co, stabilized the Ni particles
avoiding their detachment and the further polymerization of carbon over the support
(Figure 6).
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(a) bnz (b)

Figure 6. (a) Nickel nanoparticles detach from support by filamentous carbon that block oxygen
supply to metal surface. (b) The metal nanoparticles are in close contact with the support and receive
oxygen supply to produce CO. Reprinted with permission from [133]. Copyright (2019) Elsevier.

While the application of such systems in dry reforming reaction may be easily found
in the literature, there are few works regarding their application in combined steam and
dry reforming. In this context, Yang et al. [134] studied the promotional effect of strontium
on the performance of a Ni/La perovskite oxide. After the synthesis of the catalysts with
different amounts of Sr (La;_4SrxNiO3, x = 0-0.5), the systems were tested in the steam
reforming of biogas (CH4/CO; = 1 mol/mol), focusing the attention particularly on the
structure and resistance of the catalyst towards carbon deposition. It was reported that
the Sr concentration influences the properties of the catalyst. Firstly, due to differences in
Sr?* and La®* ionic radii, the generation of different perovskite phases after calcination
can be detected. The presence of this element lowered the catalytic activity, but greatly
suppressed the formation of carbon during reaction. It was stated that the Sr species
generated during reforming homogenously covered the catalyst surface, accelerating the
activation of CHy and CO,. The Lag ¢9Srg 1 NiOj; catalyst showed great stability for 20 h of
reaction, reaching conversions of CH4 and CO, of 83% and 70%, respectively, at 900 °C and
S/CH, of 0.5 mol/mol.

Although generally used to promote the activity of Cu in WGS [135] and Methanol
synthesis [136], ZnO was also applied in biogas valorization through reforming [137,138].
A study by Cunha and co-workers [139] examined the performance of a zeolite 13X doped
with Ni-ZnO in the combined reforming of BG for the syngas production in a wide range of
reaction temperatures using a feed of CH,:H>0:CO,, in a molar ratio of 3:2:1. In this work, a
new type of pre-treatment was proposed; before the tests, the catalyst was exposed to a gas
stream of CO at 400 °C for 2 h. The main idea was to exploit Boudouard’s reaction to enrich
the catalyst surface in filamentous carbon that, detaching the Ni particles from the support,
would decrease the sintering phenomena easily occurring during reaction. The results
showed that although the Ni crystal sizes were relatively large, the Ni-ZnO/13X shows
the best performance reaching the total CHy valorization at 800 °C and CO, conversion
of almost 55%. In a recent work by Chatla et al. [140], the Zn effect on a NiMgAl mixed
oxide catalyst for dry reforming reaction was investigated. To do so, hydrotalcite-type
precursors with different Zn loadings were obtained by co-precipitation, maintaining a
constant 10 wt.% Ni loading in the final catalyst. The reduction behavior of the catalysts
(Figure 7) shows that by increasing the amount of Zn, the reducibility of the catalyst in-
creases as weaker metal-support interactions predominate, while the NiO-ZnO interaction
become stronger.
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Figure 7. Effect of ZnO loading on NiO reducibility. Hp-TPR profiles of (a) NiMgAl, (b) NiMgAl-1Zn,

(c) NiMgAI-3Zn, (d) NiMgAI-5Zn, (e) NiMgAl-10Zn catalysts. Reprinted with permission from [140].

Copyright (2022) Elsevier.

ZnO acts as a booster of basicity, that enhances CO, adsorption and activation as
well as the occurrence of reverse Boudouard’s reaction. Interestingly, the XPS analyses of
the reduced samples show different shifts of both Ni and Zn binding energies, strongly
suggesting the formation of a Ni-Zn alloy on the catalyst surface. All these features promote
the catalytic activity in DR, showing a clear improvement in performance especially when
Zn concentration is 3 wt.% (0.115 molcpg min~! gng ™! vs. 0.098 molcpyy min~! gy !
of NiMgAl sample). Moreover, the Zn-doped catalyst shows fewer and shorter carbon
nanotubes after 100 h of reaction and a narrower distribution of the active phase with an
average size of Ni particles of 10 nm. This evidences the promoting effect of Ni-Zn alloy
formation, in line with a similar work on Ni-Zn systems [141].

Having been recently reported as catalysts for CO; activation, In and InyO3 [142-144],
were studied as promoters of the Ni activity in dry reforming. A Ni-In/CeO,-Al;O3 cata-
lyst [145] was successfully applied at low temperature DR (650 °C), showing CHy and CO,
conversions of 37% and 25%, respectively. The addition of 0.3 wt.% of In via deposition—
precipitation stabilizes the activity of a 3 wt.% Ni/Al,O;3 catalyst and decreases carbon
formation, avoiding the increase in the reactor pressure drop. Since the average size of the
reduced particles was found to be independent from the catalyst composition, the reason
behind In promotion was suggested to be of electronic nature. The authors stated that In
plays a double role as CeO, modifier, promoting the formation of a higher number of Ce3*
sites after reduction, and increasing the Ni performance by an alloy formation. The long-
term stability of a Ni-In based catalyst for dry reforming was assessed by Liu et al. [146],
who prepared a series of confined Ni-In intermetallic alloy nanocatalysts (InyNi@SiO;)
via a one-pot method using the bimetallic nanoparticles as cores and porous SiO; as shell.
TEOS was used as silica precursor. The Ni content was fixed at 7 wt.%, while the amount
of In was varied in the range 0.0-7.0 wt.%. The catalysts screening at variable temperatures
(550-800 °C, 1 bar, CH4:CO, = 1:1 and GHSV of 18,000 mL h~!gcat™!) shows that both
CHj and CO; conversion decreased with the In content. From the apparent activation
energy calculations, it turns out that the addition of In has an insignificant influence on CO,
activation, while CHy is hardly dissociated when In concentration increases (81 kJ mol !
without In, up to 101 kJ mol~! for In; gNi@SiO,). On the other hand, a low CHj acti-
vation energy would lead to a quick and higher carbon deposition, evidencing that this
parameter must be finely tuned to have optimum compromise between catalytic activity
and carbon adsorption. In this sense, In can effectively weaken carbonaceous deposition,
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but at the expense of a lower CH, conversion rate. The Ing5Ni@SiO; is able to resist to
the deactivation over 430 h of DR reaction (CH4 and CO; conversion of 90% and 95%,
respectively) showing a coke formation that is negligible for the first 20 h. In this sense, the
confinement of the nanoparticles inside the silica shell (Figure 8) further provided higher
resistance towards both sintering and coke formation, as demonstrated by comparison
with a supported Ni-In/SiO; catalyst.

e o e v g e
6.7 8.9 1081912 13

Particle size (nm)

w

Ni@Si

“\Ic;m=7.2nm

e 8
Size (nm)

Figure 8. TEM images and Ni particle size distributions of spent (A) Ni@SiO2-20 h, (B) Ing ; Ni@SiO,
20 h, (C) Ing 5sNi@SiO,-20 h, (D) Ing o(Ni@SiO,-20 h, (E) Inj gNi@SiO,-20 h, and (F) Iny ¢Ni@SiO,-20 h
catalysts. Reprinted with permission from [146]. Copyright (2022) Elsevier.

2.3. Noble Metals as Active Phase

The great resistance of noble metals to sintering and coking phenomena makes their
applications of high interest in academic and industrial research. Elements such as Pt, Rh
and Ru are highly active towards dry reforming and more resistant to carbon deposition
than other transition metals [147,148]. Rh-based materials were proposed as effective
catalysts for steam reforming [149], dry reforming [147,150], partial oxidation [151] and
oxy reforming of methane [152].

In a recent study [153], the cocking resistance of Rh 1 wt.% over y-Al,O3, Ceria-
Zirconia (CZ, Ce0.5Zr0.5-02-6) and Ceria-Zirconia-Alumina (ACZ, 80 wt.% Al,O3-20 wt.%
Ce0.5-Zr0.5-02-6) was assessed. The oxygen storage capacity measured by Hy-TPR were 0,
101, 557 pmol Oy g~ ! for y-Al,O3, ACZ and CZ, respectively. The catalysts were tested for
12 h of reaction at ambient pressure, 750 °C, CHy/CO; =1 and GHSV of 120,000 mL hflgfl,
showing stable performance regardless of the oxide support. Rh/vy-Al,Oj3 attains the higher
activity with a CHy conversion of ~90% in comparison to the lower values of 65-70%
exhibited by Rh/CZ and Rh/CZA sample, but an opposite trend was observed when the
intrinsic activities of the samples are examined. When the temperature dependence of
turnover frequencies (TOFs) is considered, it must be noted that the apparent activation
energies for CO, and CHy are reduced, especially for the Rh/CZ catalyst. Moreover, the XPS
analyses of the catalysts after exposure to DR clearly show that support composition has
an influence on the oxidation state of Rh, demonstrating that the surface oxygen mobility
promoted by CZ also contributed to stabilize Rh in its metallic state. The authors also stated
that through the formation of a layer of labile O>~ ions on the Rh surface when supported
on oxides with high oxygen mobility, the activation and oxidation of CH, become easier
(Figure 9). Since the lifetime of the O®~ species is shortened at high temperature, this
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“effective double layer model” is efficient mainly on Rh/CZ catalyst and in the conditions
in which low temperature DR is carried out.
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Figure 9. Model of the “effective double layer model” in which the dry reforming is promoted by
supports with high oxygen ion lability. Reprinted with permission from [153]. Copyright (2019)
Elsevier.

The application of Rh/Al,O5 catalyst was also studied by Moral et al. [154], who consid-
ered the possibility of adding oxygen to the reaction mixture to perform the catalytic partial
oxidation of BG. Under oxy-CO, conditions, mainly when a O, /CH,4 molar ratio of 0.45 was
used, an increase in CHy conversion (~85% at 700 °C, GHSV = 150 Ly gcat_l h=1) and
H, yield (up to ~1.4 mol/mol) was observed, which was not attainable through “classic”
dry reforming.

A series of ternary perovskite type BaZr;_yMexO3 containing Rh, Ru or Pt were
investigated in the DR of BG by de Caprariis et al. [155]. Unlike Pt perovskite, Rh and Ru
catalysts do not show any deactivation with a limited carbon formation rate for BaZrRhO3
catalyst (0.0019 gcoke gcat~+ h™! vs. 0.0027 and 0.0094 g oke Geat L h™! for BaZrRuO; and
BaZrPtO;, respectively). The experimental tests point out that the catalyst performance
increases following the order Pt < Ru < Rh.

Ru was also found to be an efficient catalyst for dry reforming when supported on
Aly,O3 [156-158], and MgO [159]. Ru-based catalysts have also been the focus of interesting
DFT studies carried out by Egawa [160] and Wang et al. [161], which shed light on CO, and
CHy activation pathways on a Ru (0 0 1) and Ru (0 0 0 1) crystal faces, respectively. The
latest work revealed that CO, directly dissociates to form O%*, which is the main oxidant of
CHx* intermediates. The binding energy difference between these two species increased
in the order Ru > Co > Ni > Pd > Pt, which should also reflect the ranking order in terms
of resistance to carbon formation. It was found that due to its oxophilic nature, Ru easily
activates CO,, while CHy activation is slower and denoted as the rate-limiting step of
reaction, as demonstrated by microkinetic simulations under low-pressure conditions in
which the DR reaction rate is clearly affected only by CHy4 pressure.

A Ru-doped Sr( 9Y( 08 TiO3 perovskite was proposed as highly active in the combined
dry reforming and sorption-enhanced WGS process (SE-WGS) for pure H, production [162].
The system configuration (Figure 10) involves a first stage in which clean biogas undergoes
dry reforming, followed by a second step in which a CuZnAl catalyst (active for WGS) and
a CO; sorbent (in a ratio of 1:4 wt/wt) are packed in a divided section of a fixed bed reactor
that operates at 300 °C. Once the adsorber sites are saturated, the reactor undergoes to a
regeneration cycle at 500 °C to desorb CO; that can be recycled to DR unit as a reactant.
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Figure 10. Schematic of the integrated systems: (a) combination of DR and WGS reactions and (b) DR
and SE-WGS reactions units. Reprinted with permission from [162]. Copyright (2022) Elsevier.

From the XPS analyses conducted on the Ru5-SYT (where 5 is the mol.% of Ru that
substitutes Ti in the perovskite structure), it appears that the incorporation of Ru causes
a shift to lower binding energy of the peak attributed to the presence of lattice oxygen
vacancy (from 529.8 to 529.5 eV). After reduction, Ru formed nanoparticles with an average
diameter of 2—4 nm, which were not significantly modified after 100 h of TOS in which the
catalyst attains CHy conversion of 82% at 750 °C, GHSV of 1580 h~1, CO,/CHj ratio of
1.05. From the results obtained combining the two reactors, it is possible to obtain pure
Hj; (>99.5%) until the saturation of the sorbent, that seems to be the limiting factor of
productivities of such units. Nevertheless, the proposed DR/WGS-SE system shows to be
resistant to regeneration cycles, which minorly affects the performances of the process.

Pt supported over Al;O3 and doped CeO,/Al,O3 was studied for the BG reforming by
da Fonseca et al. [163]. In this case, the type of promoter and its role on the Pt activity and
stability for the dry reforming was studied. The oxygen storage and release capacity of the
different catalysts were also studied by in situ XRD and XANES analyses during reduction
treatment. It was found that the amount of reduced Ce®* sites and the temperature of
reduction in Ce** vary among the different Pt/Ce/Al,O3 samples doped with Pr, Zr and
Nb (3-5 wt.%). The Pt/CePr/Al,O3 catalysts scored the highest Ce3* molar fraction (23%
vs. 16-17% for the others) and thus reducibility, even if the Pt dispersion value obtained
by cyclohexane dehydrogenation was low (9% vs. 42% of Pt/ Al,O3). From the catalytic
results, it is possible to observe how, after 3 h, the Pt/ Al,O3 catalyst quickly deactivates
reaching the lowest BG conversion values (25 and 15% of CO, and CH, conversion, respec-
tively). Instead, the co-presence of Ce and Pr led to a stable performance at 800 °C over
24 h, attaining CH,4 conversion of 75-72% and CO, conversion of 75-70%. Although the
formation of carbon was detected regardless of the catalyst, it was found that the main
reason behind deactivation was the sintering of Pt that was detected even in doped samples
except for Pt/CePr/Al,Os.

2.4. Bimetallic Catalysts

The applications of bimetallic catalysts in BG reforming could be a practical and suc-
cessful method to overcome catalyst deactivation increasing coke-resistance and mitigating
the sintering of the active phase. The Ni stability can be improved by the addition of small
amounts of precious metals such as Rh, Ru, Ir, Au, Pd, and Pt or non-precious metals
such as Co, Cu, Fe or Sn. Depending on the chemical nature of the two elements, the
surface properties of the catalyst change through the formation of alloys, core-shell or
nano-sized structures that boost the catalytic performance. The presence of a small amount
of Rh in a Ni-Zeolite L catalyst, obtained by incipient wetness impregnation, was found
to improve both the dispersion of the active phase and the metal support-interaction to
increase the Hy production of biogas steam-, oxy- and tri-reforming processes [164]. Ni-Rh
catalysts were also found to be highly active and stable in dry reforming or combined
steam and dry reforming reaction when supported on SiO; [165], CeO,-ZrO, [166], and
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AlyOs3 [167,168]. In our published work [169] we proposed the use of hydrotalcite-type
precursors to obtain Ni-Rh/Mg/Al/O mixed oxides active in dry reforming and steam
reforming of biogas. The unique structure of the precursors assured a high dispersion of
the metals on the catalyst surface while the formation of a Ni-Rh alloy during reduction
avoided the re-oxidation of Ni in the steam reforming conditions. Remarkably, the presence
of 0.5 wt.% of Rh suppressed the carbon formation and improved the resistance of the
active phase towards sintering and deactivation. Moreover, changing the synthesis method
by using a Ni-Rh clusters [72] (deposited on the support via wet impregnation) in which
the elements were in intimate contact, it was possible to reduce the amount of Rh and Ni
(Figure 11) and simultaneously maintain high activity (CH4 and CO, conversions of 92%
and 72%, respectively, at 900 °C, P = 5 bar, Steam/CHy4 = 0.5, GHSV = 50,000 mL gcat ' h™1)
and stability in the combined steam and dry reforming reaction conditions.

Figure 11. HR-TEM images of reduced Ni-Rh/Mg/Al/O catalysts: (a,c,d) Ni 3.0 wt.% Rh 0.5 wt.%;
(b) Ni 2.0 wt.% Rh 0.3 wt.% [72].

Since Ni and Ru have a limited miscibility, the Ni-Ru catalysts could be in the form
of dispersed mixed particles with a high structural complexity, which need a careful opti-
mization of the synthesis method as an optimal control of structural variations that occur
during pre-treatment and catalytic assessments. The combined steam and dry reforming
was studied by Alvarez et al. [170] using Ni-Ru catalysts supported on Mg/Al/O. The
bimetallic catalysts showed a higher biogas conversion (CH4 conversion of 55%, CO,
conversion of 50%, at 750 °C with 28% of H,O in the feed, GHSV 120,000 mL gcat_1 h1)if
compared to the Ni/Mg/Al/O system and the desired H, /CO ratio of two in the produced
syngas was attained at 750 °C and a HyO/CHj = 0.56 mol/mol. The influence of the metal
order addition was investigated performing two impregnation methods. A simultaneous
incorporation of the active phase was beneficial in terms of Ni-Ru interactions and Ru dis-
persion that led to the fast gasification of deposited carbon. The enhanced resistance of this
bimetallic systems towards coke deactivation was demonstrated by Zhou et al. [171]. The
Ru/Ni/MgO catalysts obtained via solvothermal synthesis of RuxNiyMg; x—y(OH)(OCH3;)
precursors assured a homogeneous distribution of the elements, especially when this pre-
cursor was directly reduced in H; flow at 800 °C, and the amount of incorporated Ru
was low. In these conditions, the catalyst attained a high durability of 100 h in the dry
reforming at 800 °C, showing CH4 and CO, conversions of 95% and 90%, respectively
(P =1 bar, GHSV 86,000 mL gcat‘l h~1). The authors stated that the formation of a Ru-rich
overlayer during reaction conditions had the ability to slow CHy4 dissociation while enhanc-
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ing the surface oxygen coverage and the carbon oxidation by CO,. Similar results were
reported by Xu et al. [172]; that via combustion method were able to synthesize a series of
Ni(Zr,Ru)/SiO; catalysts with an improved Ni dispersion hardly attainable with conven-
tional impregnation technique. The small particles size (~5 nm), together with the strong
metal-support interactions brought by the fast synthesis method, assured high catalytic
activity while the presence of carbonaceous deposits after 50 h of reaction decreased in the
order Ni/SiO, > NiZrO, /SiO; > Ni-Ru/SiOs.

Ni-Pd and Ni-Pt catalysts were investigated in both steam and dry reforming of BG.
Batebi et al. [173] developed a Ni-Pd/Al,Os catalyst synthesized via sol-gel method for
the combined steam and dry reforming reaction. From the H,-TPR results they observed
that the synergic interaction between the two metals enhanced the reduction degree of
NiO, leading to better dispersed nanoparticles that highly improved the CH4 conversion
and the Hj yield of the reaction. Similar results were obtained in the DR by Pan and
co-workers [174] that tested a series of Ni-Pd/SiO; catalysts obtained via oleic acid-assisted
wet impregnation method. The results demonstrates that the size of the formed Ni-Pd
nanoparticles do not change during reaction, highlighting their superior resistance towards
sintering phenomena. The catalyst attained good stability over 1500 min of TOS and a CHy4
conversion of 65% at 700 °C, higher than that of monometallic catalyst (CHy4 conversion
of 50%). Similarly, a Ni-Pt/Al,O3 [175] catalyst was found to be highly active in dry
and combined steam/dry reforming in the 600-800 °C temperature range. In addition to
changing the reduction properties of the catalyst, the presence of Pt highly decreases the
carbon deposition. Li et al. [176] studied the evolution of surface composition of a series
Ni-Pt/Al,Oj5 catalysts under simulated reaction conditions. The results obtained using
various techniques such as XANES, XPS, HAADF-STEM demonstrate that upon thermal
treatment, the active phase undergoes a surface reconstruction in which Pt monolayer
island-modified Ni nanoparticles obtained during synthesis evolve to core-shell bimetallic
sites composed of a Ni-rich center. As the Pt coverage increases, the activity is enhanced
through a facilitation of the CH oxidation pathway, which contributes to the suppression of
carbon deposition.

The formation of a Ni-Co alloy can boost the catalytic performance and increase the
stability of the catalyst. As demonstrated by HAADF-STEM and EXAFS experiments, the
formation of this active phase took place beyond 600 °C [177]. An optimal Ni/Co ratio
over vy-Al,O3/LayO3 could improve pore textural properties and enhance metal particle
dispersion that led to stable performance over 290 h in dry reforming reaction (CH4 and CO,
conversion equal to 94%, GHSV 6000 mL geot ~! h™!, T =800 °C) [178]. Moreover, the oxygen
affinity of Co increases the carbon oxidation rate, while hydrogen spillover from Ni to Co
prevents its oxidation in the reforming conditions [101]. In this sense, a Ni-Co/Al/Mg/O
obtained by coprecipitation showed impressive stability for 250 h at 750 °C, GHSV of
110,000 mL gcat~! h~! with very low carbon formation when Ni and Co concentrations
were low (3.6 and 4.9 mol.% respectively) [179]. More recently, Fan and co-workers [180]
demonstrated the improved stability of a Ni-Co/MgO nanoplate solid solution, which
after reaction formed small Ni-Co alloyed nanoparticles (d ~5 nm) that were active in dry
reforming for 1000 h of TOS. The mechanism behind the Ni-Co particles formation and
evolution in DR was studied by in situ scanning transmission X-ray Microscopy by Askari
et al. [181] under reducing and operating conditions. Interestingly, when in calcined form,
the Ni-Co/v-Al,O; catalyst exhibited an inhomogeneous distribution of Ni and Co. A
reduction in this system led to elemental segregation that involved Co migration to the
center of the forming nanoparticles while Ni occupied the outer shell of the bimetallic
phase. It turned out that this structure was preserved during reaction, creating a synergic
site in which Ni acted as main active phase whereas Co serves as electron donor to boost
activity and carbon gasification.

Among the transition metals series, Fe was also found to enhance Ni catalysis in biogas
reforming processes. As demonstrated by Theofanidis et al. [182], depending on the Ni/Fe
ratio, it is possible to obtain a catalyst with good activity in dry reforming using MgAl,Oy
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as support (STY = 0.110 molcps s~ moly; ! at 750 °C). Moreover, the structural evolution
of the bimetallic particles under reducing and oxidizing conditions was monitored using
time-resolved in situ X-ray diffraction. The formation of the Ni-Fe alloy was found to occur
beyond 500 °C. However, the bimetallic phase underwent decomposition in the presence
of CO, after 600 °C to form Ni and Fe3Oy. In accordance with their new findings [183], this
peculiar behavior is beneficial during biogas reforming as, depending on CH/CO; ratio,
the alloy can be partially decomposed through Fe segregation (Figure 12). The Fe-oxide
decorates the alloyed nanoparticles, reducing carbon accumulation at its surface by a fast
interaction with FeOy lattice oxygen, that produced CO.
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Figure 12. Schematic representation of the compositional changes in: (A) reduced NiFe/MgAl,O4
catalyst, (B) during DR with CH4/CO; < 1, and (C) during DR with CH,/CO, =1, as suggested by
in situ QXAS. Red arrows in B and C indicate Fe mobility. Reprinted with permission from [183].
Copyright (2022) Elsevier.

2.5. Structured Catalysts

Structured catalysts enhance mass and heat transfer rates and decrease pressure drop,
thus being an optimum choice to decrease temperature gradients in the reforming of biogas
and working at high GHSV under transient conditions [184]. Hence, small scale reactors
operating under transient conditions can be developed. Ni and/or noble metal-based
catalysts coated on several structured supports, such as honeycomb monoliths or open-cell
foams, have been proposed for the biogas reforming, also in presence of O, and H,O.

A Ni catalyst promoted with small amounts of Ru coated on honeycomb cordierite
monoliths displays an enhanced activity in the reforming of biogas in comparison to a
packed bed reactor (85% of CO, conversion vs. 45%). However, the real effect of the
structured support is not clear, since the enhancement in the activity is related to differences
in the contact time, the latter is larger over the monolith than the packed bed [185]. The
interaction of the catalytic coating with the cordierite support, which depends on the
calcination time, modifies the catalytic phases in a Ni/y-Al,O3 washcoated cordierite
monolith due to the formation of a Nij.xMgyxAl,Oy4 spinel [186]. The diffusion of Mg from
the cordierite monolith to the catalyst coating during calcination at 800 °C for 20 h leads to
the formation of a higher amount of Ni;.,MgyxAl,O4 than when it is calcined for 4 and 10 h,
which produces smaller Ni” particles and decreases the carbon deposition in the reforming
of biogas. A nanocomposite Ni + Ru/Cep 35Zrg 35P19 30,/ mesoporous MgAl,O, loaded on
a honeycomb FeCralloy foil substrate shows a high performance and stability to coking in
the autothermal natural gas oxy-dry reforming with real concentrated feeds [187].

The conventional preparation method of structured catalysts is the washcoating
of ready-made catalysts [188]. However, some alternative methods have been also de-
scribed, and some of them applied to prepare honeycomb-based biogas reforming catalysts.
Cordierite monoliths (400 cpsi) coated with Ni, Rh, or Pt on CeO, are prepared by a
combination of solution combustion synthesis and wetness impregnation (Figure 13) [189].
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Figure 13. Structured systems after CeO, deposition by solid combustion synthesis and calcination
at 600 °C (a,d), after Rh impregnation by wetness impregnation (b,e) and after the final calcination at
400 °C (c,f). Reprinted with permission from [189]. Copyright (2018) Elsevier.

Thin and evenly coated layers with high mechanical strength are obtained, and for
Rh/CeO; a stable activity for 200 h in the steam (S/C = 3) and oxygen steam reforming
(S/C =1,0/C = 0.2) of biogas is obtained at 900 °C and 180,000 NmL g, ' h~! (CH,4
conversion of 95-100%, Hy /CO ratio of the outlet stream ~3 mol/mol). Akri et al. prepared
bulk monoliths; a catalyst, based on natural illite clay, nickel, and magnesium, is added
into moldable paste easily extruded into a honeycomb monolith [29].

The shape of the structured support may also determine the catalytic properties. By
comparing the performance in the steam and oxygen biogas reforming at 700-800 °C and
250,000-350,000 Nml gcat_l h~! of Ni/CeO, and Ni-Rh/CeO, catalysts coated on cordierite
honeycomb monoliths (500 cpsi) and Al,O3 (30 ppi) open-cell foams, it is shown that the
foams provide better results due to more efficient heat and mass transfer phenomena,
attributed to the random porous network of foam support [190]. The effect of the promotion
of Rh is also evidenced; NiRh-based catalysts perform better than Ni-based systems, mainly
under less favored reaction conditions, i.e., low temperatures and high space velocity.

The dimensions of pores per inch (ppi) in the foams modify the catalytic proper-
ties in the steam reforming of biogas with steam and oxygen [191]. Over Rh/CeO; on
Al,O3 foams the activity follows the order 20 < 30 ~ 40 ppi at high spatial velocities
(35,000-140,000 NmL g~! h~1). External interphase (gas-solid) and external diffusion are
improved by reducing the pore diameter of the open-cell foams. The best catalyst shows a
stable activity for both steam (CH, and CO, conversions of 100% and 14%, respectively)
and oxy-reforming (CHy conversion of 100%, CO, conversion of 50%) at Tsgr = 900 °C
and 70,000 NmL g~ h~! for 200 h of time-on-stream with consecutive start-up and shut-
down cycles.

Structured supports made of heat conductive materials are preferred to enhance the
heat transfer. In this sense, Ni-CeO;-Al,O3 supported on SiC foams have been used in
the reforming of biogas [192]. The enhanced activity of the catalyst in the reforming
of biogas is related to the in situ development of CeAlO3, able to activate CO,, and
uniformly distributed Ni nanoparticles. Liquid silicon-infiltrated SiC (Si-SiC) foams, to
avoid the oxidation of SiC, are coated with a 10—0.3 wt.% Ni—Rh/MgAl,Oy catalyst and
studied for the autothermal reforming of model biogas for the production of fuel cell
hydrogen [193]. The heat conductivity of the support, however, does not allow the reactor
to be operated at isothermal conditions, due to the succession of fast strongly exothermic
and endothermic reactions. Structured catalysts based on SiC (Figure 14) have also been
applied in the autothermal reforming of biogas coupled to a catalytic wall-flow filter to
retain soot particles [194].



Catalysts 2022, 12, 109

18 of 28

CAD model

3D printed model

Random TetraK Hexagon
foam lattice lattice
(Hex)

3D printing Replica Silicon infiltration

Figure 14. (a) Regular and random structures designed and printed; (b) the processing phases of a
porous SiSiC body. Reprinted with permission from [194]. Copyright (2018) Elsevier.

Homogenous lattices made by Cubic, Octet and Kelvin cells and the conventional
open-cell foam supports, designed by modelling [195], are manufactured by replica of
3D-printed structures followed by Silicon infiltration. After coating, a 15-0.05 wt.%-Ni-
Rh/MgAl,O4-5SiSiC structured catalyst is evaluated in a lab bench, a pilot test rig, and
a demonstration plant. The pre-commercial processor is reliable, showing a negligible
pressure drop.

Metal foams also show a higher thermal conductivity than ceramic foams. A Ni
foam is used to enhance the radial heat transfer of a reactor for the combined steam and
dry reforming of methane in the gas to liquid-floating production storage and offloading
process [196]. An optimized Ni/y-Al,O3/Ni foam, with a highly adherent coating, leads
to a uniform temperature distribution along the catalyst-bed operating at high space
velocity values, and in turn allows the process intensification. Moreover, a NiCrAl metal-
foam coated by a 0.09 wt.% [Pd(7)-Rh(1)]/(CeZrO,-Al,O3) catalyst performs better than
commercially available alumina-supported 8.0 wt.% Ru and 13.0 wt.% Ni catalysts in the
steam reforming of a model biogas (60% CH, and 40% CO,) at 10.13 bar. The experimental
activity of this catalyst in a heat reactor platform is compared with simulated data [197];
experimental CHy conversion is close to that of the equilibrium at 700 °C for CH4/CO,
=60/40 and S/C = 1.5 and above, whereas experimental CO, conversion does not reach
the equilibrium values within the temperature range tested. The authors state that the
biogas reformer coupled with a Solid Oxide Fuel Cell can provide a viable approach to
exploit distributed renewable methane resources for delocalized power generation. We
have recently reported the coating of NiCrAl foams by Ru or Rh/Mg/ Al hydrotalcite-type
compounds through electrodeposition [198]. After calcination, a thin and stable film of
oxides is obtained, which after reduction contains Rh or Ru nanoparticles highly dispersed
and stabilized by a strong metal support interaction. Moreover, the coating comprises Ni
particles segregated from the foam under reduction and reaction conditions. Rh-based
catalysts show superior activity (CH4, CO;, conversion of 88% and 48%, respectively at
900 °C, S/CH,4 = 1, GHSV = 40,000 h~!) and stability with the time on stream than Ru
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catalyst. The structured catalysts allowed them to operate at higher space velocities and
low Steam to CHj ratio, than a pelletized catalyst, increasing the biogas valorization and
thus the productivity (Figure 15).

B foam

[ pellets

CH,. CO, conversion (%)
2

S/CH, 1.0 1.0
GHSV (h™) 30.000 40,000 40,000

Figure 15. (a) SEM images of Rh2/Mg/Al/O precursor; (b) SEM images of Rh2/Mg/Al/O after
calcination at 900 °C and (¢) Comparison of CH, and CO, conversion values of a pelletized catalyst
and Rh5/Mg/Al/O structured catalyst. The Rh loading in the reactor is kept constant for both
pelletized and structured beds, T =900 °C, P = 5 bar. Reprinted with permission from [198]. Copyright
(2022) Elsevier.

Lastly, paper structured catalysts (fibers, Figure 16) containing Ni loaded on CeO,
flowers [199] and (Ce,Zr)O,.s [200] are also investigated in the reforming of biogas. The
enhanced activity is related the small Ni particles and the oxygen storage capacity of the
ceramic supports rather to the structuration of the catalysts.

7
5 i

Figure 16. Images of a paper structured catalyst after reduction treatment at 750 °C in 5% H, for
5h; (a) FE-SEM image and corresponding EDX mapping images of (b) Al, (c) Ni, (d) Ce and (e) Zr.
Reprinted with permission from [200]. Copyright (2018) Elsevier.
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3. Conclusions and Perspectives

Biogas upgrading through reforming reactions is a promising technology that allows
a syngas to be obtained that can be further converted into products with high added value
such as hydrogen, synthetic fuels, methanol, dimethyl ether, etc. Depending on the process,
the catalyst should cope with several issues related to the harsh reaction conditions used
and the need for long-term stability, essential for developing solid industrial technologies.

The severe carbon formation that may take place during biogas dry reforming is
the main obstacle to the industrialization of this process. Adding water or oxygen to
the inlet stream to perform combined reforming can help to deal with this issue, but the
sintering of the active phase or its reoxidation could easily occur, mining the catalyst activity
and stability. In this sense, the accurate choice of the active phase and catalytic support
plays a fundamental role in obtaining high and stable catalytic performances. The use of
promoters or supports with high oxygen mobility/storage (such as CeOy, CeO,/ZrO; and
in some extent La;O3) may enhance carbon gasification rate, reducing the deposition of
the carbonaceous materials. Other promoters (MnO, Fe/O) can block the catalytic sites
responsible for carbon polymerization, avoiding the formation of filamentous carbon while
the use of elements able to modify the redox properties of the catalyst (such as Rh, Pd,
Iny O3, CeO;y, Fe/O, ZnO) increases the tendency to adsorb and activate CO, and CHy.
Moreover, the establishment of strong metal support interactions by using various catalyst
preparation techniques can improve the active metal distribution and stability, avoiding
the sintering phenomena that can occur at the high temperatures of reaction.

The use of a noble metal (such as Rh, Pt and Ru) as active phase can enhance the
catalyst performance, but at the expense of a higher cost that, depending on the catalyst
design, may be not economically viable (especially in the case of Rh-based catalysts). In
this sense, the use of a bimetallic catalyst could be an appropriate choice to decrease the
production costs and obtain high reaction rates. In this context, the formation of alloys
(Ni-Rh, Ni-Co, Ni-In, Ni-Zn, Ni-Fe) and nanostructured reaction sites (Ni-Ru, Ni-Pt), boost
the catalyst activity through synergistic effects that increase the dispersion of the active
phase and its resistance towards deactivation.

Finally, the proper structurization of the reforming catalyst and reactor, by using
ceramic or metallic supports, can improve the process productivity, assuring high mass
and heat transfer, as well as minimizing the amount of catalyst loaded.

As it was possible to observe from the review of recent publications, the research on
biogas reforming will probably be even more focused on a deeper understanding of reaction
mechanisms and on the phenomena that lead to catalyst deactivation. The extensive use
of advanced operando techniques such as EXAFS, XANES, XPS and FTIR spectroscopy
can greatly help to shed light on the key reaction pathways, intermediates, and surface
evolution that occur during the catalytic process.

The use of innovative synthesis methods able to address specific nano structurization
of the active sites (core shell sites, alloyed active phases and Yolk-shell catalysts), could
greatly improve the catalysts resistance towards sintering and coking and in turn their
activity and stability in the reforming reactions.

Although the use of monometallic Ni-based catalysts leads to economic advantages, it
has been widely proven that the use of these systems has many limitations related to the
lack of resistance towards carbon deposition, especially in the dry reforming. In this context,
the near future research should be focused on the further improvement of Ni-bimetallic
catalysts, aiming to maximize their economic viability by lowering the loading of the noble
metal or by using cheaper promoters such as Fe, Zn and Co. In this sense, an optimum
combination of a highly active metallic center and support with improved oxygen mobility
would assure both great performance and catalyst lifetime.

The great potential of structured catalysts as possible systems to improve heat and
mass transfer, and increase the plant productivity, could be the turning point to further
develop processes able to operate at a lower temperature without massive carbon formation.
To do so, an accurate engineering of the reactor design, together with the optimization
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of the catalyst resistance in industrial conditions, are of paramount importance for the
scale-up of the process.

Particular attention should be focused on catalytic assessments that simulate real
industrial conditions that comprise also the use of high pressures that, although increase
carbon formation, can drastically decrease operational costs that would certainly accelerate
the industrialization of biogas reforming technologies.
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