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Abstract: Currently, a progressively different approach to the generation of power and the production
of fuels for the automotive sector as well as for domestic applications is being taken. As a result,
research on the feasibility of applying renewable energy sources to the present energy scenario has
been progressively growing, aiming to reduce greenhouse gas emissions. Following more than
one approach, the integration of renewables mainly involves the utilization of biomass-derived
raw material and the combination of power generated via clean sources with conventional power
generation systems. The aim of this review article is to provide a satisfactory overview of the most
recent progress in the catalysis of hydrogen production through sustainable reforming and CO,
utilization. In particular, attention is focused on the route that, starting from bioethanol reforming for
Hj production, leads to the use of the produced CO; for different purposes and by means of different
catalytic processes, passing through the water—gas shift stage. The newest approaches reported in the
literature are reviewed, showing that it is possible to successfully produce “green” and sustainable
hydrogen, which can represent a power storage technology, and its utilization is a strategy for the
integration of renewables into the power generation scenario. Moreover, this hydrogen may be used
for CO; catalytic conversion to hydrocarbons, thus giving CO, added value.

Keywords: catalysis; bioethanol; reforming; water—gas shift; CO, methanation; carbon capture and
storage; carbon capture and utilization; catalytic conversion of CO,

1. Introduction

Today, climate change is widely recognized as the greatest immediate threat to Earth’s
ecosystem. At the COP21 meeting (held in December 2015), 197 countries proposed
an agreement to navigate the impacts of climate change by limiting their greenhouse
gas (GHG) emissions. In this way, the aim is to limit the global temperature rise to
2 °C, with an aspiration of 1.5 °C. By setting out a practical pathway to fulfill the United
Nation’s Sustainable Development Goals, COP21 represents the first tangible international
move towards a low-carbon future [1]. The over 40billion tons per year of anthropogenic
carbon emissions as CO; (largely originating from the combustion of fossil fuels) plays
a key role in the overall temperature rise that is actually measured [2]. In 2018, the
main sectors contributing to these emissions were: (i) electricity and heat production
(~13.9 billion) tons, (ii) transport (~8.2 billion tons), (iii) manufacturing industries and
construction (~6.2 billion tons), and (iv) buildings (2.9 billion tons) [3]. Since fossil fuels
are still responsible for 80% of the global primary production, a 60% reduction in carbon
emissions from both energy and industrial sectors is mandatory for reaching the COP21
climate change target [4]. Therefore, the shift towards low-carbon technologies needs
to be accelerated; otherwise, the target cannot be reached. In this sense, the combined
use of renewable energies (for example, solar, wind, and clean fuels such as H;) and
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advanced energy storage devices are considered very promising “longer-term” solutions to
realize a low-carbon world. However, rapidly reducing the consumption of fossil fuels in
developing countries is considered a much greater challenge compared to their developed
counterparts [5]. These last strategies, which aim at limiting CO, emissions by acting
directly at the emission source (e.g., flue gases associated with power/industry sectors),
may be considered an anticipated short- to mid-term solution to atmospheric carbon
reduction. Carbon capture and storage (CCS) is considered the “priority breakthrough
technology” by the European Commission, which, in their Green Deal, encouraged new
funding within the post-COVID-19 recovery package [6]. Different feasible roadmaps
(Figure 1) are possible, and among them, H; seems to have extraordinary potential to
become the most widely used commercially viable clean fuel of the future [3].
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Figure 1. The European Green Deal.

In fact, the use of Hj in the energy and power sectors can be considered one of the most
practical pathways in carbon emission reduction. More recently, the European Commission
stated that hydrogen would play a major role in the economic recovery of post-COVID-19
EU countries [7]. However, although Hj is considered a low-carbon fuel, the main processes
leading to its production (especially the steam reforming process) are characterized by a
high amount of carbon emissions. Alternative processes for hydrogen production include
electrolysis, thermolysis, biomass gasification, biocatalysis, and fermentation [3]. The
adopted process for Hy production leads to the identification of three different categories:
(i) gray hydrogen (i.e., via reforming fossil fuels), (ii) blue hydrogen (i.e., with carbon
captured, utilized, or stored—CCUS), and (iii) green hydrogen (i.e., via the utilization of a
renewable feedstock as well as renewable energy sources, such as wind and solar, nuclear,
geothermal, biomass, and hydropower) [2]. Depending on the production route, total
carbon emissions could be considerably reduced [2]. In this review, attention is focused
on the route that, starting from bioethanol reforming for H, production, leads to the use
of the produced CO; for different purposes and by means of different catalytic processes.
Therefore, in the different sub-sections, the newest approaches in bioethanol reforming,
water—gas shift (WGS), and CO; catalytic conversion are described, aiming to address the
scientific community’s interest in the use of catalysis for sustainable and green processes.

2. Catalysis for Sustainable Processes

At present, a significant challenge in which the chemical and allied industries are
involved can be identified: the transition to greener, more sustainable manufacturing
processes that efficiently use raw materials [8]. This transition can be realized if the
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traditional concepts of process efficiency, focusing on chemical yield, are replaced by
approaches in which the main importance is assigned to replacing fossil resources (oil, coal,
and natural gas) with renewable raw materials. In this way, the targets of limiting waste and
avoiding the use of toxic and/or hazardous substances may also be reached [9]. Another
attractive approach is the valorization of waste biomass, which is currently incinerated
or goes to the landfill [10]. The bio-based economy involves cross-disciplinary research
at the interface of biotechnology and chemical engineering, focusing on the development
of green, chemo- and biocatalytic technologies for waste biomass conversion to biofuels,
chemicals, and bio-based materials [11]. In particular, the utilization of biomass impacts
different fields. On the one hand, biomass fermentation allows the obtainment of fuels such
as bioethanol, which can be employed as such or can be further valorized by its subsequent
conversion into hydrogen, which is widely seen as the energy vector of the future. On
the other hand, bioethanol is not the only product of biomass fermentation; indeed, a
considerable amount of CO; is contextually generated. Therefore, green chemistry cannot
limit its actions to the obtainment and conversion of bioethanol but should also be capable
of utilizing the produced carbon dioxide in order to be a carbon-free technology. Carbon
dioxide utilization is a newborn topic in the research context, but the widely shared ideal
is its catalytic conversion into hydrocarbons and alcohol, mainly through hydrogenation
reactions. The obtained products can be further employed as chemicals and/or as fuels.
Hence, starting from the fermentation of waste biomass, it is possible to obtain two valuable
components: bioethanol, which can be upgraded to green hydrogen through reforming
and water—gas shift processes, and carbon dioxide, which can be converted into substitute
natural gas, other green fuels, or alcohols via hydrogenation. A schematic representation of
the discussed connections among processes is displayed in Figure 2.
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Figure 2. From biomass to hydrogen and fuels: schematic overview.

Therefore, in the following sub-sections, green H, production from bioethanol reform-
ing is critically reviewed, and details regarding further purification through WGS and the
consequent CO; catalytic conversion are provided.

2.1. Hy Production from Renewables: Bioethanol Reforming

In the context of sustainable energy generation, bioethanol produced from biomass
has been regarded as one of the cleanest and greenest sources of electricity through the con-
version of the derived hydrogen in fuel cell devices [12]. In fact, when renewable sources
are used for hydrogen generation, fuel cell operation avoids greenhouse gas emissions [13].
Moreover, liquid fuels such as bioethanol are very interesting for on-site hydrogen gen-
eration in small-scale fuel reformers devoted to both portable and mobile power source
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applications [14]. Among the many non-thermal as well as thermo-chemical processes
available for making H; from bioethanol, the steam reforming process attracts the interest of
the scientific community thanks to the high H; yield and ethanol conversion rate. Although
the only expected products of ethanol reforming are H, and carbon oxides, the reaction
mechanism is quite complex, and different pathways, including ethanol decomposition,
dehydrogenation to acetaldehyde, and dehydration to ethylene, may also occur. Such
reactions are responsible for reduced hydrogen yield and may accelerate the occurrence
of deactivation phenomena. Ethylene, for example, can be subsequently polymerized to
coke, which is deposited on the catalyst active sites, causing a pronounced deterioration in
performance [15]. In this regard, the product selectivity recorded during ethanol reforming
can be tuned by selecting the proper operating conditions (feed composition, temperature,
and pressure, as well as contact time) and choosing a suitable catalytic system [16,17].

2.1.1. Catalytic Formulations

Different catalytic formulations have been investigated for H, production via the
bioethanol reforming route, and various strategies have been proposed for the enhancement
of Hp production yield as well as catalyst resistance to deactivation [18]. Due to the
extremely large number of works focused on the bioethanol reforming topic, the present
review is dedicated to papers published in the last two years. In particular, in view of the
direct utilization of bioethanol from biomass for reforming applications, issues related to the
durability of catalysts are becoming even more important subjects. In fact, raw bioethanol
contains several organic and inorganic impurities, which were shown to strongly affect
the catalyst deactivation rate due to coke formation during steam reforming [19,20]. For
example, it was reported [21] that the carbon formation rate increases by almost 15% during
ethanol steam reforming over a RhPt/CeO;-5i0; catalyst at 700 °C when the reacting
stream is switched from synthetic ethanol to glucose bioethanol.

From a catalyst stability standpoint, efforts made in the recent literature are mainly
devoted to the development of innovative catalysts with improved active species—support
interactions as well as enhanced metal particle dispersion, which are expected to result
in the easier oxidation of carbonaceous deposits that eventually form on the catalyst
surface. In fact, by modifying the metal, the support, or both, it is possible to stop carbon
formation prior to and subsequent to deposition [22]. In this regard, the influence of
redox/basic supports has been widely investigated in order to suppress coke formation
and side reactions [23]. Moreover, different parameters, including the metal loading, the
preparation method, and the addition of promoters, were shown to affect catalyst resistance
to deactivation.

Ferreira et al. [24] investigated the influence of cobalt content (in the interval 5-15 wt%)
on the performance of a Co/La;O3-SiO; catalyst for ethanol steam reforming at 500 °C,
1 atm, and a H,O/C,H50H ratio of 5. The characterization measurements performed
on the spent catalysts revealed that the samples with the lowest Co loading promoted
the formation of carbon nanotubes, with a subsequent reduction in ethanol conversion
and hydrogen yield. Conversely, for a cobalt content of 15 wt%, only the formation of
amorphous carbon was observed, which was not able to modify the electronic environment
of the catalyst, thus assuring a constant hydrogen yield (of 3.5 mOlHZ’m01C2H50H,fed_1)
with time-on-stream. For a nickel catalyst supported on hydrocalumite, the impact of
Ni loading was studied in the same range as above (5-15 wt%) [25]: a decrease in the
Ni particle size with the increase in the metal content was found as a consequence of
an improvement in the specific surface area of the final sample upon the introduction of
more Ni. Moreover, the samples with the smallest Ni particle dimensions displayed more
pronounced interaction with the catalytic support, with enhanced total basicity and higher
activity as well as stability for ethanol steam reforming.

Efimov et al. [26] demonstrated how the catalyst preparation method could affect
the dimensions of metallic Co and Ru particles supported on highly porous carbon and,
as a consequence, the catalyst performance during ethanol reforming. The samples were
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prepared starting from polyacrylonitrile, which, after impregnation with the active species,
was pyrolyzed at 800 °C under IR radiation. This synthesis procedure allowed the
formation of a structure containing metal-carbon nanocomposites with a reduced ten-
dency towards nanoparticle agglomeration. During stability tests performed at 500 °C,
1 atm, and a H,O/C,H50H ratio of 3, the highest ethanol conversion and H; yield were
recorded for the bimetallic Co-Ru sample, for which the deposition of carbonaceous species
only involved the catalytic support. Conversely, for the monometallic Co-based cata-
lyst, a carbon shell also covered the cobalt nanoparticles, with a consequent deterioration
in durability.

In order to improve cobalt and nickel dispersion on ceria as well as metal-support
interactions, the influence of the use of organic and inorganic precursors, different im-
pregnation solutions, and the addition of organic precursors during the preparation of
Ni/CeO;, and Co/CeO; was investigated. When cobalt or nickel acetate was dissolved
in the ammonia solution, a reduction in the specific surface area and in the growth of
the metals particles was observed. The use of acetates instead of nitrates as Ni or Co
precursors also caused a slight increase in nickel as well as cobalt particles. Moreover, better
dispersion of metal particles on the catalytic support was achieved by adding citric acid to
the aqueous solution of nitrate salts. Concerning the influence of the metal particle size on
catalyst stability, the same authors found that, as carbon nucleation requires relatively large
domains of flat terraces or larger ensemble sizes, the terrace atoms are involved in catalyst
deactivation under ethanol steam reforming conditions. Conversely, an increase in the
fraction of edges and corners, which indicates better dispersion and stronger metal-oxide
interactions between metal and ceria, was found to enhance the transfer of oxygen and
thus improve the oxidation of carbon formed on the catalyst surface during stability tests.
Figure 3 summarizes the dependence of (a) ethanol conversion and (b) H, selectivity
on metal particle sizes for the Ni and Co series in stability tests performed at 420 °C,
atmospheric pressure, and H,O/C,H50H = 12 for 3 h and demonstrates that the catalyst
performance was negatively affected by an increase in particle dimensions.
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Figure 3. Catalytic performance of Co- and Ni-supported CeO, samples as a function of the metal particle
size. Adapted from [27]; T = 420 °C; P = 1 atm; H,O/C,H50H = 12; GHSV = 1,286,000 mL-g~! h™1.
(a) ethanol conversion and (b) H; selectivity vs metals particle size.

For Ni/CeO; catalysts, Pizzolitto et al. [28] demonstrated that the use of impregnation
instead of microemulsion as the preparation method allowed the synthesis of a more re-
ducible sample (with higher oxygen mobility) and allowed obtaining a more homogeneous
Ni particle size distribution. As a result, the catalyst prepared via the microemulsion route
displayed a considerable extent of deactivation during stability tests performed at 500 °C,
1 atm, and H,O/C;H50H = 5.9 due to the quite high proportion of active sites covered by
coke. On the other hand, when a Ni/Al,Os catalyst was prepared via coprecipitation from
a NiAl,Oy4 spinel [29], only carbon nanotubes were observed over the used catalyst after
48 h of time-on-stream at 500 °C, 1 atm, and H,O/C,H5OH = 3. Carbon nanotubes formed
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a tangle of hollow carbon fibers with a porous structure, allowing reactants and products
to diffuse and reach catalytic sites, which resulted in high catalyst stability compared to
other Ni/Al,O3; samples synthesized from other routes.

Another promising strategy to properly address catalyst selectivity and improve
resistance to deactivation is related to the addition of small quantities of various elements
(defined as promoters) to modify the support or in the final step of catalyst preparation.
For example, Musso et al. [30] modulated the performance of a Ni/Me,Zr,Oy catalyst by
adding Me =Y or La (with a Me/Zr ratio of 1:1) in the support structure. The samples
were prepared by the sol-gel technique and calcined at different temperatures between 700
and 950 °C. The use of Y instead of La led to the formation of a higher number of oxygen
vacancies, with an improvement in terms of metal-support interactions. In particular, the
Y-based catalyst calcined at 950 °C displayed no apparent deactivation during ethanol
reforming tests performed at 650 °C, 1 atm, and H,O/C,H;O0H = 9. For a Rh/ZrO,-LayO3
catalyst [31], the addition of 15% CeO, to the support markedly enhanced the catalyst
performance at 400 °C, 1 atm, and HyO/C,H5OH = 3: ceria, due to its high oxygen mobility,
was able to effectively promote CO conversion to CO, through the water—gas shift reaction.
Furthermore, CeO, enhanced the coke resistance of the catalyst and, after 4 h of time-
on-stream tests, the carbon formation rate was reduced by almost 90% compared to the
catalyst supported on ZrO,—-LayO3. On the other hand, for a Rh/LaAl,O;5 catalyst [32],
the introduction of 10% ceria into the structure resulted in an evident reduction in carbon
accumulation in time-on-stream tests performed at 500 °C, 1.2 atm, and H,O/C,H50H =5
compared to the CeO,-free sample. However, ceria also caused the partial oxidation of
Rh° to the less active Rh3* species; consequently, after 14 h of testing, a decreasing trend
in both ethanol conversion and H, yield was observed. Boudadi et al. [33] observed
that La addition (10 wt%) to a Ni/ Al,Os3 catalyst weakened the strength of the Brensted
sites of the sample; in the absence of strong acidic sites that can retain ethylene, it can be
easily desorbed, thus disfavoring the polymerization mechanism. By improving lanthana
dispersion, this effect can be enhanced due to its slightly basic properties.

The addition of Cs to a zirconia support for a Pt/ ZrO, catalyst was shown to improve
the catalyst activity towards the ethanol decarboxylation route over the decarbonylation
pathway, thus enhancing the hydrogen production rate [34]: a cesium loading of 2.9 wt%
was able to stave off decarbonylation almost completely; under the same operating con-
ditions (450 °C, 1 atm, and H,O/C,;H50H = 9), the amount of sodium that is required to
achieve the same effect is almost 80% higher [35]. Similarly, the contribution of the latter
route can be augmented by promoting monoclinic zirconia with 3.1 wt% K or 6.7 wt%
Rb [36].

Recently, with the aim of enhancing the performance of Ni catalysts for ethanol
reforming, the addition of small quantities of a second metal as a promoter has been
widely investigated. Matus et al. [37] performed oxidative steam reforming of ethanol in
the presence of Ni/CeggLag 019 catalysts promoted by Pt, Pd, Rh, and Re (with a molar
ratio of noble metal/Ni = 0.003-0.012). During stability tests performed at 500 °C, 1 atm,
H,O/CyHs0H = 3, and O,/C,H50H = 0.5, complete ethanol conversion was recorded
for all of the promoted samples: the addition of the noble metal, in fact, improved the
dispersion of the Ni-supported nanoparticles, and the formation of a Ni-noble metal
alloy improved the catalyst resistance to oxidation, sintering, and coking. The best results
were recorded for the 10Ni-0.4Re catalyst, which displayed a H; yield of 65% at 600 °C.
For NiAl layered double hydroxides, upon Cu addition (molar ratio Ni?*/Cu?* =5/ 1),
the synergistic effect between nickel and copper increased the ethanol conversion rate,
resulting in complete values at 500 °C, 1 atm, and H,O/C,HsOH = 3. On the other
hand, the presence of Cu atoms on the surface of Ni particles allowed eliminating many
Ni atom aggregates that are normally required for carbon deposition, which suppressed
coking phenomena. Moreover, by adding Mg (molar ratio Mg?* /(Ni**+Cu?*) = 2/1),
the acidic sites of the catalyst were neutralized, and no ethylene (product of ethanol
dehydration) was obtained [38]. For a Rh/SiO; catalyst promoted by Fe [39], the strong
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metal-oxide interactions between the formed Fe-Rh alloy and the FeO, phases inhibited
the acetaldehyde decomposition pathway, which is responsible for carbon monoxide as
well as methane formation. Conversely, the rate of the ethanol steam reforming reaction is
enhanced, with the formation of mainly CO, and H;. The modification of a Ni/MgAl,O4
catalyst through the addition of Fe (molar ratio between Ni and Fe of 1/1) led to the
formation of a Ni-Fe alloy, which, at a steam-to-ethanol ratio of 4, was gradually oxidized
by water to generate a Ni-rich alloy and Fe,O3 species [40]. Moreover, within the Ni-Fe
alloy, a particular electronic transfer was established that weakened CO absorption, thus
inhibiting the methanation pathway. In particular, the oxidation capacity of the Fe,O3
species enhanced the conversion of ethoxy to acetate groups and prevented the promotion
of methane formation and, at the same time, the elimination of carbonaceous species
eventually deposited on the catalyst surface.

Table 1 summarizes the recent strategies put forward in order to improve active phase
dispersion as well as catalyst durability. In the last year, the main routes followed to
address the hot topic of ethanol reforming catalyst deactivation involved the evaluation of
the effects of active metal loading, the preparation method, and the addition of promoters.
In many cases, readily applicable methods (related, for example, to the utilization of a
different salt precursor or the addition of small amounts of rare-earth oxides) were found
to significantly improve the durability of the final catalyst.

Table 1. Different approaches found in the recent literature to enhance particle dispersion and
increase catalyst stability during ethanol reforming.

Catalyst

(D 3, %) or (d P,nm)

Experimental Results Strategy Ref.

X €=100% for 25 h

T=500°Cfrd=5 Metal loading: enhancement of

Co/Laz05-50; dco =6nm W/F®=33102 ghL"! e e wpon the
CFRf=14-10"3 gc-gcat 1-h~! [24,25]
X'=99% Metal loading: enhancement of
Ni/hydrocalumite dnj =28 nm T =550-700 °C catalyst surface area upon the
fr.=6 increase in metal content

X =100% for 16 h

Preparation method: pyrolysis

Co-Ru/carbon dco-Ru =12 nm 2;123()% S égrh:_? of polyacrylonitrile [26]
X =8% Preparation method: use of

Ni/CeO, o T =420°C acetates as salt precursors;

Co/CeO, dco/ni =10-22nm fr=12 addition of citric acid to nitrate [27]
GHSV = 1,286,000 mLh~!.g~1 salt precursors
?F( f ; 88 ZOC Preparation method:

Ni/CeO, dnj =25 nm fr_— 6 impregnation instead of [28]
W./F ~ 012 gy homol-! microemulsion
")F( f é(())(()) f)cf ofrr4§ 2 Preparation method:

Ni/Al,O3 dyi; =50 nm Sp_ace time ~ 0_2 coprecipitation instead of [29]
CFR =04 gc- g.ca’c_1 h impregnation
X =100% for 50 h

. B T=650°Cfr.=9 Promoter: yttria addition with

Ni/Me;Zr;07 dni =15nm GHSV = 41,000 h-1 a Me/Zr molar ratio of 1:1 [30]
CFR=910"* gc-gcat 1-h~!
X =95% for 4 h

Rh/ZrO,La,Os Dgy, = 29% T=500°Cfr.=6 Promoter: addition of CeO, to [31532]

W/F = 358.57 g5 Gethanol
CFR =25104 gc-gcat 1-h?

the support
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Table 1. Cont.
Catalyst (D?, %) or (dP,nm)  Experimental Results Strategy Ref.
X =100% for 24 h
T=500°Cfr.=5 Promoter: addition of CeO, to
Rh/LaAl,0; WHSV=10"3 mL-mgcat ' min~!  the support
CFR=5510"* gc-gcat™1-h~!
X =50% after 6 h .
Ni/AlLOs dng =20 nm T=500°Cfr =6 Promoter: addition of Lay;O3 to [33]
i= = .=
CFR=1.710"2 gc-gcat1-h~! the support
X =100%
. o Promoter: Re addition to Ni
N1/Ce0.gLa0.201.9 dNi =15nm 'frr—jl(z)lo C instead of Pt, Pd or Rh [37]

NiAl layered double

X = 100% for 18 h Promoter: Cu and Mg addition

: dnj =11 nm _ 5 _ (molar ratio [38]
hydroxides T=500°Cfr.=3 Mg2* /(Ni2* +Cu2*) = 2/1)
X =100% for 3 h .\ .
Ni/MgAl,Oy catalyst dNi=8nm T=400°Cfr. =8 Promoter: Fe addition with an [40]

GHSV = 59,146 mL-g~1-h~1 Fe/Ni molar ratio of 1:1

@ Metal dispersion (D, %); b metal particle size (d, nm); ¢ ethanol conversion (X, %); d steam to ethanol ratio (f.r.);
€ contact time, defined as weight of the catalyst divided by the total feed flow rate (g h L~1); f carbon formation
rate, CFR; & gas hourly space velocity, GHSV.

From the above discussion, it is clear that the different tendencies of catalytic formula-
tions to favor carbon formation are strictly related to the selected active species, support,
and promoters, along with the chosen preparation method and the operating conditions
for the activity tests. In particular, the nature of the chosen metal influences ethanol acti-
vation pathways, and metal particle sizes play a crucial role in terms of resistance to coke
formation as well as oxidation [41]. In this regard, the results shown in Table 1 highlight
that the prepared catalyst displays very low dimensions for metal particles (in the interval
8-50 nm); the preparation of highly dispersed catalysts allows high durability during
ethanol reforming with reduced carbon formation rates.

According to the main pathway of ethanol reforming, although only CO, and hydro-
gen should be formed, the reaction mechanism is more complex (Table 2), and various side
reactions may occur, reducing hydrogen yield and purity.

In this regard, Gu et al. [43] recently investigated the mechanism of the whole reac-
tion pathway from ethanol to CO and, subsequently, CO; over a Rh/CeO; catalyst; this
latter step is highly desired in order to reduce the impact of the downstream hydrogen
purification steps. When changing the temperature from 650 to 800 °C and the steam to
ethanol ratio from 2 to 6 at ambient pressure, ethanol dehydrogenation at the OH group
was identified as the rate-determining step, and the CO and CO, production rate was found
to be favored by temperature growth; moreover, the increase in the water molar ratio led to
enhanced CO, production. On the other hand, Martinelli et al. [44] found that an interesting
strategy to promote CO, formation instead of CO is the route of noble-metal-based catalyst
doping via Na addition. Under selected operating conditions [45], which involved a quite
diluted system and low space velocities (which means improved contact times between the
catalyst and the reacting stream), at temperatures below 350 °C, the reaction mechanism
did not involve carbon monoxide formation over a Cu/Al oxide catalyst.

However, from the perspective of industrial development of the ethanol reforming
process, the required operating conditions may promote unwanted reaction pathways,
which necessitates the use of downstream purification units (i.e., WGS reaction described
in Section 2.2).
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Table 2. Main pathways involved in ethanol steam reforming [42].

Reaction

Equation

Remarks

Sufficient steam supply

C,H50H + 3H,0 <« 6H;, + 2CO,

Ideal pathway, the highest hydrogen
production

Insufficient steam supply

C2H5OH + HZO +~ 4H; + 2CO
C2H5OH +2H; 2CH4 + Hzo

Undesirable products, lower hydrogen
production

Dehydrogenation

CyH50H «+ C,H4 0 + Hy

Acetaldehyde decomposition

C2H4O — CH4 +CO

Acetaldehyde steam reforming

C2H4O + Hzo < 3H, + 2CO

Reaction pathways for hydrogen
production in practice

Dehydration

C,Hs0H < GHy + H,0 Undesired pathway, main source of coke

Coke formation

CoHy—polymeric deposits (coke) formation

Decomposition

C2H5OH +~ CO+ Hy + CH4
2C,HsOH > C3H4-O + CO + 3H,
C,HsOH+0.5CO, + 1.5CH,

Reaction of decomposition products

Coke formation, low hydrogen

Methanation

CO +3H; +» CHy + H,O production
C02 + 4H2 d CH4 + 2H20

Methane decomposition

CH4 — 2H, + C

Boudouard reaction

2CO — CO, +C

Water-gas shift

Reduce coke formation, enhance

CO+H0 6 CO + H, hydrogen production

2.1.2. Structured Catalysts, Process Intensification, and Integration

In view of the economic sustainability of ethanol reforming technologies, process
intensification (PI) appears to be a pivotal step. As described above, the selection of highly
active and stable catalysts is one of the possible available routes towards an economically
feasible and intensified process. On the other hand, process intensification can also be
achieved by reducing the external energy requirements (for example, by lowering the
operating temperature), minimizing the equipment size or the feedstock costs.

The substitution of conventional fixed-bed reactors with innovative configurations
characterized by high heat transfer rates and reduced mass transfer limitations is a promis-
ing strategy for developing a process intensification route, which allows reducing the
reactor dimensions as well as the external heat supply [46]. Belzunge et al. [47] investi-
gated the performance of a Pd-based catalyst in a plate microreactor (where the metallic
plates present channels suitably coated with the catalyst) and demonstrated that, when
the flue gas stream is recirculated in consecutive steps through the reactor, it is possible to
achieve better thermal homogeneity, with a clear improvement in terms of the hydrogen
production rate. The use of structured catalysts has also been investigated from a process
intensification view: employing metallic monoliths or ceramic foams as the catalyst carrier
can help decrease the pressure drops and enhance gas/solid transfer phenomena due to
their high porosity with tortuous paths, high surface-to-volume ratios, and appropriate
thermal conductivity. A Co—CeO; catalyst deposited on a FeCrAlloy monolith coated with
a MgAlL,Oy spinel layer was tested for ethanol reforming and compared with a powder
sample prepared by co-impregnating Co and CeO, on a MgAl,O4 support [48]. In stability
tests performed at 650 °C, 1 atm, and H,O/C,H50H = 4.9, the coated monolith was found
to be more active in comparison with the packed-bed reactor, which was attributed to
a lower pressure drop and a decrease in heat transfer limitations; moreover, the carbon
formation rate was reduced by almost one-half in the presence of the structured carrier.
Similarly, Cifuentes et al. [21] demonstrated that the performance of a Rh—-Pt/CeO,-SiO,
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powder catalyst can be enhanced by supporting it on a monolith: the reduced pressure
drops recorded when using the structured catalyst led to an improvement in terms of
ethanol conversion, especially between 400 and 650 °C. Moreover, the washcoated mono-
lith was tested both in the presence of synthetic ethanol and with a glucose bioethanol feed
at 700 °C, 1 atm, and H,O/CyHsOH = 3. As depicted in Figure 4, in the presence of the
raw feed, the catalyst resulted in a quite stable performance for 50 h, with a H, /CO ratio
close to that measured when using the synthetic feed. Moreover, the carbon formation rate
measured in the two cases was almost the same (5.4 mgoje- gcaﬂysfl hh, demonstrating
that the switch to less expensive and more sustainable sources is feasible.
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Figure 4. Syngas composition obtained over a monolith washcoated with Rh-Pt/CeO,-5iO; using
(a) synthetic bioethanol and (b) actual bioethanol obtained from glucose standards. Adapted from [21];
T =700 °C; P = 1 atm; HyO/C,H50H = 3; SV = 0.17 gethanol-geat * min L.

In fact, another strong advantage in terms of process intensification is realized by
using diluted raw bioethanol solutions, characterized by much lower production costs in
comparison with pure feeds. In this regard, Palma et al. [49] carried out oxidative steam
reforming of ethanol over a Pt-Ni/CeO,-SiO; catalyst in the presence of commercial fuel-
grade bioethanol; during stability tests performed at 500 °C, P = 1 atm, and H,O/C,HsOH
=4 for 100 h, complete ethanol conversion and H; yields as high as 50% were recorded,
while the carbon formation rate was of the same order of magnitude as the values recorded
with pure water—ethanol feeds.

Another interesting alternative for the intensification of the bioethanol reforming
process is the integration of the chemical reaction with other types of unit operations in
a single unit (i.e., integration of reactor and separation steps through a Hy-permselective
membrane). For example, ethanol steam reforming was recently investigated at 600 °C,
P =13 atm, and H,O/Cy;H50H = 6 over an Ir/CeO; catalyst in the presence of Pd and
PdCu membranes prepared by a multi-layer electroless plating method and deposited
on porous ceramic tubes [50]. In both cases, the hydrogen yield and the recovery factor
remained stable for 10 days of continuous operation. However, the purity of the permeated
H, was reduced from 97% to 91% in the Cu-free membrane reformer, while a stable value
of 98% was recorded when using the PACu membrane, demonstrating that copper addition
prevents leaking phenomena. Eremeev et al. [51] studied the performance of a catalytic
reactor provided with a membrane made of a thin Ni-Cu alloy—-Nd tungstate nanocompos-
ite dense permselective layer deposited on a Ni—Al hierarchically structured asymmetric
foam substrate. The catalyst (Ni + Ru/Pr( 35Ce 35210 350) was tested in a packed-bed con-
figuration as well as after deposition on a honeycomb Fechralloy substrate. The influence
of introducing a structured catalyst instead of the packed bed in the membrane reactor is
depicted in Figure 5 as a function of the reaction temperature. When the monolith was
selected, better performance was measured in terms of both H; yield and recovery due to
the very high and stable catalytic activity recorded between 700 and 900 °C.
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Figure 5. Change in the efficiency of a Ni-Cu membrane as a function of reaction temperature
and catalytic system employed (powder vs. structured sample). Reprinted from [51]; P = 10 atm;
H,0/C,Hs0H = 4; flow rates of 5 N1 h~! for the feed gas and 10 N1 h~! for the sweep gas.

Figure 6 summarizes the recent approaches implemented in the context of the ER
intensification process. Due to the reaction endothermicity, the use of systems with en-
hanced heat transfer appears to be a promising alternative; moreover, the increase in mass
transfer coefficients (obtained by microreactors of structured catalytic carriers) was shown
to significantly improve catalyst activity and stability. The use of raw feeds instead of a
pure water /ethanol mixture, highly desired to decrease the feedstock pre-treatment costs,
was found to have a minor impact on the performance of CO,-5iO;-based catalysts [21,49].
Finally, the utilization of a Hy-permselective membrane combined with structured catalysts
was identified as a viable route towards feasible hydrogen production from ethanol [51].

Improved heat and mass
transfer: microreactors

1

Bioethanol choice: feeding Advancesin PI for ‘ Integration of reaction and
of raw streams ethanol reforming separarion: membranes

!

Improved heat and mass
transfer: Structured catalysts

Figure 6. Main strategies followed in the last year for the intensification of ethanol reforming process.

2.1.3. Remarks

In summary, this section focuses on the main issues related to the intensification of the
ethanol reforming process. Different recent strategies have been devoted to the improve-
ment of the catalyst performance (with particular attention paid to deactivation resistance)
through the investigation of various parameters (i.e., the metal loading, the preparation
method, the addition of promoters, and the types of active species and supports), which
may affect the active phase dispersion as well as the metal-support interaction. Other
alternatives proposed to enhance industrial interest in the above process are related to the
use of structured catalysts, raw bioethanol feeds, and integrated membrane reformers.
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From the above discussion, it is clear that many steps forward have been taken in the
last years in the framework of ethanol reforming. However, the issue of catalyst stability
(which has always been the focus of industry) remains a very hot topic, and although recent
strategies have been put forward to improve active metal dispersion, the actual carbon
formation rates still lead to pronounced catalyst deactivation. In this regard, the use of
structured catalysts and the utilization of membrane reactors may provide an interesting
way to assure improved durability and high H, production rates. Moreover, from an
operational point of view, the most advanced industrial demonstration of membrane
reforming technology (which uses natural gas as the H, source) exploits the application of
a vacuum on the permeate side to drive the reaction towards completion and increase Hj
yield (more convenient than the use of sweep gas, especially for on-site H, production);
this strategy could also be favorable in the case of ethanol reforming [50]. Another key
issue in achieving the industrial development of ethanol reforming is represented by the
necessity of using inexpensive catalysts: in that respect, it is interesting to highlight that the
main catalysts proposed in the last years for the above reaction (Table 1) are noble metal-
free: moreover, a boost in the bioethanol production industry is also highly desired [52].
From an industrial point of view, there is also increasing interest in reducing operating
temperatures for ethanol reforming, thus limiting both fixed and operating costs [53].
Finally, in view of operating with membrane reactors and considering that, in many cases,
pressure swing adsorption is adopted to further purify the produced hydrogen, the study
of ethanol reforming by operating at high pressures is of industrial relevance and has not
been significantly investigated in the recent literature [54].

2.2. Process Intensification of WGS

WGS is an exothermic equilibrium reaction (1) and is thus thermodynamically favored
at high temperatures [55], where reaction rates decline.

CO + H,0 <= CO, + Hy AHogggK =—414 k]/mol (1)

The heterogeneous catalytic WGS reaction plays a crucial role in hydrogen production
in reforming processes, as it can be considered the first purification step of the syngas
stream. Unfortunately, processes based on exothermic equilibrium reactions suffer from
both thermodynamic and kinetic limitations, which are usually overcome by designing
a multi-step process, in which the reaction is first carried out at a high temperature to
achieve a high reaction rate at the expense of the conversion; then, after an intermediate
cooling step, a further step is carried out at a low temperature to achieve high conversions
at reduced reaction rates. The number of steps depends on the reaction and the aim
of conversion; in the case of the water—gas shift, two adiabatic steps are conventionally
carried out, HTS and LTS, in the presence of Fe/Cr-based and Cu/Zn-based catalysts under
temperature regimes of 350-500 °C and 150-250 °C, respectively [56]. This configuration
is effective but not efficient; the two steps are carried out in two separate reactors with
two different catalytic systems, and an intercooling step is necessary; it is therefore clear
that a system of this type cannot be considered optimized in terms of both size and heat
management. Moreover, the hydrogen recovered at the outlet of the LTS step still contains
too high a quantity of carbon monoxide; therefore, a further purification step, including
methanation and preferential oxidation, must be carried out to reach 10 ppm or less for
fuel cell applications (ISO 14687:2019) or 0.2 ppm or less for road vehicles and stationary
appliances [57]. To optimize the WGS process, research is moving in new directions with
the development of more active, stable, and eco-friendly catalysts than conventionally used
ones by developing suitable catalysts for a single-stage process design and then integrating
them with hydrogen- or CO,-selective membranes. In this section, selected articles on the
latest research in WGS reaction improvement and process intensification are reviewed;
moreover, a summary table with the catalysts used in each reviewed article, reporting the
reaction conditions and CO conversion (Xcp), is provided (Table 3).
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2.2.1. Catalytic Formulations

The Cu/Zn-based catalysts for the LTS stage are pyrophoric, not active at temperatures
higher than 350 °C, and sulfur, halogen, and unsaturated hydrocarbon intolerant [58]. On
the other hand, the Fe/Cr-based catalysts for the HTS stage are not active at temperatures
lower than 350 °C and suffer from over-reduction [59], and the waste may contain Cr(VI).
Considerable efforts have been made to optimize the two WGS steps by studying the
evolution of the active sites of conventionally used catalysts under reaction conditions and
developing new formulations.

Experimental and theoretical calculations have shown that ZnO-Cu catalysts undergo
Cu restructuring in situ during the WGS reaction, forming the active sites of a Cucy(100)-
hydroxylated ZnO ensemble [60]. The structural evolution of model Cu/ZnO catalysts
during the LTS reaction was also studied through in situ transmission electron microscopy,
demonstrating the dynamic nature of the atomic structures of Cu/ZnO catalysts [61]. The
study showed that upon CO exposure, the Cu nanoparticles decompose and redistribute
on the ZnO surface; the Cu species wet the ZnO surface to give either a defected CuOx
phase or crystalline Cu,O (Figure 7), and ZnO clusters precipitate on Cu nanoparticles and
cover the Cu surface with a defected ZnOx phase. Moreover, a mixed phase of CuOx-ZnOx
with an empty shell structure is present.
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(011) 0.. .‘ o.- P
ecu ‘e @ ..‘\‘. o, © ¢
€ Zn % ® AN ¢ . @010
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Figure 7. Wetting and reforming of Cu species on ZnO under a CO + H,O gas mixture. (a) HRTEM
image of the ZnO surface wet with disordered CuOx nanoislands after a 30 min exposure to the
CO + HO (1:1) gas mixture. (b) HRTEM image shows an overlayer of CuOx species on ZnO with a
thickness of ~2 nm after a 60 min exposure to the same gas mixture. (c) A series of time-resolved
HRTEM images depicts the growth process of the Cup,O nanoparticle on a terrace of the ZnO surface.
(d) Atomic model of CuyO and ZnO forming an intimate interface at the atomic scale. (e) Schematic
shows the structural evolution of Cu/ZnO under CO and CO + H,O treatment. All scale bars are
2 nm. Adapted from [61].

Preparation methods and changes to the catalytic formulation have been studied to
obtain controlled-size active phases. Cu/SiO; derived from copper phyllosilicate prepared
via an ammonia evaporation method showed higher activity and stability in LTS than a
catalyst with the same chemical composition prepared via the conventional impregnation
method [62]. The presence of stable Cu™ sites is promoted by the unique structural features
of phyllosilicate; moreover, copper nanoparticles with diameters of around 3 nm are
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uniformly distributed on the silica support. Particularly interesting is the metal /reducible
support catalytic system; these kinds of catalysts are usually described as bifunctional
systems with an active metal and reducible support, such as ceria, which governs different
steps of the reaction mechanism. DFT and microkinetic calculations for WGS on the
CeO;(111) surface have suggested a combination of redox and associative mechanisms
as the main reaction pathway at low temperatures [63]. This mechanism suggests an
active role of oxygen vacancies on the ceria surface, which has intrinsic activity and can
also facilitate the release of hydrogen when supporting an active metal by preventing the
blocking of active sites by hydroxyl groups. When precipitating ceria from a cerium nitrate
solution, the K,CO3/KOH ratio is crucial in determining the physicochemical properties of
Cu/CeO; catalysts. An increase in the K,CO3/KOH ratio improves the oxygen storage
capacity but decreases Cu dispersion, thus suggesting that the optimum ratio value is
around 3 [64]. The Cu/CeO; catalytic system shows an activity of one order of magnitude
higher than other copper-based catalysts, which is attributed to the presence of oxidized
Cu species, even when in a reductive atmosphere, thanks to the O diffusion of CeO; from
the bulk to the surface [65]. Theoretical studies have demonstrated that the activity of
Cu/CeO; catalysts in the LTS reaction is related to the shape of the ceria support (particles,
rods, and cubes) [66]. The density of the defect sites of ceria determines the geometrical
structure and the chemical state of copper species, suggesting that the active sites can be
tuned by dispersing Cu species on shape-controlled ceria particles.

An o-MoC-based catalyst modified by Irl single atoms showed a CO conversion of
~100% at 150 °C and a specific reaction rate that was 2 orders of magnitude higher than
that of FeOx- or Al;Os-supported Irl catalysts [67] and ~4 times that of x-MoC [68]. The
results of the study suggest that iridium is not directly involved in the catalysis; rather, it
can be considered a promoter that affects the electronic structure of active Mo sites.

In the case of HTS catalysts, attention has been focused on the role of chromium in the
reaction mechanisms, with the aim of suggesting sustainable alternatives. Experimental
investigations have shown that chromium-doped magnetite can be formed after exposing
the calcined catalyst to industrially relevant HTS conditions [69]. M@ssbauer spectra have
shown the incorporation of chromium in the octahedral sites of magnetite, which prevents
the reduction of Fe3* ions and increases the Fe?* /Fe?* ratio in octahedral sites. DFT
calculations show that chromium is preferentially located below FeOy sites; moreover,
chromium replacement in the structure increases the vacancy formation energy but does
not affect the location, thus confirming that chromium cannot be considered a chemical
promoter [70]. Chromium can be considered a structural promoter since, by replacing some
Fe3*, it deforms the reticence of magnetite, increasing the surface area and the intrinsic
catalytic activity of iron oxide crystallites [71]. The CuCrFeOx catalyst has also been studied,
and the results demonstrate that it is partially reduced under reaction conditions with
metallic Cu nanoparticles on the Fe;Oy surface; moreover, DFT calculations found the redox
mechanism to be energetically favored over the associative mechanism [72]. Mossbauer
spectra demonstrate that copper doping does not affect the magnetite structure; the copper
is in a separate phase, in the metallic state, as shown by near-ambient pressure XPS [73].
Doping with cerium or co-doping with cobalt or chromium increases the stability of the
magnetite phase, preventing sintering and suppressing coke formation due to a decrease in
the Fe3* /Fe?* ratio on the surface of ternary spinel ferrites [74].

Alternative catalytic systems for high temperatures have been proposed, such as
perovskite-type oxides, the great compositional flexibility of which allows the rational
design of the catalyst. In fact, both cation sites (A and B in ABO3) can be doped with
promoters or catalytically active elements, and the exsolution of B-site dopants can strongly
boost catalytic performance [75]. Comparative studies in which the composition of A and
B sites was doped with various metals have shown that Ni and Co provide the highest
activity [75]. Ni-based catalysts supported on SBA-15 with incorporated Zr and/or Ce
were studied to evaluate the effect of zirconium and cerium ions in the silica framework
in the HTS reaction [76]. The presence of Zr and Ce in the silica framework can minimize
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the formation of Ni subcarbonyl species and enhance the adsorption of CO on Ni. The
best catalytic activity was obtained with Ni/Zr-Ce-SBA-15; the turnover frequency was
4.57 571, and the hydrogen formation rate was 534 pmol H, g~'s~!. The use of nickel as an
active component in the HTS reaction is extremely attractive due to the low cost; however,
its propensity to catalyze methane formation represents a major limitation to its use. The
results of a recent comparative study on Ni-Cu/CeO,-Al,O; catalysts demonstrate that the
addition of Cu has an important role in suppressing methane production via the creation
of the Ni-Cu alloy [77]. On the other hand, the addition of sodium to catalysts based on
nickel supported on anatase shows higher catalytic activity than that of their counterparts
supported on rutile and a mixture of rutile and anatase [78]. It has also been demonstrated
that a layer of titanate that forms on the surface promotes the reduction of the support
and suppresses the encapsulation of nickel in the support. Consequently, a higher number
of oxygen vacancies and better exposure of the metal surface generate higher catalytic
activity in the WGS reaction. Furthermore, methanation is suppressed thanks to the weak
adsorption of Hy on suitable species on the catalyst. The density of oxygen vacancies is
related to the extent of alkali doping in the titanate overlayer formed in situ via alkali
doping [79]. Sodium-doped Ni/TiO, with a titanate overlayer on the support shows higher
activity in the WGS reaction compared to the undoped catalyst.

As an alternative to conventional catalysts, noble metals based on highly reducible rare-
earth oxide-based catalytic formulations have proven to be usable in a wide temperature
range, not only for LTS but also for intermediate temperatures. Among noble metal-based
catalysts, those based on gold or platinum are the most studied; the former is highly active
at lower temperatures, while the latter shows higher stability.

Au-based catalysts are commonly activated through a calcination step to construct
an active Au/support interface, which unfortunately causes the sintering of Au nanopar-
ticles [80]. As an alternative, O, plasma enables the control of the Au nanoparticle size
and the creation and modulation of the electronic structure of Au/TiO, interfaces, thus
improving H,O activation and dissociation, which affect the WGS reaction rate [80]. The
performance of mixed ceria/praseodymium-supported Au clusters was studied by varying
the Ce/Pr ratio (4:1, 2:1, and 1:4), showing that the catalyst with a ratio equal to 4/1 exhib-
ited the highest activity, about 5 times that of Au/CeOx [81]. This result was attributed
to the lowest oxygen vacancy formation energy and the highest H,O binding energy in
the presence of Au/CesPr;Ox. Double-layered supports are particularly attractive for
catalytic applications; in particular, gold nanoparticles supported on ZnCr layered double
hydroxides showed the best performance in the WGS reaction in a comparative study
among different layered double hydroxides (ZnM-; M = Al, Cr, or Fe) [82]. The results
were related to the lower activation energy. Similarly, gold-based catalysts supported on
co-precipitated NiAl and NiMgAl layered double hydroxides showed good activity in
the WGS reaction [83]. The performance was attributed to the dual role of magnesium,
which contributes to improving the Ni?* ion dispersion and reducing the surface acidity of
Ni-Mg-Al metal oxide formed during the reaction at high temperatures. Moreover, the
addition of ceria to gold supported on nanosized NiAl layered double hydroxides showed
improved performance in the WGS reaction because it resulted in the highest dispersion of
gold particles [84]. CeO,-ZnO porous nanorods have been used to control the size and to
prevent the sintering of Au nanoparticles; moreover, the presence of zinc oxide prevents
the formation of undesired side products such as CH4 and CH30H [85].

Ceria supports have been extensively used in the preparation of platinum-based
catalysts, demonstrating that the synthesis procedure plays a crucial role in determin-
ing the Pt dispersion and metal-support interaction, which depends on the morphology
of the support. The urea-assisted homogeneous precipitation method improves the re-
dox and electronic abilities of the support, leading to better performance of the resulting
Pt/CeO, catalysts compared to corresponding catalysts in which the support is obtained
by microwave-assisted hydrothermal synthesis and polymer-assisted hydrothermal synthe-
sis [86]. The reaction mechanism of a platinum-based catalyst supported on ceria was also
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studied, showing that, under working conditions, the reaction proceeds via the redox path
at the dynamic perimeter Pt’-O vacancy-Ce?" site, where CO oxidation, water reduction,
and hydrogen recombination occur [87]. Enhanced activity was obtained by alloying Pt
with iron [88]; TG and XRD analysis showed that the alloy does not undergo oxidation
under reaction conditions until 350 °C. The introduction of a second metal was also studied;
among Fe, Co, and Ni, the best performance was observed with iron, attributed to the
adjustment of the electronic structure of platinum to a moderate oxidation state [89].

Table 3. Selected catalysts in reviewed articles in WGS section: reaction conditions and CO
conversion (Xco).

CO Conversion; Time on

Selected Catalyst Reaction Conditions S Reference
tream
o CO/H,O/Ar=5/10/85;  eno
9 /OZDO/C-CU-34 200 OC; GHSV = 3600 h,1 XCO ~ 80% [60]
. CO/H,O/He =5/5/40; U
Cu/SIOz 250 OC; GHSV = 30,000 h_l XCO ~ 27 /o, 24h [62]
CO/CO,/CH4/H,/H,O/N, =9/10/1/60/60/20; 360 °C;  fno
Cu/CeO, GHSV =50,102 h-! Xco &~ 60%; 110 h [64]
20CuCe-NS CO/H,0O/N, =2/10/88; 250 °C; GHSV = 42,000 h~! Xco &~ 92%;73 h [65]
Cu/CeO;, CO/H,O/N, =1/3/96; 200 °C; GHSV = 40,000 h—! Xco = 30%; 12 h [66]
Ir/a-MoC CO/H,0/He =2/10/88; 150 °C; GHSV = 18,000 h—! Xco =~ 100% [68]
CryO3a-Fe; O3 H,/CO/CO,/N,/H,0 =37/9/4/17/33; 450 °C Xco = 75%; 90 h [69]
a-FepO3/CryO3/CuO H,/CO/CO,/N,/H,0 =37/9/4/17/33; 450 °C; 25 bar Xco =~ 75%; 90 h [73]
FeCeCoOx CO/H,0 =2/7;500 °C; 20 bar; GHSV = 30,000 h ! Xco = 90%; 150 h [74]
Ni/Zr—Ce-SBA-15 CO/H,0/He =5/25/70; 400 °C; GHSV = 40,000 h—! Xco = 98%;70 h [76]
. Hz/CO/COz/HzO=6/3/1/6,‘ —~ o/ .
7N1—7.5Cu/CeOz—Ale3 400 OC; GHSV = 30’000 h71 XCO ~ 35 /o, 20h [77]
Ni/TiO,(A)-Na CO/H,0/He =5/20/75; 350 °C, GHSV = 60,000 mL-g~!-h~! Xco =~ 42%; 8 h [78]
Ni-Na-R350 CO/H,0/He =5/20/75; 350 °C; GHSV = 20,000 mL-g~!-h~! Xco &~ 98% [79]
Au/TiO, CO/H20/He = 5/10/85; 150 °C; GHSV = 12,000 mL-g~!-h~! Xco & 70%; 4 h [80]
Au/CeyPr;Ox CO/H,0/N, =2/10/88; 300 °C; GHSV = 54,000 mL-g~1-h~! Xco = 70%; 50 h [81]
Au/ZnCr-LDHs CO/H,0/Ar =3/15/82; 300 °C; GHSV = 90,000 mL-g~1-h~! Xco = 75%;50 h [82]
Au/NiMgAl CO/H,0/Ar =3.76/25.01/71.23; 260 °C; GHSV = 4000 h—! Xco =~ 95% [83]
) CO/H,0/Ar = 3.76/25.01/71.23; oo ,
Au/eCeNiAl 220 °C; GHSV = 4000 h~! Xco = 99% [84]
CO/H,0O/H,/CO,/He =7/30/50/9/4; o
Pt/CeO,-urea 380 °C; GHSV = 40,000 mL~g’1 Bl Xco ~ 70% [86]
. CO/CO,/H,0O/H; =10/15/30/45; om0
PtosFeos/510, 350 °C; GHSV = 75,000 mL-g~1-h~1 Xco ~ 55% [88]
H,/C0O,/CO/H,O/CHy =37.41/9.31/9.31/42.19/1.37;  aro
PtRe/CeO,/Al-foam 330 °C; 7 = 53 ms Xco ~ 85% [90]
1Pt/1Re/CeZrO,4/ Al, O3/ Al- CO/CO,/H,0/H;, /N, =5.36/5.36/26.56/42.72 /20; Xes 72 90% [91]
foam10_10 300 °C; GHSV = 20,000 h—* co =
) . CO/CO,/H,O/H, =9/11/30/50; oo
PtCeAl-ZrEuMo/monolith 330 °C; GHSV = 80,000 mL-gfl hel Xco ~ 25%; 70 h [92]
Pt/CeO,/Al-monolith CO/H,0O/N, =8/30/62; 255 °C; tc = 360 ms Xco =~ 99% [93]
Pt/CeO,/Al-sponge CO/H,0O/N, =8/30/62; 320 °C; tc =38 ms Xco ~ 55%;35h [94]

2.2.2. Structured Catalysts, Process Intensification, and Integration

The idea behind the design of the single-stage WGS process primarily focuses on
the assumption that a small plant and a smart process must be used for the distributed
production of hydrogen, i.e., the on-site production of hydrogen. The best candidates
to realize this kind of reactor configuration seem to be structured catalysts, obtained
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by coupling conductive structure and catalytic formulations active in both the LTS and
in HTS temperature ranges. Recent studies have demonstrated that a good scale-up of
the catalytic performance from the powder to the structured catalyst can be achieved,
thus obtaining comparable performance to catalytic formulations based on noble metals
such as platinum supported on reducible oxides such as ceria loaded on aluminum foam
monoliths [90]. The presence of the conductive structure allows reducing the temperature
difference between the inlet and the outlet of the catalytic bed due to the heat generated
under reaction conditions. The temperature at the inlet of the catalytic bed increases
while the temperature at the outlet decreases compared to the case of the powder catalyst
as a result of the back diffusion of heat on the conductive structure, thus obtaining a
beneficial effect on both the kinetics and CO conversion [91]. The kinetics of the WGS
reaction was studied on a Pt-based washcoated microchannel metal structure [92], showing
that the rate expression is independent of the CO concentration, the inhibiting effect of
hydrogen, and the promoting effect of water. The reaction order was around zero for carbon
monoxide, negative for hydrogen, and 0.36 for water, which is significantly lower than
that reported for non-promoted catalysts (typically 0.77-1.10) due to the water-enhancing
effect of the proton conductor in the rate-limiting step. The shape of the structure can play
a crucial role in determining the performance of the catalyst; a comparative study between
aluminum honeycomb monolith and foam, washcoated with the same catalytic formulation,
highlighted that the best performance was obtained by the foam-structured catalyst [93].
The study revealed a high resistance to heat exchange at the solid-gas phase interface of the
honeycomb monolith system due to the flow field developed in the channels. The tortuosity
of the foam system favored the axial and radial heat and mass transfer, giving rise to a
more homogeneous distribution, higher temperatures, faster kinetics, and higher carbon
monoxide conversion. It has been demonstrated that a narrow distribution of porosities
can prevent the formation of preferential directions in foam-structured catalysts. Moreover,
the presence of “bottleneck”-type connections among the pores is beneficial in catalytic
systems [94].

A promising alternative to conventional fixed-bed reactors is a membrane reactor in
which hydrogen and/or carbon dioxide can be removed through the membrane during
the reaction, thus increasing the conversion beyond the equilibrium until the limitations
imposed by reaction kinetics become dominant [95]. The enhanced WGS reaction was
performed in an integrated Pd—Cu catalytic membrane reactor at a high temperature,
obtaining an increase in the conversion rate of 10.0-16.7% and an increase in CO conversion
from 85.4% to 94.8% compared to the fixed-bed catalytic reactor [57] Simulation studies have
demonstrated that a single-stage HTS ceramic—carbonate dual-phase membrane reactor is
able to provide high-purity CO, with a capture ratio over 98%, while the high-pressure
hydrogen in the retentate has a purity higher than 90% [57].

2.2.3. Remarks

In this section, an overview of the latest research in the WGS process is provided.
Table 4 summarizes the objects of the studies of the reviewed articles with their main
findings. The interest of researchers has been focused on alternatives to conventional
catalysts for HTS and LTS; Ni-based catalysts have shown good performance at high
temperatures, while the use of x-MoC modified by a Irl single-atom catalyst is attrac-
tive at low temperatures. The stability of Au-based catalysts has been addressed, and
the use of O, plasma and double-layered supports can overcome the main obstacles to
their use. Conductive structured catalysts and integration into membrane reactors are
the basis for designing a single-stage process, which is the most viable route to obtain
high-purity hydrogen.

The results of these studies are extremely significant and allow us to propose a way to
realize the strong intensification of the process. The demand for energy and the growing
need to reduce process production costs have decisively conditioned the direction taken
in research on new catalysts and new reactor configurations. The global WGS process,
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conceived in two steps, seems to be inadequate for meeting the need for efficient production
processes, which should use renewable energy sources, which are inevitably linked to the
resources of the individual territories. On-site production requires a reduction in the size
of the plants, especially in the case of hydrogen, which is considered the most powerful
energy vector. In this context, the single-stage WGS process seems to be the only viable
path. An efficient single-stage WGS process completely converts carbon monoxide without
depressing the kinetics; therefore, it must be designed at medium-high temperatures and
possibly integrated with an efficient purification system, for example, a membrane. To
achieve this, modifications to conventional catalysts for LTS and HTS have been made in
recent years to make them active in a wider temperature range; as an alternative, structured
conductive catalysts have been developed, which have the advantage of managing the
reaction heat in an innovative way compared to traditional pellets. In all cases, from the
data reported in the literature, the use of reducible oxides seems to be essential to obtaining
more active and stable catalysts. Furthermore, integration with membranes requires further
studies to be considered feasible.

Table 4. Schematic summary of the main findings resulting from the reviewed articles of the
WGS section.

Object of the Study

Main Findings Ref.

The structure of LTS catalysts

ZnO—-Cu catalysts undergo in situ Cu restructuring during the WGS
reaction, forming a mixed phase of CuOx-ZnOx with an empty [60,61]
shell structure.

Alternative LTS catalytic systems

Cu-based catalysts supported on various oxides (5iO,, CeO5;) are
proposed. a-MoC modified by Irl single-atom catalyst shows a CO
conversion of ~100% at 150 °C. Ir is a promoter that affects the
electronic structure of active Mo sites.

[62,68]

The role of chromium in HTS catalysts

Chromium is a structural promoter, and its incorporation in the
octahedral sites of magnetite prevents the reduction of Fe** ions.
Doping with a metal may affect the Fe3* /Fe?* ratio on the ferrite
surface.

[69-74]

Alternative HTS catalytic systems

Ni-based catalysts are the most interesting alternative to conventional
HTS catalysts.

These include both perovskite-type oxides and those supported on
various oxides such as SBA, ZrO,, CeO,, and TiO5.

[75-79]

O, plasma allows control of the Au nanoparticle size and modulation

Au-based catalyst activation and stability  of the electronic structure at interfaces. Double-layered supportand  [80-85]

nanorods allow better dispersion of Au nanoparticles.

The metal-support interaction depends on the morphology of the
support. The redox path at the dynamic perimeter Pt°-O

Pt-based catalyst activity vacancy-Ce3* site is preferred. The bimetallic PtFe system shows [86-891
enhanced activity both as alloy and when supported on ceria.
Comparison between powder and The improved management of the reaction heat on the conductive
. . . . . [90,91]
conductive structured catalysts structured catalyst is beneficial for kinetics and CO conversion.
Pt-based washcoated microchannel metal ~ The reaction order is around zero for carbon monoxide, negative for [92]
structure hydrogen, and 0.36 for water.
Structured catalyst reactor configuration Foam structures provide %mproved heat and mass transfer compared [93,94]
to the honeycomb monolith structure.
Ceramic—carbonate dual-phase . o . o
membrane reactor Hydrogen purity > 90%, CO; capture ratio > 98%. [95]
. . o .
Integrated Pd—Cu membrane reactor The conversion rate increases by 10.0-16.7%, and Co conversion 57]

increases from 85.4 to 94.8%.
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2.3. CO; Catalytic Hydrogenation to Hydrocarbons

The continuously increasing CO; levels in the atmosphere have mandated the devel-
opment of innovative strategies and technologies to reduce their emissions [96] Currently,
the use of CO; as a raw material is becoming promising in the context of sustainable de-
velopment and environmental protection [97] CO; is already used in different fields, such
as food processing, drinks, medicine, and industry, but these sequestration methods are
characterized by temporary operation [98] However, CO, may also be used in the synthesis
of fine chemicals and fuels, representing a promising approach for feedstock substitution
in a sustainable way [99] In this aspect, the CCU approach allowed the development of
both CO, capture and separation technologies, as well as efficient catalytic systems for the
conversion of CO, [100] The latter are particularly relevant to the aim of employing waste
biomass, which produces undesired carbon dioxide, as mentioned in Section 2. Indeed,
without any CO; utilization technology coupled with biomass fermentation, there is a loss
in the overall sustainability of the process.

According to the literature on catalytic CO, valorization, either homogeneous or het-
erogeneous catalysts may be used for converting it into the desired product [101] Different
studies have focused on the use of various homogeneous catalysts, such as frustrated
Lewis pairs, transition metal complexes, and N-heterocyclic carbenes with good activity
towards CO, reduction [102,103]. However, this route is characterized by low process
efficiency, and the separation of the catalyst from the product is very difficult. Therefore,
research efforts have focused on CO, reduction by using heterogeneous catalysts through
thermal, electrochemical, photochemical, biochemical, and plasma techniques [104], which
are briefly described in the following lines. The electrocatalytic reduction of CO, has several
advantages over other processes, since it produces less environmental damage due to mild
operating conditions and easily controllable reaction rates. In addition, since the required
Hj typically comes from water, it does not need to work under high-pressure conditions
as thermal reduction does. However, two main disadvantages of this technique can be
considered: (i) the high cost of electricity, which must be generated from renewable sources
(hydrothermal, geothermal, solar wind, etc.), and (ii) limited CO, conversion [105]. The
photochemical reduction of CO; consists in the use of visible light harvested from the sun,
which, in the presence of semiconducting materials (i.e., oxides, sulfides, and phosphides),
is employed to generate photo-excited electrons and holes for the reduction process [104]
This process is affected by low efficiency, which does not favor its industrial commercializa-
tion, even if it has the advantage of utilizing readily available solar energy [106-108]. The
biochemical method offers an eco-friendly approach to producing carbon-based chemicals
from CO; reduction. However, it is affected by the high cost of catalysts and co-factors [109]
The plasma-assisted catalytic approach to CO, reduction is acquiring increasing research
attention. The process can solve the challenges involved in CO, activation owing to its
inertness [110] The combined use of a dielectric barrier discharge (DBD) reactor and a
suitably developed catalyst operating in a non-equilibrium environment may result in
improved conversion efficiency and enhanced selectivity to target value-added products,
as described in the following subsection. Among all of the advantages, there is a trade-off
between energy and conversion efficiency. The thermochemical process is the conventional
technique in which, by using a solid catalyst and in the presence of heat energy, CO; can
be hydrogenated into a wide variety of products (alkanes, alkanes, methanol, dimethyl
ether, formic acid, etc.). For this purpose, two different approaches can be considered:
using either a “standalone” catalyst (direct CO, hydrogenation) or a “tandem” catalyst
(a catalyst composed by combining zeolites with either Fe-based Fischer-Tropsch syn-
thesis (FTS) or metal oxide-based methanol synthesis catalyst). Different studies have
demonstrated that catalytic properties and reaction conditions can be tuned to achieve
various product distributions (light/heavy olefins, paraffin, aromatics, etc.). In the former
approach, through the reverse water—gas shift (RWGS) reaction, the standalone catalyst
converts CO, to CO, which is subsequently converted into hydrocarbon products via FTS in
a multi-step process [109] This approach is henceforth designated as the CO, modified-FT
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process. In the latter approach, a hydrogenation catalyst is used for converting CO, to CO
or methanol, followed by the further transformation of methanol to hydrocarbons over a
zeolite catalyst. This sequence of processes can be achieved in separate reactors or coupled
in a single reactor [105] For example, olefin synthesis can be obtained through a two-step
process, with the first step consisting of a CO,-FT catalyst hydrogenating CO; to a wide
range of hydrocarbon products (via CO intermediate) and the second one consisting of
a downstream zeolite catalyst bed for product redistribution. In the integrated one-step
process, a bifunctional catalyst is present, which simultaneously allows obtaining both
the synthesis and dehydration reactions of methanol. CO, is mostly hydrogenated to
methanol (via a methanol-mediated route), followed by methanol conversion to olefins
(MTO) on bifunctional active sites [111,112]. Recent research activities have focused on
the development of efficient and stable catalysts, among which the development of metal
oxide and MFI structured zeolite composite catalysts provides a new platform for the direct
production of aromatics from CO; [113].

The simultaneous production of methanol and olefins in a single step allows avoiding
the accumulation of methanol in the reactor, thus increasing CO; conversion by overcoming
thermodynamic equilibrium limitations. In addition, the occurrence of both reaction
steps synchronously is favorable from the economic point of view, as only one reactor is
required [114,115]. Several modified-FT catalysts have been reported to effectively catalyze
CO; hydrogenation to lower olefins (CTLO), including Fe, Cu, and Co-based catalysts over
appropriate metal-oxide supports [105]

2.3.1. CO, to HC through Methanol Pathway

CO; conversion into methanol has been extensively studied by the scientific commu-
nity, and among different catalysts, those based on Cu/ZnO are the most widely investi-
gated [116] However, despite the successes that have been reported, the reaction pathway
is still unclear. In fact, formate species (HCOO*) and hydrocarboxyl species (COOH*) have
each been reported as the first hydrogenation products. The formation of hydrocarbons
from methanol is mainly achieved with the aid of a zeolitic catalyst, generally HZSM-5
and/or SAPO-34 [117] More than 20 possible mechanisms have been proposed for the
reaction [105] However, the dual HC pool mechanism is of great interest. HC intermediates,
specified as (CHj)p, represent the adsorbate and may also contain several poly-condensed
aromatic species characterizing coke (containing less H than indicated). Recent studies
have shown that the mechanism of methanol-to-HC conversion proceeds via two steps:

1. A short induction period, in which the coupling of two methanol molecules through
surface methoxy species allows the direct configuration of the C—C bond [118,119];

2. An autocatalytic dual-cycle mechanism, in which different reactions occur, including
the methylation and cracking of olefin, methylation and dealkylation of aromatics,
Hj transfer, and cyclization [120,121], controlling the lifetime of the catalyst and
selectivity of the product.

The product distribution mainly depends on the topological structure of zeolite, its
acidity, and operating conditions [122].

Very recently, tandem catalysts constituted by metal oxides and HZSM-5 zeolites
with different morphologies (spherical, hollow, sheet, and chain) were studied [113]. The
research demonstrated that the ZSM-5 morphology is important in determining the catalyst
performance, with higher CO, conversion and selectivity to the desired product shown
by the sheet and chain configurations, respectively. Zeolites with different topologies in
combination with metal oxides have also been investigated, and the results revealed that
the pore dimensions of the zeolites are fundamental for directing the products towards
the desired ones [123-125]. In particular, the larger the pores are, the heavier the obtained
hydrocarbons are. The results of these recent studies are summarized in Table 5.
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Table 5. Innovative tandem catalysts developed for CO, hydrogenation through methanol pathway,
tested at CO, /H, feed ratio of 1:3.

Catalyst Reaction Conditions CO; Conversion Reference
ZnZr;0(500)-sheetZ5 360 °C; 3 MPa; 4800 mL-g~! h~! 17.2% [113]
ZnZr;0O(500)-hollowZ5 360 °C; 3 MPa; 4800 mL-g~! h~! 14.1% [113]
ZnZr;0(500)-sphericalZ5 360 °C; 3 MPa; 4800 mL-g~! h™! 10.8% [113]
ZnZr;0(500)-chainZ5 360 °C; 3 MPa; 4800 mL-g~! h™! 13.5% [113]
In,O3-sheetZ5 360 °C; 3 MPa; 4800 mL-g~' h~! 24.9% [113]
Cu-ZnO-Al,O3-sheetZ5 360 °C; 3 MPa; 4800 mL-g~' h~! 34.5% [113]
ZnZrOx + MOR 375 °C; 10 bar; 2100 mL-g~1 h~! 20.9% [123]
ZnZrOx + SAPO-34 375 °C; 10 bar; 2100 mL-g~1 h~! 17.9% [123]
ZnZrOx + ERI 375 °C; 10 bar; 2100 mL-g~ 1 h™! 23.6% [123]
ZnZrOx + MFI 375 °C; 10 bar; 2100 mL-g~! h~! 22.0% [123]
o 380 °C; 2.0 MPa; 4800 h~; ratio of N

13%Zn0O-ZrO, Z1O-Z10, to zeolite = 1 15.9% [124]
13%Zn0O-Zr0O, / 380 °C; 2.0 MPa; 4800 h—1; ratio of 17.3% [124]

SAPO-34 ZnO-ZrO; to zeolite = 1 e
13&5:2‘@82/ 380 °C; 2.0 MPa; 4800 h~; ratio of 213% [124]

‘34 ZnO-ZrO; to zeolite = 1

13%Zn0O-ZrO, / 380 °C; 2.0 MPa; 4800 h~; ratio of 18.0% [124]

Zng1SAPO-34 ZnO-ZrO, to zeolite = 1 e
13%Zn0O-ZrO, / 380 °C; 2.0 MPa; 4800 h~!; ratio of 19.6% [124]

Zrg1SAPO-34 ZnO-ZrO;, to zeolite = 1 e
Zn0/SAPO-34-BM 380 °C; 3.0 M.Pa; 3600 mL g 1T h~1; ratio of 18.1% [125]

oxide to zeolite = 3:1
5%Mn,03-Zn0O/SAPO- 380 °C; 3.0 MPa; 3600 mL g ! h~; ratio of 23.99 [(125]
34-BM oxide to zeolite = 3:1 e -

20%Mn,03-ZnO/SAPO- 380 °C; 3.0 MPa; 3600 mL g*1 h~1; ratio of 29.89% [125]

34-BM oxide to zeolite = 3:1 e
20%Mn, 03 /ZnO/SAPO- 380 °C; 3.0 MPa; 3600 mL g*1 h~1; ratio of 19.9% [125]

34-BM oxide to zeolite = 3:1 e
70%Mn,03-Zn0O/SAPO- 380 °C; 3.0 MPa; 3600 mL g’] h~1; ratio of 21.6% [125]

34-BM oxide to zeolite = 3:1 e -

MnyOs /SAPO-34-BM 380 °C; 3.0 MPa; 3600 mL g 1 h—1; ratio of 8.8% [125]

oxide to zeolite = 3:1

2.3.2. CO, to HC through RWGS

Among all of the available catalysts for CO, conversion via the RWGS process, Fe-
based catalysts have attracted worldwide attention [126]. In the initial stage, CO; is
converted into CO, which is subsequently hydrogenated to olefins and paraffin on active
sites of Fe-carbide, as proposed by Xu et al. [127]. By means of a bifunctional system (such
as acidic zeolite), the so-obtained olefins and paraffin products are then converted into
other hydrocarbons through different reactions of aromatization, hydrocracking, hydro-
isomerization, oligomerization, and cyclization plus H-transfer. The reaction chemistry is
apparently very complex and therefore produces various reaction intermediates [127,128].
Monomolecular and bimolecular activation mechanisms have been proposed for paraffin
conversion into HC. The former mechanism was proposed by Haag et al. [129] who de-
scribed the protonation of the alkane molecule to form carbonium ions that can undergo
C-C or C-H bond cleavage. Subsequently, the carbonium ions produce olefin via the back-
donation of a proton to zeolite. The latter mechanism can be achieved by the protonation
of paraffin using the Bronsted acid site, which is then used to form a dimer with another
olefinic HC [130,131]. Once the paraffin activation is achieved, subsequent conversion
into various HCs proceeds. Catalytic cracking can proceed through both bimolecular and
monomolecular mechanisms. However, the monomolecular mechanism predominantly
occurs at high temperatures, while the bimolecular mechanism usually occurs at a mild tem-
perature (<350 °C). Aromatization can proceed through polymerization reactions to form
dienes [132], which is then followed by cyclization in zeolite channels and multi-step H-
transfer with olefin, yielding aromatics and paraffin [133]. Subsequently, inter-conversion
reactions such as isomerization, disproportionation, and alkylation/dealkylation take place.
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In the recent literature, Fe-based catalysts doped with either alkali metals or non-metal
elements have been proposed, aiming at improving the selectivity of Cy, olefins [134,135].
The addition of Ce may play a key role in the activation and dissociation of adsorbed CO,
due to the mobile oxygen vacancy in ceria oxides, which can accelerate the migration of
oxygen. In this sense, FeCeNa catalysts have shown good performance in terms of CO,
conversion to olefins [136]. The most recently proposed catalysts for HC production from
CO, through the RWGS route are summarized in Table 6.

Table 6. Innovative catalysts for hydrocarbon production from CO, through RWGS route, tested at
CO, /H, feed ratio of 1:3.

Catalyst Reaction Conditions CO; Conversion Reference
Fe 340 °C; 2.5 MPa; 15,000 mL g~ ! h~! GHSV 18% [134]
Zn-Fe 340 °C; 2.5 MPa; 15,000 mL g~ ! h~! GHSV 23% [134]
Na-Fe 340 °C; 2.5 MPa; 15,000 mL g~ ! h~! GHSV 31% [134]
Na-Zn-Fe 340 °C; 2.5 MPa; 15,000 mL g~ h~! GHSV 39% [134]
Na-Zn-Fe 340 °C; 2.5 MPa; 300,000 mL g~ h~! GHSV 15% [134]
Fe;0, 300 °C; 0.5 MPa; 2500 mL g~! h~! GHSV 37.2% [135]
1wt%Rb/Fe30, 300 °C; 0.5 MPa; 2500 mL g~! h—! GHSV 40.8% [135]
3wt%Rb/Fe30y 300 °C; 0.5 MPa; 2500 mL g~ ! h~! GHSV 39.7% [135]
5wt%Rb/Fe;0,4 300 °C; 0.5 MPa; 2500 mL g~ ' h~! GHSV 38.8% [135]
8wt%Rb/Fez0, 300 °C; 0.5 MPa; 2500 mL g~! h—! GHSV 38.2% [135]
Na-Fe 320 °C; 2.0 MPa; 9000 mL g~! h~! GHSV 25% [136]
1Ce-Na-Fe 320 °C; 2.0 MPa; 9000 mL g~! h—! GHSV 27.5% [136]
3Ce-Na-Fe 320 °C; 2.0 MPa; 9000 mL g~! h~! GHSV 13.6% [136]
5Ce-Na-Fe 320 °C; 2.0 MPa; 9000 mL g~ ' h~! GHSV 23.2% [136]
FeCel00 370 °C; 1 bar; 16 mL min—! flow rate; 0.3 Seat 19.5% [137]
FeCe757r25 370 °C; 1 bar; 16 mL min~! flow rate; 0.3 Seat 24.4% [137]
FeCe50Zr50 370 °C; 1 bar; 16 mL min~! flow rate; 0.3 Seat 26.6% [137]
FeCe257r75 370 °C; 1 bar; 16 mL min~! flow rate; 0.3 Seat 22.8% [137]
FeZr100 370 °C; 1 bar; 16 mL min~! flow rate; 0.3 Seat 16.9% [137]
Fel00 370 °C; 1 bar; 16 mL min~! flow rate; 0.3 Scat 13.1% [137]

2.3.3. Direct Conversion of CO, to HC

The hydrogenation of CO; to generate HC fuels involves two routes (i.e., direct and
indirect routes), which are often referred to as the chemical process. The goal of producing
methane and subsequent long-chain HC is the basis for the conversion of CO, into HC
fuels. Therefore, in the energy-related scenario, the CO, methanation reaction has acquired
remarkable interest in recent years. Indeed, it constitutes the core of the power-to-methane
(PtM) process chain. This recently developed technology involves a stepwise conversion,
which aims to efficiently employ the surplus energy derived from renewable power sources.
The main issue of generating power from renewables is, in fact, the oscillation of electrical
energy production over time [138]. This phenomenon, known as cycling, can be due to
meteorological conditions, the time of day, and other aleatoric factors. The uncontrollable
intermittency of power generation causes severe problems and imbalances in the power
grid, making the integration of renewables harder and even less economically feasible [139].
Plenty of possible solutions to store the surplus energy have been investigated over time,
resulting in the consensus that systems such as batteries and pumped-hydro systems have
high capacity costs and low energy density compared to hydrocarbon [140]. Therefore, an
efficient solution is to convert the surplus electrical energy into chemical energy, which
can be achieved via water electrolysis. Nevertheless, the product of this conversion is
hydrogen, which is a high-added-value product but presents several drawbacks, such as
the difficulty in storage and transportation and the limitation on its distribution through
the natural gas grid. To overcome the problem of hydrogen management, its conversion
to hydrocarbons is particularly promising. In particular, CO, hydrogenation to methane,
mostly known as CO, methanation, represents an attractive process to efficiently store the
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surplus energy from renewables. The methane produced through this process is referred
to as synthetic or substitute natural gas (SNG). It has plenty of applications, and, above
all, it can be inserted into the natural gas grid without limitations [141]. Together with the
advantage of being a solution for power storage, allowing the more efficient integration of
renewables into the energy scenario, CO, methanation also has a remarkable impact on
the environment from a different point of view. Indeed, it enables CO, consumption—for
example, by employing CO, from sequestration systems—and can thus be considered a
carbon capture and utilization (CCU) process [142,143]. Overall, the PtM process chain can
be represented as in Figure 8.
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Figure 8. PtM process chain. From source to applications.

CO; methanation follows Equation (2), and it is an exothermic equilibrium reaction.
Therefore, it presents issues related to heat management in the catalytic system, which
can be summarized as follows. The heat of reaction induces a thermal gradient across
the catalytic bed and occasional hotspot formation, which can be detrimental to catalyst
stability, leading to sintering phenomena, reduction in the number of active sites, and loss
in activity. Furthermore, the increase in local temperature represents a disadvantage for
the thermodynamic equilibrium of the reaction, which is promoted at low temperatures.
On the other hand, operating temperatures that are too low are detrimental to the reaction
kinetics, leading to lower selectivity of the reacting system and overall lower activity.

COz +4H, = CH4 + 2H20 (2)

The recent attention towards CO, methanation drove a remarkable increase in scientific
publications related to the topic in the past five years. Different catalytic formulations and
catalytic systems have been explored with the aim of addressing the above-discussed issues
and obtaining efficiently performing catalysts in order to allow the implementation of this
process in the industrial scenario. The research approaches to the enhancement of the CO,
methanation process can be classified as:

e Catalytic formulation optimization through the investigation of new active metals or
supports;
Utilization of structured catalysts in different shapes and materials;
Evaluation of innovative reactor configurations (membrane reactors);
New technologies (cold plasma reactors).

Concerning catalytic formulations, nickel is the most widely employed active species in
CO, methanation. A comprehensive resume of the pros and cons of its application includes:
its low cost and natural abundance, together with its high activity towards CO; activation,
as the main advantages; a relatively high activation temperature, low dispersion, and
reducibility as the main disadvantages [144]. Few other metals can offer the same positive
characteristics as Ni; therefore, it is widely applied, and the drawbacks of its utilization
are frequently compensated by support modification or a second metal addition [145].
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For bimetallic formulations, Fe and Co (as transition metals) are widely reported in the
literature, while, among noble metals, Ru is surely the most effective species for CO,
methanation. In particular, it shows a relative activity higher than Ni [146] and strongly
promotes the direct reaction mechanism, leading to a higher selectivity towards methane.
Another basic aspect of CO, methanation is that a bifunctional reaction mechanism is
always established: the support is involved in the reactant activation, and therefore, it plays
a crucial role [147]. Plenty of studies in the literature report on the optimization of catalytic
formulations, which have been recently satisfactorily reviewed [146,148-151]. Therefore,
we focus on the most recent applications of engineered solutions to conduct the reaction.

Methanation over Structured Catalysts

In recent years, most of the interest has been devoted to structured catalysts. These
are constituted by a carrier with a complex geometry, upon which the support and the
active phases are deposited via several techniques; structured catalysts can offer several
advantages for this process. First, they can be made of highly conductive materials, such as
aluminum, silicon carbide, or metal alloys. The high thermal conductivity plays a funda-
mental role, considering the exothermicity of the reaction: indeed, these structures allow
the flattening of the temperature profile within the catalytic bed, reducing the formation of
hotspots and therefore the sintering phenomena and local thermodynamic limitations [152].
Furthermore, some of these structures can offer enhanced mixing characteristics, which
reduce the possibility of diffusion resistance effects [94].

The most common geometrical configuration of structured catalysts is certainly the
channeling structure, which is typical of honeycomb or corrugated sheet monoliths: when
considering only the most conductive materials, the former are usually made of silicon
carbide (5iC), while the latter are generally composed of metallic alloys; on the other hand,
ceramic materials such as cordierite are frequently employed because of their ability to
anchor metallic species. Indeed, NiFe/cordierite monoliths were tested in CO, methanation
conditions in a detailed study concerning the management of the hotspot phenomena that
are characteristic of this system [153]. The catalysts were obtained via in situ growth of
the nanoparticles, and they were classified into high-activity and low-activity monoliths.
The authors reported that low- and high-activity catalysts can be alternated over the bed,
leading to a remarkably smoother increase in temperature due to the exothermic reaction,
with a non-significant loss in methane yield.

Considering that Ni/CeO, was widely reported as one of the most promising formu-
lations for CO, methanation in terms of both activity and selectivity towards methane,
FeCrAlloy sheets decorated with CeO, nanorods to support Ni particles were recently
evaluated [154]. This preparation was optimized in order to increase the stability, con-
sidering that in harsh conditions, the structured catalyst undergoes rapid deactivation.
As a result, the catalysts were efficient, demonstrating higher catalytic activity com-
pared to the powder form. Micromonoliths in commercial FeCrAlloy stainless steel were
tested in CO, methanation with a coating of a previously optimized catalytic formulation
(15 wt.% Ni, 0.5 wt.% Ru, and 10 wt.% Mg over alumina) [155]. The authors observed that
the textural properties of the original powder catalysts were unchanged after deposition on
the 3D structure, even though the structured catalyst exhibited sintering after the stability
test. Furthermore, a noteworthy result was that transport limitations were observed at
high weight hourly space velocity (WHSV) conditions, which can be ascribable to the chan-
neling structure. Indeed, the same kind of 3D structure obtained with aluminum sheets
was employed with a Ni/CeO; coating with a variety of configurations (plain, stacked,
segment, and multi-stacked), proving that avoiding a channeling flow regime is benefi-
cial for the reaction [156]. This conclusion is further upheld by comparative studies that
involve channeling structures (such as honeycomb monoliths) and randomly organized
structures (open-cell foams). The comparison between an alumina open-cell foam and a
cordierite monolith highlighted that the external mass transfer is maximized in the case
of the open-cell foam thanks to its characteristic irregular structure, which ensures a more
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intimate contact between phases [157]. In particular, the light-off temperature (which is a
typical parameter to be taken into account in CO, methanation and can be considered the
temperature at which the reaction starts—i.e., it has a significant conversion) was found
to be remarkably lower in the foam catalytic system. The same result in terms of opti-
mized heat and mass transfer was observed through a comparison between an aluminum
open-cell foam and a SiC monolith, with the foam-supported catalyst showing the best
performance in terms of methane yield and light-off temperature [158]. CO, methanation
was also investigated over high-pore-density (75 ppi—pores per inch) metallic (Ni) foams,
which were coated with CeO; (via electrodeposition) and impregnated with Ru [159]. The
high pore density of the carrier and the low thickness of the coating produced outstanding
transport properties, suggesting that this catalyst is particularly suitable for the process
intensification of highly exothermic catalytic reactions.

The importance of the thermal conductivity of the carrier was evaluated with a com-
parison between two 40 PPI open-cell foams, one made of alumina (low conductivity) and
one made of SiC (high conductivity) [160]. Activity tests were performed in a bench-scale
reactor with an integrated cooling system in order to evaluate the effect of co-current or
counter-current refrigeration of the system. The use of carriers having similar geometri-
cal and morphological properties is particularly significant to the aim of discerning the
thermal conductivity effect; therefore, the outcomes of this evaluation offer a notewor-
thy perspective in the application of highly conductive structured catalysts. The results
showed that, as expected, the SiC foam offered a flatter thermal profile, which is benefi-
cial from a thermodynamic perspective. Furthermore, with the Al,O3-based catalyst, the
difficulty of removing heat with the refrigerating medium was ascribed to the radial heat
transfer resistance.

According to this result, a simulation study of CO, methanation over ceramic paper
catalysts revealed that the most relevant contribution to the effective heat transfer is the
radial heat dispersion through conduction; in contrast, the dynamic contributions are not
significant, considering the low linear gas velocity [161].

Due to the remarkable enhancement of reaction performance in the presence of random
3D structures, research has been devoted to the reproduction of ordered geometries with
the same properties. This result was achieved through additive manufacturing (AM).
Regular periodic 3D structures with two different layer stacking configurations were tested
for CO, methanation applications [162]. The best results were obtained with the “zig-zag”
layer organization, which allowed improved heat and mass transfer. Furthermore, with the
optimized configuration, it was also observed that stainless steel is a beneficial material for
ensuring a better coating adhesion compared to copper [163].

Innovative Reactor Configurations

The most consolidated solution to conduct CO, methanation is surely the adiabatic
fixed-bed reactor or cooled fixed-bed reactors. The former can be operated with inter-stage
cooling, even though this solution requires many auxiliary units (heat exchanger). The
latter, instead, is a more compact solution; however, the temperature and pressure drop con-
trol is more complicated. Other solutions, such as fluidized bed reactors and microchannels
reactors, are still in the early stage of research. The interest towards microchannel reactors
is mainly related to the possibility of having a mass transfer completely dominated by dif-
fusion, as the normal velocity with respect to the surface is almost null. Fuentes et al. [164]
simulated a microchannel system and showed that with a large number of channels having
a small cross-sectional area, the prevalence of diffusive forces could be increased. These
enhance methane production, and therefore, the resulting product stream is more suitable
for insertion in the natural gas infrastructure.

The integration of membrane technology with a catalytic reaction always draws
remarkable attention in terms of process intensification, as it can enhance the catalytic
performance over the thermodynamic equilibrium. Their application is frequently intended
to remove a product from the catalytic zone in order to force the reaction equilibrium
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towards the products. In methanation systems, membrane reactors could be applied for
water removal but also for a local supply of hydrogen, and vice versa.

In situ water removal in CO, methanation systems theoretically provides 100% con-
version of CO, when water is completely removed (R = 0.99) at any temperature, pressure,
or CHy/CO; ratio [165]. For water separation, hydrophilic membranes are applied. The
main drawback is that non-condensable gases pass through the membrane via the Knud-
sen diffusion mechanism, even though their permeability is reduced by progressively
increasing water capillary condensation. The first attempt to employ a membrane reactor
for the Sabatier process was performed in 1997 with a water-permeable membrane: as
a result, an increase in CO, conversion of 18% was obtained with the integrated system
compared to the conventional fixed-bed reactor [166]. Experimental data of integrated
systems available in the literature were successfully approximated by a simulation in which
a water-permeable hydroxy sodalite (H-SOD) membrane and H; as the sweep gas were
considered [167]. Hydrogen was employed because it minimizes the reactant loss and
maximizes the product permeation. The simulations indicated that enhanced conversion
could be obtained in mild temperature and pressure conditions, which potentially repre-
sent a lower operating expense (OPEX). Furthermore, a more in-depth evaluation in a 2D
simulation study demonstrated that the highest permeation flux was established at the
inlet, while the outlet was characterized by a balance between H,O permeation and the
production rate [168]. Nevertheless, the simulation results showed a 90% water removal
and an 8.3% CO, conversion increase. As an outcome, since the reaction rate was found to
be much higher than water permeation, the authors concluded that for reactors with high
GHSVs, the utilization of membranes with high water permeance is mandatory.

The introduction of a hydrogen-permeable membrane in CO, methanation systems is
an attractive alternative for the coupling of different processes. An example was provided
by Miyamoto et al. [169], who integrated NH3; decomposition, which provides hydrogen,
with CO, methanation. Therefore, hydrogen was removed from the first reaction system
and supplied to the second by a Pd membrane, with the obtainment of a significant increase
in both NH3 decomposition and H; separation. Nevertheless, the local supply of hydrogen
was not effective in improving the methanation rate, as it was found to be comparable
to the value obtained in the packed-bed reactor; on the other hand, CHj selectivity was
increased, resulting in an enhancement of reaction performance. A coupled system of
dehydrogenation/hydrogenation reactions was also proposed by Bian et al. [170] in their
CFD simulation. Cyclohexane dehydrogenation was considered at the retentate side, while
CO; methanation was set at the permeate side. This study supports the previously reported
result that a high-permeance membrane is mandatory in order to enhance the performance
of both reactions.

CO, Methanation under NTP Process

The interest towards non-thermal plasma (NTP) applications in methanation processes
is primarily related to the main reactant activation. Indeed, CO; is a highly stable molecule,
and therefore, in conventional catalytic systems, C=0O bond breakage is promoted with
the use of suitable active species (Ni or Ru, for example); furthermore, each catalytic
formulation has its own light-off temperature, which is just below 200 °C. When plasma is
applied, high-energy species such as free radicals and ions are involved, and these species
can activate CO, molecules without the necessity of external heating. In NTP technology,
several configurations can be realized, although the most employed solution is represented
by the dielectric barrier discharge (DBD) reactor [110]. The application of NTP to CO,
methanation is a remarkably recent topic; nevertheless, several catalytic systems have been
evaluated under plasma conditions. Plasma is particularly useful for the removal of water
molecules from the catalytic surface: this was specifically observed over Si/Al zeolite-
supported catalysts in a DBD reactor [171]. Furthermore, as NTP is expected to reduce the
reaction barrier thanks to its non-equilibrium nature, it potentially allows performing the
reaction without a catalyst. The study conducted by Ahmad et al. [172] was indeed focused
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on a plasma-Ni system. The authors considered the NTP + Ni catalyst hybrid system and
compared it with a Ni catalyst in a thermal (Ni-T) system and an NTP-driven reaction.
As outcomes, the plasma-assisted system allowed consistent methane selectivity at a
remarkably low temperature (150 °C). The hybrid plasma-catalytic system compared to the
thermal-—catalytic system resulted in a CO; conversion 20 times higher and a CHy selectivity
5 times higher than the Ni-T configuration. Non-thermal plasma was also evaluated
in the presence of more complex catalytic formulations (hydrotalcite-derived catalysts
with Ni-Fe active species) with satisfactory results, suggesting its suitability in dynamic
systems working with excess energy [173]. Even though the NTP is a low-temperature
technology, the exothermicity of CO, methanation cannot be neglected. The study of
Bosét-Peir6 et al. [174] showed that a pseudo-adiabatic plasma-assisted configuration
could reach an energy efficiency of 73%, and therefore, the overall process is undeniably
less energetically demanding. A combination of non-thermal plasma technology and a
structured catalyst was evaluated by Gao et al. [175], who performed a complex study
related to the mechanisms in plasma-assisted CO, methanation. The authors observed that
the system is structure-dependent, as different structures led to different CHy selectivities
due to the dissimilar discharges within the catalytic bed. Furthermore, the mechanistic
study highlighted that, due to the plasma presence, several radicals were formed in the
system (CO, CO(v), H, and H(v)). In particular, CO(v1) was individuated as the main
vibrational state, resulting in a reduced energy barrier and, therefore, in a lower activation
temperature. The short-term stability under NTP conditions was recently evaluated by
the same authors over a Ni-Y/CeO,; formulation, showing excellent stability for 12 h and
remarkable catalytic activity with a CO, conversion of 84% and selectivity to methane
of 83% [176].

Industrial Applications and Outlook

CO; hydrogenation to methane is a captivating topic in several fields, ranging from
CO; utilization to methane production and renewable inclusion in power generation
technologies. This new concept has been widely studied in recent years, leading to the
obtainment of a mature technology, at least for thermo-catalytic CO, methanation. Ger-
many can be regarded as the leader in PtM technology: in Stuttgard and in Wertle, two
power-to-methane plants (with capacities of 250 kW and 6300 kW power input, respec-
tively) produce methane for Audi. Furthermore, Germany is also at the cutting edge of
biological methanation technologies, with the first commercial-scale project with a 1 MW
capacity [148]. Innovative solutions such as structured catalysts, membrane reactors, and
plasma-assisted systems are, therefore, highly promising for the industrial scenario, as
they represent possible solutions for the intensification of this newborn process, aiming to
further enhance energy efficiency. The most relevant findings related to these innovative
applications and reviewed in this work are summarized in Table 7.

Table 7. Summary of the most recent relevant findings in CO, methanation reported in this review.

Technology

Catalyst Study Outcomes Ref.

Structured catalysts

Low- and high-activity catalysts can be conveniently alternated
NiFe/ cordierite monoliths over the bed to smooth the temperature increase due to [153]
the reaction

FeCrAlloy sheets + CeO, nanoroads ~ Highly active and selective compared to the powder catalysts ~ [153]

FeCrAlloy micro-monoliths with ~ The structured catalyst exhibited sintering but no changes in

15 wt.% Ni, 0.5 wt.% Ru, and textural properties. High WHSV led to transport limitations [155]
10 wt.% Mg due to the channeling structure
Al sheet with Ni/CeO, coating Avoiding channeling flow regime is beneficial for the reaction ~ [156]

Alumina open-cell foam and

L . External mass transfer is maximized for the open-cell foam [157]
cordierite monolith
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Table 7. Cont.

Technology Catalyst Study Outcomes Ref.
Aluminum open-cell foams and Foams provide the best methane yield and [158]
SiC monolith light-off temperature )
. . Outstanding transport properties thanks to low coating
Ni foams coated with CeO, thickness and high pore density of the foam [159]
Alumina and SiC open-cell foams 1S:C foam offered a flatter thermal profile and allowed easier [160]
eat removal
SS-AM catalysts The “zig-zag” organization allowed improved heat and [162]
mass transfer
SS and copper AM catalysts SS ensures b.et'ter coating adhesion and therefore better [163]
catalytic activity
Microchannel reactors (Simulation study) Meth ane production can be enhanceq bybmany chap ne1§ [164]
having small cross-sectional area, which increase diffusion
(Simulation study) 100% CO, conversion when water removal efficiency is 0.99 [165]

H,O-permeable membrane

- Increase in CO, conversion of 18% with the membrane reactor  [166]

) Water-permeable H-SOD membrane enhances CO, conversion [167]
and potentially reduces OPEX

(Simulation study) 90% water removal induces an 8.3% increase in CO, conversion  [168]

H, permeable membrane

Coupling of NH3 decomposition with CO, methanation: the
) system has outstanding CHy selectivity even though the H; [169]
supply was too low; therefore, the overall reaction rate is

comparable to a packed-bed reactor system

Cyclohexane dehydrogenation coupled with CO, methanation:
- the higher the membrane permeance, the higher the [170]
enhancement of both reactions

NTP

Plasma is particularly useful for removing water molecules

5i/Al zeolite from the catalyst surface [171]
The hybrid plasma-Ni system offered a CO, conversion

Ni catalyst 20 times higher and a CHy selectivity 5 times higher than the [172]
thermal-Ni system
Pseudo-adiabatic plasma-assisted system could exploit the

- exothermicity of the process, yielding an energy efficiency [174]
of 73%
The system is structure-dependent: different catalyst structures

- give different CHy selectivities due to dissimilar discharges [175]
within the bed

Ni-Y /CeO, Excellent stability of the plasma-assisted system for 12 h, with [176]

CO; conversion of 84% and CHy selectivity of 83%

3. Conclusions

In recent years, a progressively different approach to the generation of power and
the production of fuels for the automotive sector as well as for domestic applications has
been taken. This is mainly driven by increasing environmental concerns, and it is directly
translated into research on the feasibility of applying renewable energy sources to the
present energy scenario and into the reduction of greenhouse gas emissions. Following
more than one approach, the integration of renewables mainly involves the utilization of
biomass-derived raw material and the combination of power generated via clean sources
with conventional power generation systems. The aim of this review article was to provide
a satisfactory overview of the most recent solutions to the above-discussed issues.

One of the greatest challenges of the modern era is certainly the substitution of natural
gas (methane) with biomass-derived materials, thereby decreasing the depletion of fossil
fuels and increasing the sustainability of several industrial processes. Among them, the
reforming process has doubtlessly received most of the attention, as it allows the synthesis
of hydrogen, which is considered the energy carrier of the future. The substitution of
methane with a biomass-derived material leads to the production of “green hydrogen”.
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The most attractive alternative to methane in reforming processes is certainly bioethanol, a
widely available renewable source. In the context of bioethanol reforming, several studies
have recently been published to address the main obstacle to wider diffusion, i.e., catalyst
deactivation due to coke formation. Attention has been mainly focused on the utilization
of highly active catalytic systems (based on noble metals) that are selective and resistant to
deactivation; furthermore, the use of promoters and bimetallic catalytic systems has led to
enormous improvements in the performance of nickel-based catalytic systems, which are
the most frequently used. The use of conductive structured catalysts has also improved
heat transfer rates and reduced mass transfer limitations, thus allowing the optimization
of reactor sizes and the heat supply. However, in order to produce high-purity hydrogen,
the syngas obtained from bioethanol reforming must be further treated. The purification
stages could be considered the real bottleneck of the whole hydrogen production process,
and their impact dramatically increases in the case of on-site H, production. The water—
gas shift reaction is the most consolidated technology for syngas cleaning; therefore, the
intensification of this process is currently widely investigated. Many published works
have focused on the improvement of conventionally used catalytic systems for LTS and
HTS processes; however, real intensification can only be achieved by designing a single-
stage process integrated with a membrane separation system. Extremely promising are
studies on a medium-high temperature WGS process, in which the thermal profile of the
catalyst is flattened by the presence of conductive structures, integrated with a Pd-Cu
catalytic membrane for the separation of hydrogen or with a ceramic—carbonate dual-phase
membrane to obtain high-purity CO,. However, further studies are needed to improve the
efficiency performance of available membranes.

On the other hand, the reduction in greenhouse gas emissions mainly focuses on the
emissions of CO,. Several solutions have been explored in this field, such as CCS and CCU
systems, with the latter being the most promising. Indeed, plenty of studies have reported
on hydrogenation processes to produce fine chemicals and fuels. Different paths can be
followed to obtain methane (which also represents a substitute natural gas), methanol, or
hydrocarbons via the Fischer-Tropsch process. In this regard, particularly interesting are
studies on the use of non-thermal plasma-assisted systems, in which the reaction barrier can
be reduced by exploiting the non-equilibrium nature of the process. These hydrogenation
processes are encouraged by the use of sustainable hydrogen, thus producing H, via
water electrolysis, thermolysis, biomass gasification, biocatalysis, and fermentation. This
sustainable hydrogen represents a power storage technology, and its utilization is a way to
integrate renewables into the power generation scenario. In conclusion, the watchword
is “renewable”, and the key is “hydrogen”: hydrogen as an energy carrier obtained from
renewable sources and using renewable energy, and renewable hydrogen to sequester CO,
and obtain useful chemicals.
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Abbreviation
AM Additive manufacturing
CCU Carbon capture and utilization

CTLO CO; hydrogenation to lower olefins
DBD Dielectric barrier discharges

DFT Density functional theory
FTS Fischer-Tropsch synthesis
GHSV  Gas hourly space velocity
HC Hydrocarbons

H-SOD  Hydroxy sodalite

HTS High-temperature shift

LTS Low-temperature shift

MTO Methanol conversion to olefins
NTP Non-thermal plasma

OPEX  Operating expenses

ppi Pores per inch

PPI Process intensification
PtM Power-to-methane

RWGS  Reverse water—gas shift
SBA Santa Barbara amorphous

SNG Synthetic (or substitute) natural gas
WGS Water-gas shift
WHSV  Weight hourly space velocity
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