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ARTICLE INFO ABSTRACT
Keywords: Fossil fuel depletion, global warming, climate change, and steep hikes in the price of fuel are driving scientists to
Conventional SMR investigate commercial and environmentally friendly energy carriers like hydrogen. Steam methane reforming

Blue/Turquoise H, production
Catalysis

Kinetic models

Operating conditions

(SMR), a current commercial route for Hy production, has been considered the best remedy to fulfill the re-
quirements. Despite the remarkable quantity of Hy produced by the SMR, this technology still faces major
challenges such as catalyst deactivation due to the sintering of metal nanoparticles, coking, and generation of a

Intensified SMR large quantity of CO,. Firstly, the effects of catalyst types, kinetic models, and operating conditions on high-yield
Renewable energy Hy production, the evolution path from gray to blue, via the conventional SMR are comprehensively reviewed.
ESG Secondly, exploiting intensified techniques such as membrane technology, sorption, fluidization, and chemical

looping for SMR to blue Hy are discussed in detail. Further, a novel and sustainable path for the SMR process,
hybridizing the use of novel materials and emerging technologies to produce turquoise Hp, is proposed. Finally,
the critical points for steam reforming process technology that can help leverage environmental, social, and
governance (ESG) profiling have been discussed.

when compared with fossil fuels. While the formation of NOx during H,
combustion is a concern, there are various methods for reducing or
preventing NOx emissions, such as using catalysts or adjusting the
combustion conditions. Overall, the advantages of Hy as an energy
carrier include; (i) near-zero or zero end-use emissions energy carrier (ii)
ability to store it in gaseous or liquid form; (iii) simplicity of conversion
to different energy sources; and (iv) a lower heating value (LHV) and a
higher heating value (HHV) than most fossil fuels [6,7]. Moreover, the
calorific value of Hj is three times that of gasoline [8]. Contrarily, the
flammability and low density of Hy in storage are obstructing its
extensive use as an energy-carrying source [9]. The advantages of H; as

1. Introduction

With the rapid growth of the world population and economic
development, energy consumption is sharply rising. By 2050, fossil fuels
are expected to meet 70% of global energy demand, maintaining their
position as the market leader [1]. Nevertheless, environmental concerns
about fossil fuels’ worldwide consumption and emissions of greenhouse
gases (GHG) have switched attention towards non-fossil fuel sources to
achieve cleaner energy consumption [2-5]. Hydrogen (Hy), as a clean,
renewable, and alternative energy carrier, offers certain advantages
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List of symbols

Abbreviations and Acronyms

H, hydrogen

CH,4 methane

CO, carbon dioxide

CO carbon monoxide
S/C steam to carbon
GHG greenhouse gases
LHV lower heating value
HHV higher heating value

DRM dry reforming of methane
SMR steam methane reforming

SESMR  sorption-enhanced steam methane reforming
POM partial oxidation of methane

ATR auto-thermal reforming

TMR tri methane reforming

TEM Transmission electron microscopy

TPD temperature-programmed desorption

TPR temperature-programmed reduction

TG glass transition temperature

TGA thermogravimetric analysis

SEM scanning electron microscope

FESEM field emission scanning electron microscopy
XRD X-ray powder diffraction

XPS X-ray photoelectron spectroscopy

WGS water-gas shift reaction

HT high temperature

LT low temperature

PSA pressure swing adsorption

DFT density functional theory

DFMs dual function materials

LSCF lanthanum strontium cobalt ferrite

CFD computational fluid dynamics

DBD dielectric-barrier discharge

GHSV  gas hourly space velocity

3DOM  three-dimensionally ordered macroporous

HTc hydrotalcites
LOS lithium orthosilicate
LDH layered double hydroxides

CL-SMR chemical looping steam methane reforming

CLC chemical looping combustion

CSCM  combined sorption catalyst materials

MRs membrane reactors

MOF metal organic framework

OCs oxygen carriers

CL-SESMR chemical looping sorption enhanced steam methane
reforming

SASMR solar-assisted steam methane reforming

ESMR  electrified steam methane reforming

TZFBR  two-zone fluidized-bed reactor

TOS time on stream

CCS carbon capture and storage

ESG environmental, social and governance

HB Haber-Bosch

RECs regional economic communities
Variables

ry,re,r3  rates of reactions (kmol/kg.cat.h.bar)

Kco,Kn,,Kcn, Km0 adsorption constants of CO, Hy, CHy, and HyO
PcH,»PH,0,Pco,PH, Dartial pressure of components (N/m?)

Keq equilibrium constant (m3/kmol)

Ri1o rate coefficient of reactions

Eu activation energy(J/mol)

Sx net rate of reaction for x surface specie
K; number of surface reactions

Nsand N, number of surface and gas-phase species
0

Cy reference concentration at normal pressure

R ideal gas constant (kJ/kmol/K)

T temperature

Tyait, Tfiue, Tupe temperature of wall (wall inside), flue gas (°C or K)
and tube

Ag Arrhenius constant

ke, ki rate coefficients of forward and reverse reaction

hg, hg coefficient of heat transfer (flue gas and reactor gas)

K, equilibrium constant for partial pressure

AH heat of reaction (kJ/mol)

F, total molar flowrate (kmol.h)

X; fractional conversion of species

2 reactor length (axial coordinate) (m)

A reactor cross-section area

R rate of reaction (kgm3s™1)

Pror total pressure (N/m?)

Cps,Cpg  heat capacity of solid and gas (J/mol.K)

u superficial space velocity (m/s)

S; heat source term (Jm 3s™1)

Regp capture reaction rate of CO, acceptor (kgm’3s’1)

Upys minimum fluidization velocity

g gravitational acceleration

f friction factor

d, diameter of particle (m)

Greek variables
density of gas and solid (kg/m>)

pgﬁps

s solid conductivity (mL? t—3 A™1)

€p void fraction of bed

v,and v, stoichiometric coefficients of reactants and products
Db density of catalyst (kg/m>)

Exk additional dependencies of activation energy
Oy surface coverage of adsorbed species

u viscosity of inlet gas

Emf void fraction under minimum fluidization

Rey, oy Reynolds number in the minimum fluidization
@ sphericity of the solid particles

U, terminal velocity

U; dimensionless terminal velocity

a fuel are better realized if effective means of production are used with
reduced GHG emissions. Methane (CH4) and carbon dioxide (CO-), with
emissions of up to 16% and 76%, respectively, are the foremost con-
tributors released from the industrial, agricultural, and transportation
sectors [10].

Hydrogen production technologies differ regarding the state of
development, the required feedstock and resources (coal, methane, and
water), and the associated GHG emissions. Conventional, low-CO3, CO»-

free, and carbon-free production routes are often referred to by the color
descriptions “gray”, “blue”, “turquoise”, and “green”, respectively. The
colors describe the Hy production based on environmental friendliness
as presented in Fig. 1 [11,12]. Brown Hj is produced from the gasifi-
cation of coal [13]. Gray Hjy is produced from fossil fuels and places a
huge burden on the environment [14]. Blue Hy is produced from fossil
fuels as well, but it is followed by carbon capture techniques [15-17].
Turquoise hydrogen is produced from natural gas with an emphasis on
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Fig. 1. General representation of H, production pathways describing environmental friendliness with special emphasis on the scope of this study (red paths).

(Adapted with permission from Ref. [12]. Copyright (2022) Elsevier B.V.).

minimizing GHG. It involves the integration of carbon capture and
storage (CCS) technologies as well as the utilization of renewable energy
sources for process heating. The combination of these approaches aims
to make the Hy production process environmentally cleaner and
CO,-free [12]. Green Hj is produced by utilizing renewable energy
sources, typically through the process of electrolysis, where water is split
into hydrogen and oxygen. Since the production relies on renewable
sources of energy, such as solar or wind power, and does not involve
fossil fuels, it is considered carbon-free and has a minimal environ-
mental impact [12]. Presently, Hy production on an industrial scale
mainly includes 48% from reforming of natural gas, 30% from oil/-
naphtha reforming in refineries or chemical industries, 18% from coal
gasification, 3.9% from electrolysis of water, and 0.1% from other
sources [18-20]. The utilization of CO5 and CH4 have received much
consideration by means of gray and blue H; production techniques, such
as steam reforming of methane (SMR) [21,22], partial oxidation of
methane (POM) [23], CH4 cracking [24], dry reforming of methane
(DRM) [25], bi-reforming [26], tri-reforming of methane (TMR) [27],
tri-reforming of methane (TMR) integrated with various water elec-
trolysis systems [28], auto-thermal reforming (ATR) [29], and plasma
[30]. Moreover, the conversion of hydrogen sulfide (HsS) to hydrogen
(Hy), which is called HyS methane reforming, is widely used in the oil
and gas industry for producing cleaner Hy [31,32]. Among these tech-
nologies, SMR is currently the primary route for producing Hy at the
industrial level [33,34]. However, SMR produces approximately 9-11
kg COy/kg Hy, which is higher than other reforming techniques (POM
and ATR) [35]. When providing the heat required to run the overall
reaction, the process produces stoichiometric amounts of CO from the
combination of the steam reforming reaction and the water-gas shift
(WGS) reaction, as well as combustion-based CO5 [36]. On the other
hand, CO; emissions from Hy produced by coal gasification are nearly
twice as high (23.7 kg CO2/kg Hy) as SMR [36,37].

SMR represents the most common catalytic process for Hy production
from natural gas, despite its negative effect on the environment through
GHG emissions [38]. Conventional SMR occurs by supporting Ni on
various oxide supports. However, these catalysts usually undergo
deactivation during operation, and this leads to lower selectivity [39].
To achieve a higher stability and purity of Hy, the advancement of

catalyst preparation and proper selection of the support are very
important. In addition to that, many different metal-based catalysts have
been studied to minimize coke formation and increase Hy yield [40-45].
Metal catalysts such as nickel (Ni) [46], cobalt (Co) [47], rhodium (Rh)
[48], ruthenium (Ru) [49], and platinum (Pt) [50] were commonly
used. Because of their low cost, Ni-based catalysts play the most
important role in industrial reforming processes. However, Ni-based
catalysts lead to coke formation and active site blockage, and they suf-
fer from sintering, the agglomeration of smaller particles into bigger
ones, which is associated with a decrease in available active sites [51,
52]. To overcome these problems, modification of the catalyst by using
promoters and examining various supports such as CeOy [53], ZrOy
[54], SiOZ [55], (X-A1203 [56], Y-Aleg [57], Ti02 [58], MgA1204 [59],
MgO [60], LagO3 [61] and perovskite-type oxides have been reported
[62,63]. Supported metal catalysts have gained focus due to significant
progress in the metal dispersion over the supports, improving the cata-
lytic performance and lowering the costs of the SMR process [64,65].
Proper selection of the support is crucial for achieving higher stability
and purity of Hj. Therefore, various support systems have been syn-
thesized to improve the performance of SMR that can be categorized
according to their acidic or basic nature, structure, morphology, and
chemical composition. It has been reported that in SMR, the Lewis ba-
sicity of the support plays a vital role in preventing the formation of coke
because the base centers in the catalyst increase the chemisorption of
CO,. Adsorbed CO interacts with the carbon species formed on the
catalyst surface to generate CO, which inhibits coke deposition. More-
over, basic natural support materials promote surface carbon gasifica-
tion to reduce coke deposition and increase stability [21,66]. While
acidic supports promote polymerization and hydrocarbon cracking,
which in turn assist the higher CH4 conversion and other hydrocarbons
(formed because of methyl radicals’ recombination reaction) into the
desired product. Based on structure and morphology, the support sys-
tems show various configurations, such as nanopowder, a grained
catalyst, or structured forms like monoliths [67], honeycombs [68], or
open-cell foams [69]. On the other hand, SMR makes use of nano-
structures such as nanowires [70], nanorods [71], nanoflakes [72],
nanotubes [73], nanofibers [74], and nanoclusters [75] to maximize
metal dispersion and high stability.
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Support systems can also be categorized according to their chemical
composition, which includes single and mixed metal oxides [76], zeo-
lites [77]1, perovskites [78], and hydrotalcites [79]. Furthermore,
biomass-derived carbon-based support systems (activated carbon, car-
bon nanotubes) are also favorable for SMR due to their high surface area
and economic synthesis. For instance, ceria as a support is used in SMR
because of its different oxidation states and strong metal-support
interaction, while in a recent study, mixed metal oxides, including
NiMgAl,04 and NiCoMgAl,;04, were also employed in SMR and showed
better activity due to the formation of the desired structure. Addition-
ally, the spinel structure can provide a high degree of structural stability,
which can help maintain the catalytically active sites under harsh re-
action conditions. Lee et al. [78] synthesized perovskite thin films
(LaFeOs and CaTiO3) with high activity due to better metal perovskite
interaction, and Ni/Mg/Al catalysts known as hydrotalcite (HTc)
exhibited the highest activity for SMR than Ni/Al,O3 owing to the high
specific surface area and well-dispersed metal [79].

Coke formation in the SMR is caused by methane dissociation over
the surface of the catalyst. It is a collective definition of various carbo-
naceous species formed during the SMR reaction. By rearrangements
and polymerization reactions, carbonaceous species such as C,, the most
reactive form of carbon, are typically transformed into Cg, a less reactive
form of carbon. The excessive formation of C, in SMR could hinder the
gasification of Cy or promote the formation of Cp that can be gasified or
dissolved into metal crystallite due to high temperatures [80,81].
Furthermore, the dissolved Cy may disperse through the metal (i.e. Ni,
Co) and start quick nucleation to form carbon whiskers, usually picking
metal from support and resulting in fragmentation [82]. This type of
coking encases carbon in a gum-like material and covers the active sites
of metal. Over time, the carbon whiskers that are forming on the tip of
the metal obstruct the catalyst bed and increase pressure drop to un-
desirable levels [83]. Consequently, the coking process reduces SMR
activity.

Despite significant progress, industrial SMR suffers from inefficient
energy integration [84], energy intensity, complex multistep processes,
and GHG emissions [85]. Therefore, the development of current tech-
nologies to produce blue H; instead of gray Hs by using carbon capture
technology and making the process economically viable is highly
demanded [86]. A series of new technologies have been proposed to
improve the efficiency of SMR with reduced energy input and GHG
emissions, including membrane technology [87], sorption-enhanced
steam methane reforming (SESMR) [88], chemical looping steam
methane reforming (CL-SMR) [89], chemical looping sorption-enhanced
steam methane reforming (CL-SESMR) [90], solar-assisted steam
methane reforming (SASMR) [91] and electrified steam methane
reforming (ESMR) [92].

Several outstanding reviews have been reported on the SMR process,
focusing on specific aspects of the reaction kinetics of SMR and com-
parison with its related technologies [93], the SMR process through
membrane-based reactors [38], and the performance of Ni-based cata-
lysts in the reforming processes [52]. However, a comprehensive picture
from the basics to applied aspects of the SMR technology covering blue
H, after the carbon-capturing techniques and the process intensifying
techniques has not been reviewed yet.

In this work, the evolution route of the SMR process from gray to blue
Hj production has been thoroughly reviewed. First, the advancements in
various catalyst systems such as transition metals, promoter-based,
noble metals, bimetallic, and perovskite-based to enhance SMR activ-
ity while declining catalyst deactivation have been scrutinized. Sec-
ondly, kinetic models for simulating the SMR reaction emphasize the
focus on enhancing catalyst performance via modifications in various
types of reactors, and operating conditions are illustrated. Thirdly, the
basics of SMR, which provide an in-depth view of controlling the process
parameters such as reaction temperature, pressure, flow rate, and steam
to carbon (S/C) ratio for Hy production, are critically reviewed. At the
end, the effects of reactor configurations such as membrane technology,
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sorption-enhancement, fluidization, and looping on blue Hy production
have been discussed. Moreover, future developments of industrial SMR
and a novel sustainable path for the SMR, hybridizing the use of novel
materials and emerging technologies to produce turquoise Hy, are pro-
posed. Additionally, the critical points for process technology that can
help leverage environmental, social, and governance (ESG) profiling
have been listed. Finally, conclusive remarks, including the prospects for
SMR focusing on cleaner Hy, have been presented.

2. Conventional SMR

SMR is a catalytic process that comprises a reaction between steam
and light hydrocarbons or natural gas that produces a major quantity of
Hy [94]. At present, SMR of natural gas is carried out in packed-bed
reactors using Ni-based catalysts, supported on ceramic oxides, due to
the high efficiency of Ni and low cost. Sintering of metal particles and
coking that usually occurs from side reactions, mainly during CHy4
cracking, are major problems of Ni-based catalysts [52,95-97]. The
SESMR process occurs under harsh reaction conditions of high temper-
atures above 500 °C, high pressures, and multiple reaction and separa-
tion steps [98].

During the process, desulfurized natural gas is mixed with steam,
generally at an S/C ratio in the range of 2.5-3.0 to lower coke formation,
and fed to the reactor, where Hy and CO are produced as a reaction (R1).
The reaction is endothermic, and a significant amount of energy input is
necessary to attain the reaction temperature and overcome the heat of
the reaction. The reaction occurs on a catalyst bed inside furnace tubes,
where additional energy is provided by the purge gas separated from the
output of the SMR reactor. In commercial technology, high temperatures
and pressure ranges for Hy production are typically 800-1000 °C and
1.5-3.0 MPa, respectively [99,100]. The WGS then occurs to convert CO
and H,0 to CO; and Hy_ as shown in reaction (R2). This step is generally
carried out in two reactors (high- and low-temperature WGS) to make
use of the high-temperature and fast kinetics in the first step. Addi-
tionally, steam may be added to allow more Hy production. A
high-temperature (HT) shift reactor operating at 350-400 °C using a
Cr/Fe,03 catalyst and a low-temperature (LT) shift at 200 °C employing
a copper-zinc catalyst were used to achieve enhanced equilibrium con-
version of CO [101]. On a dry basis, the gas composition from a
low-temperature shift reactor is about 76% Ha, 3% CO, 17% CO,, and
unconverted CHy4 [102]. Pressure swing adsorption (PSA) is a dominant
process for Hy separation. Multiple activated carbon or silica gel-packed
beds provide constant off-gas and product composition. The adsorbent
removes the impurities at high pressure and ambient temperature,
whereas Hj stays unchanged as it passes through the bed. Through this
process, Hy purity greater than 99% may be achieved [102,103]. The
purge gas, with feed impurities and unconverted Hy, is sent to the
reformer to supply a part of the energy to the unit [104]. A schematic
view of the conventional SMR process is exemplified in Fig. 2.

The main reactions of SMR followed by WGS are described in re-
actions (R1)—(R3), respectively [107-109]:

CH, + H,0 & CO + 3H, (AHjy) = +206.2 kJ /mol (R1)
CO + H,0+ CO, + H, (AH3,) = —41.1 kJ /mol (R2)
CH, + 2H,0 & CO, + 4H, (AHjyg) = +164.9 k] /mol (R3)

The SMR reaction(s) as depicted in (R1)-(R3) can be tuned using
various catalyst systems. Conventional and modern catalyst systems are
used to control the reaction routes in order to optimize Hy production
while inhibiting coke deposition, which is a significant challenge in
SMR. The reaction routes majorly depend on the composition, structure,
and metal dispersion on the porous support [110]. The overall general
mechanism for single metal, bimetal, and perovskites is presented in
Fig. 3, which explains the relationship between catalyst type and
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performance analysis based on coke deposition, selectivity, and
conversion.

Fig. 3(a) generally illustrates the mechanism of CHy4 being converted
into CO and Hy, followed by WGS, which converts CO to COs, in the
presence of steam on an active metal catalyst on a porous support. The
reaction occurs in such a way that CH4 is dissociated (CHs*+H¥,
CHy*+H*, CH*+H*, C*+H*) on adsorption onto an active metal site,
while water is dissociated (OH*+H*, O*+H*) on adsorption onto the
interface of metal and support to produce CO and Hp [111-113].
Complete conversion of CH4 and steam into Hy-rich syngas requires the
minimum formation of coke and CO,. In the use of single-metal cata-
lysts, the size of metal particles and the strength of interaction between
support and metal particles are important factors in reducing coke

formation while following the targeted reaction routes. For the indus-
trial sector, Ni-plated on a-AlyO3 is the most promising catalyst [75,
114-116]. Usually, the well-dispersion of Ni on a well-defined structure
results in the best metal-support interactions. For SMR, various struc-
tures were synthesized for Ni in the form of both oxide and metallic
states (e.g., LaNi-Fe, NiAlOs3, LaNi-Co) [114,117-119]. Encouraging
results were reported, with better stability against the odds in SMR.
Another aspect to consider while selecting a catalyst for SMR is the
metal particle size, which can significantly impact the reaction rate,
selectivity, and stability of the catalyst. Smaller metal particle sizes
result in higher catalytic activity due to their higher surface area and
higher concentration of active sites. This increased activity can lead to
higher reaction rates and faster conversion of CH4 to Hy. However,
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smaller particles may also be more susceptible to deactivation due to
coking or sintering, which can decrease the lifetime of the catalyst. On
the other hand, larger metal particle sizes can offer better stability and
resistance to deactivation. But they may also have lower activity due to a
lower concentration of active sites. Therefore, the extent of particle
sintering depends on reaction conditions, metal loading, and crystallite
size. The newly found mechanism for particle sintering is the aggrega-
tion of smaller particles and metal atom migration. Therefore, to prevent
particle migration on the surface of a support, the metal-support inter-
action must be chosen properly. Furthermore, Ru/NiyMge_xAly with x=
2, 4, and 6 M ratios were synthesized to study the catalytic performance
and reduction in secondary reactions. It was found that even with a low
Ru content of 0.5 wt%, the oxide particles were highly dispersed, which
consequently showed better catalytic activity and fewer secondary re-
actions during the process [120].

Having said that, the single metal is susceptible to deactivation due
to carbon formation, as indicated in Fig. 3(a), lowering the conversion
efficiency and lifespan of the catalyst. This prompts the researcher to
concentrate on single-metal catalyst alternatives [121]. The develop-
ment of a bimetal catalyst for SMR has been extensively investigated to
show its effectiveness regarding its performance in SMR.

The bimetal effect is significant in the SMR due to the additional
integration of metal in the support system to improve the active sites and
add more functionalities to the overall catalyst system. The addition of a
second metal to the catalyst drastically modifies the metallic properties
due to the formation of bimetallic alloys, i.e., Ni-M, on the surface [122].
Fig. 3(b) presents a general mechanism of SMR over bimetallic catalyst
systems with possible reaction routes. H,O and CH4 react on the bime-
tallic catalyst surface to form Hy via CH4 dissociation route. The dif-
ference in comparison with monometallic catalysts occurs due to the
bimetallic alloy, while CH4 reforming reaction occurs with monoatomic
carbon formation. However, the surface oxygen removes the monoa-
tomic carbon, and the presence of a second metal changes the metal
structure to block the graphite nucleation [123]. This formation of
bimetallic alloys occurs during catalyst reduction, making the catalyst
surface less prone to coke formation than single-site metal catalysts
[124]. The proposed reaction mechanism (Fig. 3(b)) is targeted at the
same category of metals, i.e., in the case of transition metals, both metals
should be from the transition group or both from noble metals, or vice
versa. The various groups can be integrated as bimetallic catalysts;
however, the overall chemistry will be challenging to understand
because of different surface functions [52]. The bimetallic catalysts offer
a synergistic effect to enhance the performance of the C-H bond cleav-
ages during CH4 decomposition steps, altering the atomic and molecular
adsorption energies [121]. It promotes CO formation rather than CO,
formation and reduces carbon formation in SMR. The bimetallic cata-
lysts also exhibit coke deposition but with better catalytic performance
because of the synthesis optimization focusing on metal-support inter-
action. Hence the recent focus on perovskites, a promising alternative to
single or bimetal catalysts. Perovskites offer a variety of metals (Ni, La,
Sr, etc.) that integrate to form a unique crystal structure to optimize the
SMR performance.

Different metals in perovskite-based catalysts tend to accelerate CHy
activation and increase the number of oxygen vacancies. Fig. 3(c) shows
the general mechanism of perovskite-based CL-SMR. The process in-
volves reduction (MOy) and oxidation stages (MOx.y), as can also be seen
in the inset reaction steps. Initially, for the POM, the redox catalyst is
deprived of the lattice oxygen to produce syngas (Hy, CO) domination by
a complete CH4 oxidation [125]. This occurs when CH4 gets adsorbed to
the oxygen vacancy of perovskite and rapidly reacts with the active
surface oxygen species. As the reaction proceeds, oxygen is consumed,
generating more oxygen vacancies and Hp-rich syngas [126]. The
excessive oxygen vacancies and carbon gasification reduce carbon for-
mation and improve CO formation, while COy production is also
inhibited. In the oxidation stage, HyO splitting occurs, where the
reduced sample is re-oxidized back to perovskite along with Hjy
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production [127]. Oxygen vacancies formed in the reduction process
provide active sites for H-O bond breakage in HoO [126]. The double
adjustment of different metals in the perovskite structure can help
improve the coking resistance in the process along with the high stability
in the redox cycles [128].

The spinel MgAl»O4 has been studied as a support in different
chemical reactions due to its surface basicity and high chemical, ther-
mal, and mechanical strength [129]. In comparison with generally used
Al;0O3 or SiOp-based catalysts, Ni-loaded MgAl,04 exhibited high coke
resistance in DRM, SMR, and SESMR reactions. Control of MgAl,O4
composition to somehow achieve the desired performance is a tricky
matter, as a high content of Mg leads to less coke formation and less
mesopore formation, leading to smaller activity. However, low content
of Mg presents vice versa effects [115]. It was reported that the catalytic
performance of MgAl,O4 prepared from defect spinel structures in DRM
was dependent on the Mg content, presenting a minimum coke forma-
tion at an Mg/Al molar ratio of 0.24 [132]. Similarly, the effect of Mg
loading on the crystal size of Ni was studied to investigate the resulting
catalytic performance and coke resistance of the synthesized Ni/M-
gAl>04 in the SMR reaction. It was found that catalysts with higher Mg
content showed greater resistance against coke deposition [133].

Similarly, Fonseca et al. [134] investigated HTc precursors to form
Ni-based catalysts at 750 °C for 8 h in a quartz tube reactor for SMR. It
was found that uniform active site distribution in the HTc structure
reduced the carbonaceous deposit formation. In addition, Ni chelates
have resulted in higher CH4 conversion in comparison with other cata-
lysts due to better active site dispersion. Supports including SiOy and
Al;O3 allow surface oxidation of Ni-based catalysts at 500 °C during
SMR, whereas ZrO, showed higher CH,4 conversion and stabilized the Ni
particles, as ZrO, allows water accumulation that promotes SMR by the
formation of hydroxyl groups [135]. At temperatures greater than 700
°C, Ni is incorporated into the alumina structure to form a solid solution
of NiAly04-Al,03 with NiO. Owing to the complex interactions between
Ni-particles and Al,O3 support, their catalytic performance is still not
well understood [136]. For example, even though the reduced NiAloO4
is highly active during reforming reactions, it can still be re-oxidized
with a source of oxygen, resulting in the inactivation and decay of
NiAl;04 [137]. Due to the redox and morphological properties (Ni
dispersion, surface area) of supports, larger CH4 conversion, reduction
in coke formation, and superior catalytic properties were observed [52].

Several mechanisms have been proposed to better understand the
reaction kinetics and the fundamentals of CHy4 dissociation and product
formation [138,139]. The initially proposed reaction mechanism of SMR
on Ni catalyst using an ab initio microkinetic model is shown in Fig. 4(a),
where O%, CH4*, CH3*, CHz*, CH20*, COH*, COOH*, CHO*, CO*, CO2*,
and Hy* represent the adsorbed species during the reaction over a
multi-faceted Ni catalyst [140]. It is suggested that the oxygen con-
centration, among others, determines the reaction kinetics to a large
extent and leads to the formation of Hy, CO, and CO, via various
sequential routes [140]. Fig. 4(b) shows the reaction mechanisms, metal
transitions, oxygen diffusion, and migration of the reaction boundary
during the two-step reactions using X-ray powder diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), temperature-programmed
reduction (Hp-TPR), and glass transition temperature (TG) technolo-
gies. It identifies three reaction stages and suggests that the synergistic
effects between multi-metals in the double perovskite structure can
effectively promote the POM and steam splitting. The decrease of the
active metals and the increase of oxygen on the surface during the re-
action demonstrate that the reaction boundary is fixed on the surface of
the oxygen carrier (OC) particle. During the reduction stage, lattice
oxygen transfers from the bulk to the boundary to take part in the CHy4
reduction reaction, while bits of them are transformed into chemically
adsorbed oxygen with more stable properties. A large amount of syngas
is generated due to the concordance of CH, dissociation with the lattice
oxygen diffusion, and the resistance to coke formation is enhanced
effectively. In the steam dissociation process, the deeply reduced metals
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combine with abundant oxygen vacancies to provide ample active sites
for the breakage of the O-H bond of steam. The oxygen vacancies can be
supplied directly by the O atom derived from HyO [141]. The findings
provide a potential way to develop a more active OC for CL-SMR to
co-produce syngas and Hy by comprehensively considering methane
dissociation and lattice oxygen diffusion.

In most cases, surface active sites encourage cracking and subsequent
polymerization of hydrocarbons, leading to coke formation on the sur-
face of the catalyst during CHy4 cracking (R4) and the Boudouard reac-
tion (R5). However, alkali metal addition can suppress carbonaceous
deposition; however, the catalytic activity is also compromised. Proper
acid-base balance (promoter role) and metal-support interaction should
be considered to hinder coke formation [142]. Accordingly, to clarify
the catalysis effects, kinetic models and process parameters on con-
ventional SMR to gray Hy production will be addressed in the following
sections.

CH, — C +2H, [(AH)g) = +75 kI [ mol] (R4)

2C0 - C+ CO, [(AH)) = — 172 kJ / mol] (R5)

2.1. Effect of catalyst

Generally, catalysts increase the rate of the SMR reaction and allow
for greater Hy production efficiency. Moreover, they allow for lower
operating conditions compared to non-catalytic methods, reducing en-
ergy requirements and operating costs. Additionally, the catalyst can be
designed to selectively promote the formation of Hy over other
byproducts, such as CO or CO2, which can improve the overall yield and
purity of the Hy produced. In this section, the effect of catalyst type on
SMR for Hj production has been investigated according to previous
experimental studies.

2.1.1. Supported Ni-based catalyst
The catalyst’s properties and composition play a key role in the
catalysis. The ideal catalyst is considered to have high stability, low cost,

and high catalytic activity. SMR is performed using Ni over various
support systems such as Al;03, MgO, MgAl;,04, CeOo, Laz0Os, TiOs, ZrO,,
SiOg, etc [135,143-145]. Ni is one of the most investigated and used
catalysts for SMR due to its low cost and high activity in SMR reactions.
Despite its widespread use in SMR reactions, Ni catalyst suffers from
sintering and coking at low temperatures, though it performs better at
higher temperatures. The possible elementary steps involved in CHy
reforming and WSG are presented in Fig. 5, where C* and H* represent
the chemisorption phenomena. To overcome the stated issues with the
Ni catalyst, various approaches were followed, such as bimetal
impregnation. For instance, Co-Ni over Al,O3 showed high stability
against coke formation at different Co loadings [146]. The Ni catalyst
performance in SMR and H; yield can be improved using noble metals.
However, catalyst deactivation is mainly due to the loss of (active)
surface area by the growth of crystals, pore collapse, and transformation
of catalytic active phases to non-active phases [147]. Various ap-
proaches were adapted to overcome those issues. However, the question
of elimination of the Ni catalyst deactivation in SMR remains
unanswered.

Supported noble-metal catalysts such as Pd and Pt have shown su-
perior stability and comparable reactivity over Ni-based supported
catalysts in SMR [49,82,149,150]. The Ni catalysts perform better at
moderate (600-900 °C) and high temperatures (>900 °C) and they
exhibit lower catalytic performance at the lower temperatures
(400-600 °C) as SMR is an endothermic reaction [151]. In comparison
to the noble metal catalysts in SMR, Rh-perovskite catalysts presented
higher activity than Ni-based catalysts in SMR by lowering the activa-
tion energy (69 vs. 96 kJ/mol) [152]. A tremendous amount of research
has been conducted to improve catalytic performance and reduce coking
and sintering by modifying the types and amounts of active metals,
controlling support materials, and investigating preparation methods. In
this regard, many research groups have examined the catalytic perfor-
mance of noble metals in the SMR reaction. For instance, noble metals
including Ru and Rh have exhibited higher catalytic activity in SMR
reactions due to lower coke formation [93]. Norskov et al. reported that
the activities of the examined metals were in the order of Ru ~ Rh > Ni
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~ Ir ~ Pt ~ Pd, while the theoretical results showed somehow different
results [153]. A study presented the reaction rate volcano projected by
the microkinetic model on the surfaces of eight different transition metal
catalysts for SMR at 500 °C and S/C of 3.5 [154]. The catalytic activities
of transition metal catalysts in the following order were exhibited as; Ru
~ Rh > Ni ~ Pt > Pd ~ Co~>Fe > Cu. According to another study
[153], Pt activated the C-H bond more efficiently than Rh, Ir, and Ru.
Hence, it is not possible to form a specific order of selectivity and cat-
alytic activity toward Hy production due to the disagreement of results
from different researchers [93].

Additives such as Ce, Zr, and La have been used to enhance the
catalytic performance of conventional methane reforming catalysts. For
instance, NiO/CeO4 was tested for SMR at low temperatures and ach-
ieved stable operation for more than 25 h, the Hy production of which
was 5.0 mmol min~! with an H,/CO ratio of 4.3 [155].

The promoters improve the stability of the SMR; for instance, three
different promoters, i.e., La, B, and Rh, were compared over Ni/
MgAl,04. The deactivation in unpromoted Ni catalysts is higher as
compared to promoted catalysts. According to various studies, Ni par-
ticles are more prone to carbon growth on the tip and have a higher
driving force for carbon diffusion [156,157]. Maluf & Assaf [158]
investigated the use of Mo oxide as a promoter in Ni catalysts for SMR at
various loadings and discovered stable catalytic performance due to the
synergistic effect created by Mo electron transfer and enhanced catalytic
sites. In another study, the Ce and calcium promoters were investigated
in Fep03/Al;03 catalyst for CL-SMR process. The addition of a 5% pro-
moter shows a better CH4 conversion as compared to the non-promoted
catalyst. Xu et al. [159], investigated the effect of boron as a promoter
on Ni/y-Al,03 for SMR, improving the catalytic performance as
compared to a non-promoted Ni catalyst. The 1 wt% boron reduced the
rate of deactivation by a factor of 3 and improved the coking resistance
of the Ni-based catalyst. The anti-coking phenomena were investigated

by DFT calculations, which concluded that the boron may reduce the
nucleation of graphene islands while blocking the step sites. It also in-
hibits carbide formation while weakening the on-surface carbon binding
energies [160,161].

Table 1 summarizes previous research and advancements for sup-
ported Ni-based catalysts for SMR, as well as operating conditions and
performance. The Ni-supported catalysts synthesized via wetness
impregnation and co-precipitation techniques were examined at tem-
peratures between 500 and 600 °C for SMR. Ni-Zn-Al and Ni-Mg-Al
catalysts synthesized via the co-precipitation method exhibited higher
catalytic activity and more stability against sintering compared to Ni/
a-Al;03 and Ni/SiO; prepared via wetness impregnation, owing to the
enhanced metal-support interactions of the catalysts. The higher cata-
lytic activity of Ni-based Zn-Al and Mg/Al was ascribed to the small
particle size (3-6 nm) coming from increased metal-support interaction,
which prevented the carbon dissolution to form nanofiber materials
[162]. Various papers have described the enhanced characteristics of
catalysts synthesized via the sol-gel method. For instance, Rodemerck
et al. [163] reported mesoporous silica as a promising Ni-based candi-
date in SMR. In comparison with a catalyst prepared via the impreg-
nation method, Ni/SiOy was prepared via the sol-gel method in the
presence of a polymer to reduce the particle size of Ni. It was observed
that the sol-gel method in the presence of polyethylene glycol produces
smaller and finely dispersed Ni particles, presenting higher activity and
enhanced stability against coking. Similarly, Ni was introduced into
Ce-modified SBA-15 via a wetness impregnation technique. Catalysts
with 10% Ni/CeO,-SBA-15 proved more stable and enhanced H yield
by 30.5% (mol%) due to the oxygen storage capacity and redox property
of CeO2 [164]. An attempt to support Ni on alumina functionalized with
silica via different impregnation techniques was reported. Compared
with Ni supported on silica-alumina via conventional impregnation with
sizes of 18-20 nm, the Ni nanoparticles prepared in ethylene glycol (5-8
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Table 1
Summary of Ni-based catalysts for SMR.

Catalyst Metal Process CH,4 H, yield Cco Hy/ Remarks Ref

loading conditions conversion (%) selectivity Cco
(%) (%) ratio
NiAl,04 34 wt% Ni T =700 °C; 78% - - 5.0 Both catalysts in the reduced state were found [166]
Ni,Al,O5 45 wt% Ni GHSV = 65,500 82% 4.0 active for SMR without the deposition of carbon
h! species due to the occurrence of sufficiently

small Ni nanoparticles.

Ni/a-Al,03 7-9 wt% Ni T =500 °C; - - 0.1-0.3 - Metal activity and resistance to sintering were [162]
Ni/SiO, T = 600 °C more active at 600 °C. The interaction between
Ni/Zn/Al Ni and support was stronger in Ni-Zn-Al and
Ni/Mg/Al Ni-Mg-Al. Ni-Zn-Al showed the highest activity
and the lowest formation of carbonaceous
deposits.
Ni/Ce-Zr0,/60-A1,03 12 wt% Ni T =700 °C; 97 - - - The effect of steam treatment was studied over [167]
GHSV = 10,000 the synthesized catalyst. The catalyst was
ml/gea; deactivated by steam treatment but regenerated
S/C=3 via Hy reduction, resulting in the formation of

NiAl;04 and further changes to Ni + Al;O3 The
presence of more Al,O3 in the supported Ni
catalyst facilitated the formation of inactive

NiAl;O4.
Ni/m,t-ZrO, 10 wt% Ni T =700 °C; 75 33 - - The amount of coke formation after the [168]
S/C=4 reforming reaction was dependent on the

structure of ZrO, and the reaction conditions.

Ni/Al,O3 10 wt% Ni T =750 °C; 97.0 - 8.2 5.8 All catalysts exhibited excellent thermal stability [143]
Ni/MgO-Al,03 S/C=2; 97.2 8.8 5.0 with no loss for 50 h. Ni/Ceg 4Zrg 602 showed the
Ni/CeO, Catalyst loading 89.0 10.9 6.4 highest H,/CO due to WGS, while the catalysts
Ni/Ceg.4Zr¢.602 =100 mg 91.0 11.2 9.0 with Ni loading on MgO-Al,03 and Al;O3
functioned best in SMR.
Ni/CaO-ZrO,/ 10 wt% Ni; T = 600 °C; ~60 - - - Various samples of 10 wt% Ni/Al,03 modified [169]
v-Al,03 S/C=1; ~45 - - - with molar ratios of 0-0.55 were named NZA to
NA Catalyst loading ~60 - - - N55CZA, respectively. CaZrOs prepared at a
NZA =100 mg ~45 - - - molar ratio of 0.55 CaO/ZrO, provided oxygen
N20CZA ~45 35 - - vacancies for water adsorption and showed the
N45CZA existence of a large quantity of whisker carbon.
N55CZA N55CZA showed the highest H, yield of 35%,

followed by a decreasing order of NA, N45CZA,
and N20CZA, respectively.

Ni/SiO»-DBD 10% wt.% Ni T =700 °C; 63 - 47 - Before calcination, Ni/SiO, was treated with [170]
S/C=1.5; DBD plasma. The catalyst prepared by this
GHSV = 26,000 method revealed small particle sizes of Ni
ml/gear particles and low activity, which led to an

improved balance between carbon gasification
by H,0 and carbon deposition. Less carbon
deposit formation at an S/C of 1.5.

Ni-MgO/Inorganic NA T =800 °C; 90 - - - Two different preparation techniques, co- [171]
paper composite S/C=3; impregnation and sequential impregnation, were
Gas velocity = used to prepare the catalyst for SMR. Excellent
18,000 h! catalytic performance and H, productivity are
achieved from co-impregnated Ni/MgO.
NiO/SiO, 10 wt% Ni T =700 °C; 95.7 3.8mol Hy/ - - The crystallite size of NiO varied with the Ni [55]
S/C=3.5; mol of CHy loading and calcination temperature.
Catalyst loading reacted
=10g
Ni/TiO, 10 wt% Ni T =700 °C; 92 - 77 - The catalyst presented high resistance to coke [172]
S/C=1.2; formation and high activity at a low S/C ratio.
GHSV = 48,000 For 96 h, stable conversions and selectivity were
h% achieved. The catalyst was found favorable for
Catalyst loading use in industrial reformers considering there was
=150 mg no coke deposition and no significant changes in

Ni particle size.

Ni/Mg-Aluminate 15 wt% Ni T = 800 °C; 100 - - >3 A catalyst with a higher Mg content showed high ~ [115]
(spinel) S/C=3; coke resistance. A catalyst with lower Mg content
GHSV = 16,000 resulted in a larger surface area due to the
h?! difference between the exsolution of Ni particles
Catalyst loading and the sintering resistance.
=85mg
Ni/MgAl,04 15 wt% Ni T = 600 °C; 50 - - 5.1 Increasing calcination temperature decreased [59]
Calcination the surface area of metal and Ni crystal size but

(continued on next page)
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Catalyst Metal Process CH,4 H, yield Cco Hy/ Remarks Ref
loading conditions conversion (%) selectivity Cco
(%) (%) ratio
temperature = enhanced the effective dispersion due to metal
850 °C; oxide formation. At 850 °C, the highest catalytic
S/C=5; activity was observed.
Pressure = 1 bar;
Catalyst loading
= 100 mg
Ni/Ce-Gd 30 wt% Ni T =700 °C; 60 - - 11 The addition of gadolinium increased the metal- [173]
10 mol% Gd S/C=3; support interaction and provided better
Catalyst loading resistance to the sintering of metal particles.
=15mg
Ni/SiO, 10 wt% Ni T =500 °C; 11 - - - Low-temperature SMR was studied over Ni/TiOy, [58]
Ni/TiO, 10 wt%Ni S/C=1; 28 - 26 The catalyst was able to maintain stable
Catalyst loading conversions for 96 h. The metal-support
=01g interaction was stronger in Ni/TiO, when
compared with Ni/SiO,.
NiO/SiO,-DBD 10 wt% Ni T =800 °C; 40 - - - SMR at varying temperatures was investigated [174]
S/C=0.5 for Ni/SiO, prepared from DBD plasma. The
GHSV = 2.4 x catalyst increased CH,4 conversion from 25% to
10* em®/g.h 40% when the temperature was raised from 600
°C to 800 °C.
Ni/SiO2/ZrO, Varying T =750 °C; >90 - 70 - The porosity effect and stability of the catalyst [175]
quantities of S/C=25 were evaluated for SMR. The catalyst remained
Ni GHSV = 50,400 stable for 48 h with a CH, conversion of more
mlg'h™! than 90%.
Ni/Al,03-Y503-ZrO, 5 wt% Ni 800 °C; 95.6 67 87 3.7 The addition of Y503 to ZrO, was studied to [176]
S/C=1.25 develop kinetic data for SMR. It was observed
Space time = that the introduction of Y503 increased the
263 ms activity of the O, pumping component.

nm) improved dispersion, which consequently resulted in stable activity
in SMR for 48 h, coming from less sintering and no coke formation
[165]. In another study, Son et al. [57] investigated the impact of the
MgO promoter on CoNi/Al;O3 catalytic performance. The
MgO-CoNi/Al;03 catalyst showed much higher activity and stability in
the dry reforming of methane over 200 h in comparison with the
MgO-free CoNi/Al;0O3 catalyst. This excellent performance of
MgO-CoNi/Al;03 was attributed to the cumulative effects of a higher
interaction of Ni with alumina, enhanced basicity of the surface
lowering coke deposition, and a higher decomposition rate of adsorbed
methane and CO,. As apparent from the literature presented, the
interaction of support and catalyst holds a crucial role in contributing to
the catalyst’s performance and stability due to its strong interaction with
active metal. Hence, ZrO,, CeO,, and mixed oxides are mostly used as
supports because of their redox properties, oxygen storage capacity, and
sufficient resistance to coking, resulting in superior SMR catalytic per-
formance as compared to conventional supports [52].

2.1.2. Promoters and noble metals

Metal promoters have been successfully incorporated into reforming
catalysts to overcome the shortcomings of single metal (Ni) or (Co)-
based catalysts and improve catalytic stability. These additives helped
improve the reaction activity and reduce coke deactivation, thus
increasing the Hj yield [177]. Table 2 presents a summary of reported
catalysts with promoters and noble metals for SMR. A sequence of noble
metal catalysts supported on Al,O3 and MgAl,O4 prepared via the
impregnation route was investigated for the SMR process. The 5%Rh
and 5%]Ir promoted MgAl;O4 recorded exceptionally high metal dis-
persions of around 50% and 100%, respectively, and proved to have the
best stability and activity for SMR. Highly dispersed, fine nanosized Rh
and Ir were identified on the spinel MgAl,O4 support with strong
metal-support interaction [178]. The use of Pd as a promoter in a porous
membrane enhanced the carbon resistance for low-temperature SMR.

10

The addition of Pd upgraded the catalytic stability and activity of the
Ni-YSZ membrane, thus increasing the Hy yield and CH4 conversion
because of the equilibrium shift due to the difference in permeation rates
between Hj and other product gases as per Le Chatelier’s principle. Pd
clusters played a major role in reducing the carbon deposition on the
catalyst surface during the SMR at 650 °C [179]. Furthermore, core-shell
structured Ni@Pt significantly reduces carbon deposition without
considerably reducing activity. Due to its comparison with Ni(111) and
Pt (111), the core-shell Ni@Pt catalyst modified the surface Pt electron
density and shifted the d-band center away from the Fermi level [180].

CeOy shows better characteristics for use as a support for Ni
impregnation, but due to its beneficial impact, CeO, gives pronounced
results when used as a promoter. CeO, support provides the role of an
oxygen buffer for the catalyst. In this respect, CeO2 was incorporated as
a promoter of Pt/Al;0O3 for the SMR and steam reforming of toluene to
explore the impact of CeOs. It was found that CeO3 provided the source
of oxygen needed to control the redox properties of the synthesized
catalyst during the reforming reaction. However, due to the adsorption
of both CH4 and toluene in the same active sites, a slight deactivation of
catalysts was observed, resulting in the accumulation of carbonaceous
compounds on the surface [181]. Similarly, Duarte et al. [182] inves-
tigated the promotion of Aly03 support with CeO5 and Sm03-CeO> to
disperse Rh to investigate the stability and activity of SMR at 500 °C. The
Ce02-Aly03 support contributes to the partial stability of Rh, leading to
the formation of nanosized and atomically dispersed particles of Rh.
Because of the durable metal-support interaction, CeOy promotes the
stabilization of atomically distributed small metal particles [183]. Rare
earth metals and alkaline earth metals can provide a promising solution
for the deactivation and sintering of catalysts [51]. Promoter(s) addition
to supports changes the metal-support interactions, which frequently
inhibit phase transformation and metal sintering while exposing more
active sites to the reactants. However, the selection of a suitable
co-metal can still be a difficult part, for which the reaction pathway is
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Table 2
Summary of promoters and noble metals for SMR.
Promoter/ Catalyst Catalyst/ Process CH4 H, co Hy/ Remarks Ref
noble metal composition promotor conditions conversion yield selectivity Cco
loading (%) (%) (%) ratio
Alkali NiO-Al,03 1-4 wt% K0 T =550 °C 30-65 - - - The addition of alkali to the reforming catalyst [184]
promoter S/C = 1.4-6; was studied and resulted in a reduction of
(K»0) Catalyst reforming rates, but being highly coke-resistant,
loading = it was more efficient when used in the top portion
25-100 mg of reformer pipes.
Ce-based Ni-Ce/Al 13 wt% Ni S/C=3; 90 - - - Investigations into the effects of different Ce [177]
1.02 wt% Ce  GHSV = contents on the catalytic performance revealed
10,000 h ! that a small amount of Ce improved the Ni

dispersion and inhabitation of carbon deposition.
The optimum activity was achieved at 1.02 wt%
Ce with 75% carbon conversion.

CeO,-based Pt/Ce0,/A1,05 1.4 wt% Pt T =700 °C 74 - ~10 - The effect of the reactant mixture (CH4/toluene) [181]
S/C=4 on the activity of the catalyst for SMR, reforming
Catalyst of toluene, and mixture was observed. The
loading = 20 catalyst underwent slight deactivation during the
mg reforming of CH4 or toluene. However, a strong
deactivation was observed with the mixture of
reactants.
Mo-based Mo-NiO/Al;,03  0.05wt% Mo T =700 °C 80 55 - - Mo addition increased the activity of active sites ~ [158]
S/C=2 due to the electron transfer from Mo to Ni,

enhancing the electron density of active sites.
However, the metal’s surface area decreased.

B-based B-Ni/yAl,03 15 wt% Ni T =800 °C 61 - - - The effect of boron addition on deactivation [159]
1wt%B GHSV = behavior was evaluated for SMR. The addition of
330,000 cm®/ boron enhanced the initial CH4 conversion from
g.h 56 to 61% and reduced the deactivation rate by 3.
Catalyst
loading =
100 mg
Pd-based Pd-Ni-YSZ 0.5 wt% Pd T =650 °C 94.6 3.94 - - Pd addition to the catalyst on the membrane in [185]
S/C=3 SMR was studied and resulted in higher catalytic
GHSV = activity and well-dispersed Pd particles. In
3800h~! addition, Pd addition exhibited increased
adsorption capacity for HyO.
Rh-based Rh/MgAl,04 5 wt% Rh T =850 °C 40 - - - The addition of Rh to MgAl,04 resulted in a [178]
S/C=3 highly stable spinal structure.
GHSV =
284,000 h™!
Catalyst
loading = 9
mg
Rh-based Rh/ 3 wt% Rh T =500 °C 28.1 - 16.2 27.4 At low T = 500 °C, the catalyst demonstrated [186]
Ceg.15Zr9 8502 10 wt% Ni T — 600 °C 52.9 ~ 42.3 03 hig}:l stability and catalytic activity without
coking.
T =700"°C 80.9 - 73.0 4.9
T =800°C 98.6 - 61.0 6.1
Catalyst
loading =
100 mg
Sm-based Ni/SBA-15 3 wt% Sm T =700 °C 70 66 - ~3 Sm addition promoted the catalytic activity of the ~ [187]
10 wt% Ni S/C=3 unpromoted catalyst from 31% to 70% for the
Catalyst Sm-promoted catalyst. The majority of carbon
loading = 0.2 species deposited during the SMR stability test
g were filamentous carbon. However, none of the
Ni nanoparticles were blocked by the carbon
fibers.
M-based M/ZnLaAlO4 3 wt% Pt T =800 °C ~95 ~66 - ~5.5 As per the analysis by thermogravimetric analysis [50]
(M= Pt, 3 wt% Ru S/C=3 ~99 81.4 ~6.5 (TGA) and field emission scanning electron
Ru) GHSV = microscopy (FESEM), the Ru-promoted catalyst
10,500 h™? exhibited the best catalytic performance with
Catalyst almost no coke deposition.
loading =
025¢g
Co-based Co-MgAI-CO3 - T =750°C 80 - - 4.8 Catalysts prepared by the traditional and anion- [188]
S/C=2 exchange methods showed stability for 6 h at an
Catalyst S/C of 2.

(continued on next page)
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Table 2 (continued)

Promoter/ Catalyst Catalyst/ Process CHy4 H, co Hy/ Remarks Ref
noble metal composition promotor conditions conversion yield selectivity co
loading (%) (%) (%) ratio
loading =
100 mg
Ru-based Ru/Al,03 8 wt % Ru T = 800 °C 88.7 - - ~8.3 The Ru-modified catalyst exhibited higher yields [189]
S/C=1.5 of Hy and CO. The H,/CO ratio decreased with
GHSV = increasing temperature.
20,000 h!
Ir-based Ir/MgAl,04 5 wt% Ir T = 850 °C; 53 - - - Ir addition, increasing the metal-support [178]
S/C=3; interaction and decreasing the tendency toward
GHSV = large particle sizes.
284,000 h™!
Catalyst
loading = 9
mg
Pt-based Pt/Al,03 1 wt% Pt T =700 °C ~70 - ~10 - Less carbon deposition on Pt addition was [181]
S/C=4 observed.
Catalyst
loading = 20
mg

» 04 "
—a&— Egg-Shell 1 wt. % Ru/alumina
|—&— Homo 1 wt. % Ru/alumina
HOMO type Egg-shell type —a— Egg-Shell 5 wt. % Ni/0.7 wt. % Ru/alumina
catalyst ca:alyst @ 90 ~—v—RUA cial(Ru 2 wt. %)
mm H-35NI| | &
 100- S 80
§ 5
) > _
g 90- s 0
£ o
o I 60-
E:) 80 o
50 -
5 60 6 700
c) T (°C) T (oc)
Y Hydrophobic Metal Salt Aqueous e Supported
Z Solvent Solution e Metal Salt
_ STEP 1 STEP 2
Alumina
Pellet Occupation of Impregnation of
Hydrophobic Metal Salt
Solvent Aqueous Solution
STEP 3
Drying Solvents

Fig. 6. (a) Influence of egg-shell type catalysts on CH4 conversion. (Reprinted with permission from Ref. [192]. Copyright (2019) Elsevier B.V.); (b) influence of
various catalysts depending on reaction temperature; RUA: commercial ruthenium pellet catalyst (Clariant, 2 wt% Ru/a-Al,03); (c¢) schematic illustration of
bimetallic egg-shell type catalyst synthesis. (Reprinted with permission from Ref. [193]. Copyright (2017) Elsevier B.V).
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Table 3
Bimetallic catalysts for SMR.
Catalyst/sorbent Optimum loading Process CH,4 Hy Cco Hy/CO Remarks Ref
conditions conversion yield selectivity ratio
(%) (%) (%)
Ni-La/a-Al;,O3 7 wt% Ni T = 600 °C; 97 94 - - The addition of La increased the spacing between Ni active sites and inhibited sintering and [201]
3 wt% La Catalyst loading agglomeration. Ni-interaction with support and La enhances dissociative adsorption of C-Hy
=0.15¢g species.
GHSV = 32,000
ml/gear/hr
Co-Pt/Al,03-Zr0,-CeO, 5 wt% Co-Pt T =750 °C; 95.4 - 4.0 The addition of ZrO, to Co-Pt/Al,03 was studied for SMR and DRM. The synthesized catalyst [202]
2.5%Ce-5%Zr GHSV = 1000 enhanced the catalytic activity, stability, and selectivity for both processes.
hr!
Ru/La-Al;03 1.5 wt% Ru/3 wt% T =800 °C; >99.5% - ~50 ~8 The Ru/La-Al,O3 coated alumina monoliths were prepared by the wash coating technique, [203]
La; S/C=3 resulting in increased catalytic activity at lower temperatures.
461 and 1367cpsi GHSV = 20,000
channel monolith h!
Catalyst loading
= 100-200 mg
Ni/La-Ca/Al,03 21.6 wt% Ni GHSV = 3.6 x 10° 88 - - - Constant CH,4 conversion was obtained over 150 h of activity testing at GHSV = 1.2 x 10°h L. [204]
h! However, increasing the GHSV to 3.6 x 10° h™! reduced the conversion in 150 h from 88% to
s/C=3 47%. The catalyst was not found suitable for SMR at higher GHSVs.
Ni/Ag/Al,03 8 wt% Ni T =700 °C; 49 - - - The incorporation of Ag reduced the catalytic performance of Ni/Al,O3, while the addition of Au ~ [205]
Ni-Au/Al;03 S/C=4 96 enhanced the catalytic stability and activity of the Ni catalyst for SMR.
Co-Ni/CeO, 8 wt% Ni T =750 °C 76.1 445 - - Co-based mono- and bimetallic catalysts were prepared via an impregnation technique to test for ~ [206]
12 wt% Co GHSV = 3000 h™! SMR. The bimetallic catalyst produced better results as compared to the monometallic catalyst. An
Catalyst loading increase in Hj selectivity from 58.5% to 77.2% was observed with increasing Co-Ni loading.
=2 g
Ru/CogAl, 1 wt% Ru T =600 °C; 93 - - - A highly active Ru- and Co-based catalyst was prepared for SMR. Ru/CogAl, exhibited the highest ~ [200]
0-6 wt% Co S/C=3 catalytic performance among varying Co loadings, with CH4 conversion matching the
equilibrium. Catalytic stability up to 100 h was observed.
Ni/(Pd/Rh)/CeZrO,-Al,03 0.09 wt% T = 800 °C; 92.7 - - ~4.5 The Pd-Rh catalyst exhibited higher syngas production and lower coke formation. [189]
S/C=1.5
GHSV = 20,000
hl
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required to be determined.

2.1.3. Bimetallic catalysts

To overcome the drawbacks of reforming catalysts, noble metals
supported by various oxides have been extensively investigated. Yet,
noble metals are quite expensive, which limits their utilization as pro-
moters for SMR. Therefore, bimetallic catalysts were introduced where
noble metals were added to transition metals such as Ni and Co to
develop transition-noble metal alloys with improved and ultimate
properties due to their higher catalytic activity and low cost [190]. A
series of supported bimetallic catalysts with a 12% Ni loading but
varying Co loadings were investigated for SMR [146]. The addition of Co
to Ni/y-Al,O3 improved the reaction stability and coke tolerance by
enabling Ni-Co alloy formation on the surface while slightly losing ac-
tivity. The formation of Ni-Co alloy causes blockage of the active
low-coordinated Ni sites and lowers the metal dispersion, which
consequently suppresses coking. Recently, the addition of varying
quantities of Pt to Ni/MgAl,04 was synthesized and studied for SMR.
With 0.1% optimum Pt loading, Pt—Ni alloy formation on the surface of
the catalyst increased the metal surface area, and hence higher catalytic
activity was observed. However, Pt loading beyond 0.1 wt% resulted in
lowering the catalyst stability, agglomeration, and activity of the active
metals in the catalyst [191].

The active metal in the commercial SMR catalyst is evenly
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distributed in the AloO3 pellets. Recently, egg-shell type Al;O3 pellets
were prepared in which the active metal was selectively located on the
outer region of the pellet to improve the mass transfer limitation and
deactivation due to coke formation. A blocking solvent to minimize the
penetration of active metal into the pores was used to form an egg-shell
type catalyst. Despite the increase in temperature, Fig. 6(a) clearly
shows that the egg-shell type catalyst exhibited higher CH,4 conversion
even at lower Ni loading [192]. In addition to Ni metal, a bimetal of
Ru/Ni supported on Al;O3 was tested for SMR. Maximum CHy4 conver-
sion was observed at elevated temperatures for bimetal egg-shell type
catalysts, which could be attributed to the effective utilization of active
metal located on the pellet’s outer surface (Fig. 6(b)). Fig. 6(c) [193]
depicts the synthesis methods for the bimetal egg-shell type catalyst.
Bimetallic catalysts have been observed to increase overall catalytic
performance in comparison to monometallic catalysts [146]. Summaries
of the bimetal catalysts with CH4 conversions for SMR are given in
Table 3. The formation of Ni-Co alloy for CH4 reforming has been
investigated by several groups, which resulted in improving the coke
resistance of the catalysts [194-196]. For instance, Yu et al. [197] and
Zhang et al. [198] also reported the promotional effects of the higher
metal dispersion on Co addition. Wang et al. [199] investigated the
impact of Au, Ag, and Cu on Ni-based catalytic systems to inhibit carbon
deposition. The results suggested the Ni-Cu catalyst as a promising
bimetallic material with higher active carbon tolerance for SMR. Homsi

(b)

66 T T T T T T T ¥
o4 (d)
62+ 4
60
58 4
56
54 4
524

—Q—0Pt I5Ni
50 ~0-0IPLISNi T
- 0/9\9_\_2:1“ -
46 4— :

T 1 - 1 T T T 1
12 3 7 8

4 5
time (h)

Fig. 7. Effect of Pt doping on the particle size distribution (a) 0% Pt 15% Ni (b) 0.1% Pt 15% Ni (c¢) 1% Pt 15% Ni (d) CH4 conversion with time for different Pt
concentrations at 600 °C, S/C = 5. (Reprinted with permission from Ref. [191]. Copyright (2017) Elsevier B.V.).
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Fig. 8. Effect of metal loading on CH4 conversion over Ceg 15Zr¢ gsO2 supported
by noble metal catalysts at a temperature of 600 °C. (Adapted with permission
from Ref. [186]. Copyright (2004) Elsevier B.V.).

et al. [200] prepared a highly stable and reactive Co/Ru-based catalyst
on a magnesium and aluminum mixed oxide support for Hy production.
It was found that an interaction between Co and Ru favored the for-
mation of finely dispersed Co/Ru oxide species. The catalyst resulted in
higher catalytic stability up to 100 h on stream and coke formation on
the surface only at trace levels. Therefore, the presence of a second metal
in the catalyst system results in a synergetic effect that increases the
catalyst’s activity and stability toward sintering. It modifies the prop-
erties of metallic particles by forming bimetallic surface alloys, consid-
ering that a bimetallic system can replace expensive noble metals and
offer the ultimate properties of metal alloys [122].

2.1.4. Metal loading

Due to the tendency of Ni to form carbon over the surface, SMR
performance is highly affected by this phenomenon. The doping of Ni-
based catalysts with noble metals (Pd, Ag, and Rh) to enhance the Ni
dispersion over the catalyst for the enhancement of the activity and

Renewable and Sustainable Energy Reviews 183 (2023) 113392

stability of catalysts by reduction of carbon deposition has attracted
many researchers [186,207,208]. However, it is required to determine
the limits of metal loading, where the agglomeration of metal particles
starts to appear once they exceed a certain limit [209]. The effect of Pt
doping amount (0.01 wt% to 1 wt%) on the stability and activity in SMR
of a 15 wt% Ni/MgAl,04 catalyst has been investigated. It was found
that CO selectivity increased with Pt addition. The increase in CO
selectivity was due to an increase in noble metal content and CHy4 con-
version. Hence, WGS equilibrium is affected, which favors the formation
of CO. Also, Pt metal has a higher tendency to form CO in comparison to
Ni. The smaller crystal size of active metal significantly changes the
product distribution by increasing CO formation. The increase in CO
formation may be attributed to the increase in active metal dispersion.
Because of the maximum metal dispersion, Pt doping at 0.1 wt% pro-
duced the best catalytic activity, and increasing Pt doping did not affect
metal dispersion. Fig. 7(a, b, c) shows transmission electron microscopy
(TEM) images of the catalyst on Pt addition from 0 to 1 wt%. Active
metal particles of smaller size were observed in the 0.1% Pt-catalyst,
while larger agglomerated particles were formed in the 0% Pt-catalyst.
The particle size of the 1% Pt-catalyst was smaller than 0% Pt, but
larger than 0.1% Pt. The images also revealed the particle size distri-
butions on Pt, which were 14.9 nm, 7.6 nm, and 9.3 nm, respectively, for
0, 0.1, and 1.0 wt% Pt. As can be observed from Fig. 7(d), 1% Pt/15% Ni
exhibited a CH4 conversion higher than 0% Pt/15% Ni but lower than
0.1% Pt/15% Ni. Thus, higher stability and activity of the catalyst were
observed with increasing Pt content; 0.1% Pt and 15% Ni revealed the
highest activity. However, higher Pt content resulted in the accumula-
tion of the active metal on the surface, reducing the catalytic activity
[191].

The impact of different metal (Ru, Pt, and Rh) loadings over a
catalyst Cep.15Zrg 8502 on the conversion of CH4 was investigated. Fig. 8
summarizes the results at 600 °C and a space velocity of 9000 ml CHy4/g-
cat.h. The results showed that maximum methane conversion occurred
at a metal loading of 3 wt% in the case of Pt and Rh. However, increasing
the metal loading in the case of Ru resulted in a further increase in CHy
conversion. Even a 10% Ni loading in the catalyst resulted in lower
activity when compared to the noble metal catalyst, although the former
is more expensive [186].

In another study, the influence of Ag loading from 0.1 wt% to 0.6 wt
% on the physicochemical properties of Ni-Al,O3 was investigated for
SMR at 600 °C and S/C of 0.5. The catalytic study showed that Ag
loading greater than 0.3 wt% presented higher resistance to coke

(a) @) 15% NiAl (¢)15% Ni Al
sdm B 15% NiAl ’ B AR
. ® 0.3% Ag 15% NiAl
40 - A 0.6% Ag 15% NiAl
. 35+
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Fig. 9. (a) Effect of Ag (0-0.6 wt%) loading on CH,4 conversion for stability tests at 600 °C and for 6 h reaction time; (b-c) TEM images of 15%NiAl post-SMR
exposing the coke formation; (d-e) TEM images of 0.3% Ag-loaded NiAl post-SMR. (Adapted with permission from Ref. [123]. Copyright (2007) Elsevier B.V.).

15



S. Saeidi et al. R bl

a)
o -
o
L B
O o
I oxygen vacancy

Reduction

™

Migration

Srn+1 Tin-xNix03n+l

Fig. 10. a) Ideal structures of ABO3 and A;BO4 perovskites. The red spheres signify the substitution of the A-site cation by another one. For the sake of simplicity, the
oxygen mark is not illustrated in A;BO4. (Reprinted with permission from Ref. [63]. Copyright (2014) American Chemical Society.); b) Proposed mechanism of Ni
metal migration in perovskites. ¢) Trend perovskite activity with the RP phase order of Sry, ;1 Ti, xNixO3p 1 (n = 1 to o). (Reprinted with permission from Ref. [223].
Copyright (2018) Elsevier B.V.).

After 10 Cyjs

Fig. 11. SEM images of (a,b) freshly prepared and spent 3DOM-LaFeO3 and (c,d) nano and spent LaFeOs. (Reprinted with permission from Ref. [226]. Copyright
(2014) Elsevier B.V.).
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Table 4
Perovskite type catalysts for SMR and CL-SMR.
Catalyst Application Process conditions CH,4 conversion H, yield CO selectivity H,/CO ratio Remarks Ref
(%) (%) (%)
LaNiO3 SMR T =850 °C; 86.86 88.15 - - Kinetic experiments at varying working conditions. At 500 °C and 900 °C, [231]
S/C=2; respectively, pressure had the greatest effect on Hy yield and CO yield. Upon
GHSV = 1300 h™! increasing GHSV, CHy4 conversion, CO, and H, yields are reduced.
Catalyst loading = 0.3 g
LaMn;.xBxOs3 5 CL-SMR T = 850 °C; - - 89.8 (Co doping) 2.0 Fe, Co, and Ni doping in LaMnOs3 5 enhanced the oxygen release rate in [224]
(B= Co, Fe, Ni) Oxygen carrier loading =1 g 90.6 (Fe doping) decreasing order of Ni, followed by Co and Fe, since the CH, activation and
87.3 (Ni doping) oxygen ion conduction were accelerated due to the incorporation of active
sites, advancement of the perovskite structure, and oxygen vacancy
formation. LaMn gCop 203, 5 and LaMny ;Fe( 303, 5 were found to be
favorable OCs for CLSMR, considering the coke formation, H, and syngas
yield.
La; 4SryFeO3 CL-SMR T =850 °C; ~80 - - 2.0 To investigate the effect of Sr doping on the properties of catalysts, a family of [232]
Catalyst loading =2 g perovskites was prepared. Sr doping into the La-site upgraded the oxygen-
carrying capacity of the catalyst. Lag 7Sro sFeO3 presented the best catalytic
performance in 10 successive redox tests.
LaMn,Fe; 03,5 CLSMR T =850 °C 88 (x =0) - - >2.0x=0) The substitution of Mn for Fe in the oxygen carrier improved the mobility and [233]
97.3 (x =0.3) ~2.0 (x=0.3) amount of lattice oxygen. However, higher substitution proportions resulted
87.5 (x = 0.5) ~2.0 (x=0.5) in carbon deposition for CLSMR.
Ba;.4SryC003_5/Ce0y CL-SMR T =850 °C; - - >90 ~2.0 The Sr-doping in the catalyst exhibited higher syngas production as compared [234]
Catalyst loading =1 g to BaCo03.5/Ce0,. CeO, increased gas production by providing an oxygen
supply to the catalyst. The best catalytic performance was found with
Bay 351 7C003.5/Ce0,.
St 1TinxNixOsn 41 SMR T =750 °C; 97 (n = o) - - - Oxygen defects and reforming activity increased as the dimensionality of [223]
S/C=3; 89 (n=23) perovskite layers increased. SrTig gNig 203.5 revealed maximum oxygen
GHSV = 20,000 h™! defects, leading to the minimization of coke formation.
BaCo03.5/Ce02 CL-SMR T =860 °C; - - ~90 ~2.0 Because of the increased oxygen supply provided by CeOs, the CeO,- [235]

Catalyst loading = 0.5 g

supported
BaCoO3 5 catalyst produced more syngas and Hy. The catalyst was found to be
favorable for the cyclic experiments of CLSMR.
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formation and higher stability owing to the variations in the structure of
Ni sites. The high stability of the Ni catalysts was raised by the decrease
of Ni particles, change in the nucleation of the graphite structure for-
mation, and equilibration of different steps of reaction rate, decreasing
the C formation rate. The addition of Ag to the catalyst stabilized CHy4
conversion (Fig. 9(a)), but at 0.1-0.6 wt% Ag loading, the conversion
level was suppressed. The TEM image in Fig. 9(b) corresponds to a 15 wt
% Ni-Al solution used in SMR stability tests and shows dark pear-shaped
Ni particles as well as a significant amount of filament growth and coke
formation. Fig. 9(c) depicts the inhibition of filament growth and carbon
deposits caused by the addition of Ag to the catalyst. The catalyst
revealed stable results for 6 h at 600 °C despite the large carbon depo-
sition on the 15% Ni-Al catalyst. However, increasing the temperature
to 660 °C after 1 h blocked the reactor. On the other hand, the promoted
(>0.3 wt% Ag) catalyst exhibited stable results without filamentous
coke formation, as presented in Fig. 9(d-e) [123].

Ni-supported a-Al;0O3 with loadings varying from 0.2 to 10 wt%
during the oxidative SMR was investigated. The conversion of CHy
increased upon Ni loading, and it was found that the temperature of the
catalyst bed is dependent on Ni loading. Since hotspot formation can be
inhibited to some degree, 0.9 wt% Ni was chosen as a suitable loading
for the reactor’s performance [210]. The role of increasing Pt loading
from 0.5 to 2 wt% over LayO3-Al,03 support was investigated.
Dispersing 0.5 wt% Pt over LapOs—Aly03 support resulted in the best
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activity and higher stability coming from strong metal-support interac-
tion as compared to higher loadings. Thus, due to the solid deactivation
by coking and sintering of particles at higher loadings, a Pt loading of
greater than 0.5 wt% could not alleviate the deactivation during the
SMR reaction [211]. Also, the Ni crystallite size and its dispersion
change upon metal loading [212]. Therefore, it is necessary to optimize
the metal loading in catalyst systems to avoid agglomeration of metals,
which often leads to poor stability and activity of catalysts. In most
cases, the noble metal loading is limited to <1%, while Ni loading is
optimum at 10-15% with porous alumina support.

2.1.5. Perovskite-based catalysts

Recently, perovskite-based catalysts have been explored in SMR and
have attracted much attention. This type of material has shown prom-
ising results in emerging applications such as ceramic membranes [193,
213], heterogeneous catalysis [214], and solar cells [215,216]. As
shown in Fig. 10 (a), the ideal framework of perovskite oxides ABO3 and
A2BO4 both consists of two cations (A and B). A is a larger cation located
on the edge of the perovskite structure. A cation can be substituted by a
foreign cation (A") having a different oxidation state or radius. B is a
smaller cation located in the center of an octahedron. For a perovskite
structure to form, A must have cationic radii greater than 0.09 nm, while
B must have cationic radii greater than 0.051 nm. Perovskites are mixed
metal oxides that can hold 90% of the metal element at the A or B active
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Fig. 12. Influence of catalyst loading on (a) CH,4 conversion over Ni catalyst at 900 °C reaction temperature and S/C ratio 3.0. (Adapted with permission from
Ref. [236]. Copyright (2011) Elsevier B.V.); (b) CH4 conversion on SMR catalyst at GHSV 30,000 h L (Adapted with permission from Ref. [238]. Copyright (2009)
Elsevier B.V.); (¢) CH,4 conversion and H,/CO ratio on Ru/La-Al,03 catalyst at GHSV 20,000 hl. (Adapted with permission from Ref. [203]. Copyright (2018)
Elsevier B.V.); (d) CH, conversion and H,/CO on Ru/La-Al,05 catalyst at GHSV 40,000 h~!. (Adapted with permission from Ref. [239]. Copyright (2018) Elsevier

B.V.).
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sites without damaging the crystal structure. For instance, A-sites could
be occupied with Sr, La, Ce, etc., while B-sites could be solely or partially
occupied by Co and Ni [217]. This perovskite structure improves ther-
mal stability, avoids coke formation, and reduces sintering, making
them suitable candidates for gaseous reactions at elevated temperatures
[152]. Initially, oxides like LaFeO3 and NaNbOs were reported to cata-
lyze CO oxidation [218]. The literature contains studies on
perovskite-based catalysts for the reforming of CHy, ethanol, and tar
[214,219-221].

Therefore, perovskites may not only be used as catalysts but also as
catalyst precursors. Since Ni metal can catalyze the SMR process,
perovskite oxides containing Ni cations may act as precursors for the
reforming process. After the reduction by Hy, Ni cations are reduced to
real metal active sites for reforming [62]. Its widespread use in CHy
reforming could be attributed to the fact that after reduction, catalysts
with segregated active phases are attached uniformly onto unreduced
oxide matrices [222]. A probable mechanism for Ni migration in the
perovskite lattice is illustrated in Fig. 10(b). When reacting with
SrTig gNig 203 5 (n = ), the fine particles of metallic Ni on the surface
have greater interaction with the support, while in lower-order perov-
skites there is weak interaction between the support and Ni particles. Ni°
produced during the reduction, therefore, migrates fast to form ag-
glomerates [223]. TPR and temperature-programmed desorption
(TPD-0O3) showed Ni reducibility and estimated oxygen vacancies, which
were found to influence catalytic activity during methane reforming. As
depicted in Fig. 10(c), the catalytic activity increased with the order of
the Ruddlesden-Popper (RP) phase of SrTig gNip203_5 (n = 1 to o).

Moreover, perovskite-based metal oxides are gaining more attention
as OCs [224,225]. In this respect, three-dimensionally ordered macro-
porous LaFeOs; (3DOM-LaFeO3) and nano-LaFeOs perovskites were
synthesized via an impregnation technique to test for the CL-SMR. The
process proceeds based on POM, with the OC in the reactor producing
the syngas, followed by the oxidation of the reduced OC by steam to
produce Hj; in the reactor. The success of the process is dependent on
appropriate OCs that are capable of producing Hy with better activity for
H,O splitting, high CH4 conversion, and resistance to agglomeration.

The 3DOM-LaFeOj catalyst resulted in a surface area of 8.08 m2/g,
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more than the nano-LaFeOs (4.32 mz/g). Compared with nano-LaFeOs,
3DOM-LaFeOs presented a higher stable reactivity of CH4 oxidation and
improved endurance to carbon deposition, which was ascribed to the
greater surface area of 3DOM perovskites. 3DOM-LiFeOs and nano-
LiFeOs3 retained 63% and 45% of their initial surface area over 10 redox
cycles, respectively, which is related to the higher textural stability of
the former. Fig. 11(a-b) presents the scanning electron microscope
(SEM) images of freshly prepared and spent (after 10 cycles) 3DOM-
LaFeO3 perovskite oxides. After 10 redox cycles, although the structure
and skeleton of 3DOM perovskite partially collapsed due to the long
thermal and chemical stresses during the reforming reactions, no
agglomeration or sintering appeared on the sample surface. However, it
still showed a higher surface area than that of nano-LaFeOs. Fig. 11(c-d)
shows the difference in the granular structure of nano-LaFeOj3 after 10
redox cycles. The particles, after a series of cycles, become larger due to
sintering, which leads to a significant decrease in surface area and pore
sizes [226].

The Cu®" and Ca®" substitutions are reported to improve the reac-
tivity of the perovskite structure. Carrasco et al. [227] proved that the
presence of Cu?T at the LaCu; xMyO3 (M = Ti, Mn) surface was advan-
tageous for the reactivity.

The redox property of perovskite plays a major role in reforming
reactions, as carbon species produced on the surface of perovskites are
detached from the surface reaction. Summaries of various perovskites
used in SMR and CL-SMR are given in Table 4. A series of Ruddlesden-
Popper (RP)-layered Srp;Tin.xNixOsni1 was prepared and used in
reforming reactions. These catalysts enhanced the activity in syngas
production at 20,000 h™! GHSV (gas hourly space velocity) and an S/C
of 3.0. In the temperature range of 600-750 °C, SrTip 3Nip 203 demon-
strated greater catalytic activity than Sr4Tis 3Nip7010. Lower conver-
sions of CH4 observed for lower values of n in layered Sry;Tinx
NixOsp 41 perovskite were due to a decrease in the surface area of oxides
and less dispersion of active Ni sites [223]. Zhang et al. [125] performed
CL-SMR over cerium-doped perovskites (La; xCeyFeO3) prepared via the
sol-gel method. An appropriate amount of Ce>* substitution in the A site
of LaFeOs (Lag 5Ceg sFeO3) promotes the lattice oxygen conversion rate
in the POM step and boosts the reaction kinetics in the H,O splitting step

Hollow cylinder Cylcut  Seven-hole cylinder

Fig. 13. a) Illustration of various catalyst particle shapes; b) effect of the CH4 conversion and CH, conversion/AP on the surface area of the catalysts with various
shapes; and c) illustration of various catalyst particle shapes in seven-hole spheres and cylinders. (Reprinted with permission from Ref. [243]. Copyright (2022) Royal

Society of Chemistry.).
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by enhancing the surface water activation and lattice oxygen mobility of
the perovskite. This Lag 5Ceo sFeO3 catalyst presented stability over 100
cycles of redox cycling with an average 90% CHy4 conversion. Recently, a
Ni-based bimetallic catalyst anchored on a backbone material of
BaZrg 4Ce.4Y(.1Yb.103.5 was tested for SMR at reduced temperatures.
Due to the formation of bimetallic alloys and coherent structural prop-
erties, the catalyst exhibited high catalytic performance and was less
dependent on the flow rate of gas [228].

Ordered double perovskites are different in their properties and
structure from simple perovskites, with rare earth and transition metals
as A and B sites, respectively. These perovskites are less explored for
SMR but have great potential for enhancing coking resistance because
the perovskite structure supplies oxygen lattice to the metallic surface,
converting carbon deposits to gaseous compounds. Huang et al. [229]
used double perovskites, SroCoMoOg and SroNiMoOg for the SMR pro-
cess. SroCoMoOg performed better in reaction activity as compared to
the other catalysts. Double perovskites (LagNiTiOg) were examined in
the SMR reaction at a temperature ranging from 550 °C to 950 °C under
different reduction conditions, resulting in 95% CH,4 conversion at 950
°C. The increased number of active sites and strong interactions of metal
and support with higher oxygen vacancies are attributed to the increase
in activity [230]. Therefore, it is undeniable that perovskite-based cat-
alysts are an attractive approach to developing catalysts with higher
activity and stability for SMR processes. However, the basic under-
standing of these catalysts with proper reaction mechanisms based on
experimental results is still lacking, and it is necessary to extend the
research to other applications of reforming with modified-structure
perovskites.

2.1.6. Catalyst loading

Catalyst loading is defined as the weight of the catalyst loaded per
the area of the plate that acts as a micro-channel wall [236]. Catalyst
loading in a reforming reactor influences the CH4 conversion and Hy/CO
ratios because the higher the catalyst quantity loaded, higher the
adsorption rate, catalytic activity, CH4 conversion, Hs yield, and reactor
performance [237]. Increasing the quantity of catalyst in the reactor
improves the catalytic activity while pushing the CH4 conversion to-
wards equilibrium. Furthermore, even as the catalyst loading increases,
temperature and GHSV affect CH4 conversion [203].

The effects of catalyst loading in the reactor by a few research groups
are presented in Fig. 12. The reactor was tested with three different Ni
metal loadings (1.6 g/m? 3.4 g/m2 and 6.8 g/m?) to observe the
behavior of CH4 conversion at 900 °C and an S/C of 1.0. The conversion
increased upon Ni metal loading, which presented poor performance
when catalyst loading was 1.6 g/m2 However, the CH, conversion
reached 98% at 6.8 g/m?. Thus, higher catalyst loading is preferable for
better reaction performance, as shown in Fig. 12(a) [236]. Azramendi
et al. [238] performed SMR in a microchannel reactor and studied the

CH,

(ry)
+H,0

_H,0 -2H,0

—3H, +3H,  +4H, —4H,
~H,0  +H,

CO= = CO,
+H,0 —-H,

(ry)

Scheme 1. A triangular scheme of three reactions (r, ry and r3). (Reprinted
with permission from Ref. [250]. Copyright (1989) Wiley).
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influence of catalyst loading in the channel walls with an S/C of 2.0 and
a GHSV of 101,460 h™'. Fig. 12(b) shows the results where CH4 in-
creases with catalyst loading, which is similar to the previous finding.
Depending on the mean temperature and GHSV, 2-4 mg/cm? of catalyst
quantity is sufficient to obtain a CH4 conversion of more than 97%. It
was observed that the quantity of catalyst required reduces as the
temperature increases, as at 930 °C, 4 mg/crn2 was required to achieve
97% CH,4 conversion. Thus, 1000 °C is required to get the same con-
version if catalyst loading is decreased to 2 mg/cm?. Hy/CO is slightly
reduced by increasing the catalyst loading. It was found that Hy/CO
dependency on catalyst loading was also affected by an increase in
temperature, as it was reduced from 3.82 to 3.65 from 930 °C to 1020 °C.
Even at lower catalyst loadings, the selectivity for syngas is low despite
higher temperatures. Metallic monolith-type catalyst loading effects
(100-200 mg) on CHy4 conversion and Hy/CO with increasing GHSV
based on catalyst loading were investigated. However, Fig. 12(c) dem-
onstrates the conversion and Hy/CO ratios at 20,000 h™'GHSV. The
increase in CH4 was seen at a particular value of GHSV since more
loadings decreased the voidage in the monolithic structure, which
influenced the transport and chemical processes. At constant tempera-
ture, however, catalyst loading made no difference in the Hy/CO ratio.
Yet the experimental values obtained for Hy/CO were higher than the
stoichiometric values due to WGS equilibrium [203]. Ashraf et al. [239]
in another study described the impact of catalyst loading (100 mg-250
mg) on a higher GHSV of 40,000 h~! and 800 °C. As shown in Fig. 12(d),
CH4 conversion increased as catalyst loading increased, whereas the
H,/CO ratio remained constant. However, conversion values decreased
for all catalyst loadings, while the Hy/CO ratio started to increase
gradually with increasing GHSV values up to 120,000 h™. In conclu-
sion, the selection of catalyst loading is necessary for the high
throughput per unit volume, along with an understanding of space ve-
locity. Further, it is also understandable that keeping the flow rate
constant and increasing the catalyst loading provides more active sites,
and consequently, the CH4 conversion can go beyond equilibrium. More
catalyst loadings reduce the voidage of catalysts, which alters the
volumetric flow rate per channel. This alteration influences the trans-
port phenomena and chemical processes during the reaction. Therefore,
it is crucial to consider the effect of space velocity on catalyst loading
[203].

Furthermore, industrial investigations show that the activity of a
catalyst is dependent on many factors, including its composition, surface
properties, and morphology (shape). In this section, the morphology/
shape of the catalyst as an effective parameter in SMR are highlighted.
Karthik and Buwa [240] investigated the heat transfer, pressure drop,
and reaction performance of various catalyst shapes (cylinder, daisy,
trilobe, cylcut, hollow cylinder, and seven-hole cylinder) via CFD, as
shown in Fig. 13(a). Catalysts with smaller particle sizes have a higher
effectiveness factor but can lead to an increase in pressure drop in
industrial-scale facilities. Catalysts with internal shapes such as hollow
cylinders provide larger surface areas and reduce diffusion limitations,
while those with external shapes such as trilobal and daisy shapes have
lower pressure drops. Monolithic structures also exhibit high efficiency
due to their streamlined flow. The heat transfer and reaction perfor-
mance per pressure drop were the highest for the trilobal particles.

As shown in Fig. 13(b), the methane conversion efficiency in SMR
was compared for five catalyst shapes (hollow cylinder, daisy, cylcut,
trilobe, and seven-hole cylinder), randomly arranged in several rows,
via CFD [241]. Due to the large surface area, the methane conversion
was higher for particles with an internal shape than for those with an
external shape. The methane conversion per pressure drop was the
highest for the cylcut particles. Pashchenko [242] experimentally
investigated the effects of four different catalyst types on methane
conversion and pressure drop: a cylinder, a ring, a convex cylinder with
seven-holes, and a sphere with seven-holes, as shown in Fig. 13(c). The
seven-hole sphere catalyst has a larger surface area and higher methane
conversion efficiency than a cylinder. Future research should focus on
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(b)

Fig. 14. Contribution analysis (a) Ni(10)-CeZrLa; (b) Rh (1)-CeZrLa; T= 450 °C, GHSV= 70,000 h~!, Blue lines represent lowest conversion value (0%), and red lines
indicate highest conversion value (100%). (Reprinted with permission from Ref. [254]. Copyright (2017) Elsevier B.V.).

the physical properties of catalysts and their performance under various
operating conditions to improve efficiency and reduce maintenance is-
sues in industrial-scale facilities.

2.2. Effective kinetic models

In the previous reports, the investigations into SMR reactions have
been addressed with regard to the preparation and modification of
catalysts, lacking a systematic overview of kinetic models for the pro-
cess. The kinetic models give insight into the SMR reactions; transport
studies; detailed distribution of products; CH4 conversion; and coke
formation. These models help in predicting the reaction conditions and
performance limitations for H, production other than those investigated
in experiments [244,245]. To evaluate the catalytic reactions and per-
formance of reactor designs, various kinetic models have been studied
and developed over different catalyst compositions [112,246-248]. A
considerable effort has been put into kinetic studies of catalysts prepared
under different conditions and preparation methods. Thus, many kinetic
models and mechanisms were suggested based on different assumptions,
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operational conditions, and isotherms such as Langmuir-Freundlich (LF)
and Langmuir-Hinshelwood (LH) that were well fitted to the experi-
mental data [94,249]. Hence, it is impossible to form a generalized
model that can apply to different catalysts with different parameters.
The reasons might be two-fold: (i) the model and mechanism for each
SMR catalyst are obtained experimentally under no diffusion limitations
of species and no heat and mass transfer limitations; and (ii) changing
the composition of the catalyst causes deviations in parameters and the
structure of the kinetic model [112]. For instance, Xu and Froment [250]
developed the well-known SMR model over an extensive temperature
range, neglecting the CO, adsorption on the catalyst surface. The
detailed mechanistic expression of the triangular scheme of three re-
actions can be found as follows (Scheme 1).

The model presented a reaction path with the following rate ex-
pressions (Egs. (1)-(3)) [250]:
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Where K; is the adsorption constant, Keq; equilibrium constants, k; rate
coefficients of reactions, and p; are the partial pressures. The following
models presented more detailed measured results than equilibrium
values due to the modifications in the process.

2.2.1. Microkinetic model

Microkinetic model is frequently employed because it can offer
thorough insights into reaction pathways, adsorption and desorption
phenomena, and interactions between surface species. It is suitable for
examining catalyst performance and design since it takes into consid-
eration the molecular-level kinetics of specific elementary stages. The
microkinetic model developed for SMR over Ni-based catalysts predicts
the thermodynamic consistency during the surface mechanisms and the
exit flow rates of chemical species for the entire reactor volume between
the flow guide tube and the reactor tube. It is an effective technique to
obtain a detailed understanding and information about the reaction
pathways, intermediates, rate-determining steps, and surface reactions,
as it makes no assumption of a rate-determining step for elementary
reactions [251]. The model comprises oxidation and partial oxidation
reactions, WGS, methanation reactions, and coke formation reactions.
The combination of density functional theory (DFT) calculations with
microkinetic modeling is a popular tool to gain a better understanding of
catalytic reactions [252]. DFT is applied to develop a microkinetic
model for SMR over a Ni multi-faceted catalyst. A reaction pathway was
developed for a multi-faceted catalyst by using DFT, transition state
theory, and thermodynamics of different surfaces. This model helps to
investigate the relative activity of each Ni facet and the primary reaction
mechanism [140]. Similarly, a microkinetic model to thoroughly
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understand the activity trends of different Ni sites was developed.
Compared to DRM, the rates of SMR were more pronounced on the
surfaces of transition metals (Co and Ru) [253].

To elucidate the importance of reaction pathways for low-
temperature SMR, a recent study conducted a contribution analysis at
the outlet of the catalyst, as shown in Fig. 14, and step-by-step reaction
pathways can be seen in previous research [254]. The net formation
rates of all surface species and gas-phase molecules involved in the re-
action over Ni(10)-CeZrLa and Rh (1)-CeZrLa are presented. The
microkinetic model for this study identified the dehydrogenation of
CHs* as the rate-determining step. The model predictions suggested that
Rh catalysts yielded better catalytic activity than Ni catalysts on account
of stable surface intermediates.

The molar production rate of the surface species sy is given by Eq. (4)
[255].

K, NN

se= >t vadks I e 4
y=1

k=1

Where, s, is the net rate of reaction for x surface species, the number of
surface reactions is K, v;k and v;(k are the stoichiometric coefficients of
products and reactants, respectively. N;, N, are the number of surfaces
and gas-phase species. The modified Arrhenius equation describes the
temperature dependence of the rate coefficients kg as in Eq. (5) [255].
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Using the parameters, ¢, this expression considers the additional
dependencies of activation energy, whereas O, is defined as the surface
coverage species. To observe the equilibrium of reactions, the following
Eq. (6) was used for the rate coefficients for forward (kx) and reverse
(k) reactions [255].

kjk

[ kaU (%)™ 6

Where c,° are the reference concentrations at normal pressure, and
K is the equilibrium constant. The detailed surface reaction path was
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conversions with and without membrane (d) measured and equilibrium CO selectivity with and without membrane in the fluidized bed reactor. (Reprinted with

permission from Ref. [261]. Copyright (2007) Elsevier B.V.).

presented by 42 equations, while the conversion and selectivity were
measured experimentally by numerical simulations using mass transport
models and developed mechanisms. The numerically predicted and
experimentally measured CH4 conversion and Hz and CO yield as a
function of temperature. CH4 conversion and H; yield exhibited lower
experimental values as compared to equilibrium values at lower tem-
peratures. However, increasing temperatures enhanced the values up to
the equilibrium values. It was observed that lower temperatures resulted
in a higher calculated Hy/CO ratio as compared to the equilibrium
values [255].

Various researchers worked on modifying the microkinetic model by
changing the parameters for CHy reforming reactions [247,254,256,
257]. To simulate the SMR process over Ni spinel catalyst, the model was
optimized under isothermal conditions in a plug flow reactor at 17.5 psi.
The results reported an average 19% increase in the coverage of Hy
species as compared to the original model due to changing the param-
eter value of CH4 conversion. Fig. 15(a-d) presents equilibrium and
experimental results for S/C = 1.25 and 1.50, with increasing temper-
ature at three different values of GHSV. Like in the previous case, the
experimental values were below equilibrium for CH4 conversion and CO
selectivity. Therefore, any noticeable deactivation of the catalyst can be
identified readily. Because CO production is favored at elevated tem-
peratures, CO selectivity also increases with increasing temperature.
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H/CO reduced at elevated temperatures, and for the two S/C ratios,
increased steam content improved the Hy production and resulted in
higher Hy/CO at 1.50 as compared to 1.25 as presented in Fig. 15(e-f)
[176]. Salciccioli et al. [246] presented their result for the microkinetic
model, stating that a remarkable change in the thermodynamic consis-
tency can be observed with a minor change in activation energy.
Conclusively, the microkinetic model gives an understanding of the
rate-limiting steps and the dominant surface species on each surface
[140].

Microkinetic models develop generalized kinetic behavior of cata-
lysts within broader parts of the steam reforming system [258]. The
approaches based on microkinetic modeling provide advantages in
catalyst design, such as diffusional limitations, parameter optimization,
and structural modification of the catalyst particle during the SMR
process [259]. For each surface of the catalyst, this model offers the
opportunity to investigate the activity, considering the coverage infor-
mation, resulting in an accurate estimation of the catalytic activity
[154]. The application of this model involves assumptions about the
homogeneity of the catalyst surface. However, such assumptions can
lead to significant non-uniformities in the catalyst surface that affect the
catalyst performance and SMR process [259]. These non-uniformities
can be accounted for by advances in simulation and multiscale
modeling.
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2.2.2. Lumped parameter model

Lumped parameter models provide a more straightforward method
by combining several reaction steps into a single rate expression. It
provides a basic understanding but lacks the intricacies and complexities
of the actual reactions. A lumped parameter thermodynamic model
predicts the chemical reactions occurring in the reformer tubes and heat
transfer from the flue to the reactant gas. The main element of this model
is the interaction between chemical reactions and heat transfer. A
lumped model was presented with the heat transfer simulations inside
the reactor, at the reactor wall, in the reactor space, and in the reactions
occurring in the reformer tubes. The measured and predicted tempera-
tures of the tube wall, flue gas, and reformer gas are considered. The
wall temperature is taken as the average temperature of the reactor
mixture and flue gas multiplied by each fraction of the heat transfer
coefficient Eq. (7) [260].

Ty = Thube

My Thue + _hs
he + hy hg + hy
Where, hy and hg are the heat transfer coefficients for flue and reformer
gas. Besides, Tya, Thue and Type are the temperatures of wall, flue gas,
and tube, respectively.

The simulated temperatures at different points (flue gas, reformer
gas, and the reformer tube wall) were validated with measured data
from a prototype reactor. The results showed that the measured wall
temperature was between the predicted flue and reformer gas temper-
atures, as shown in Fig. 16(a). For the equilibrium reactions (SMR and
WGS), the rate of reaction depends on the kinetics (speed of reaction
occurring) and thermodynamics (distance to the equilibrium position).
The values for the equilibrium constant for partial pressure (K;) and heat
of reaction (AH) were calculated using the Van’t Hoff equation Eq. (8)
[260]:

AH| 1 1
K, =K} 25 exp R 208 7T

The model was also used to evaluate the impact of design modifi-
cations on the performance of the reactor. Fig. 16(b) shows the con-
version efficiency of CH4 to Hy with various modifications, and the
values are compared to the values without modifications. The results
exhibited that up to 9.5% and 11.2% more Hy; were produced by
increasing the fraction of air in the burner fuel and the thickness of the
insulation shield, respectively, by 50% [260]. Similarly, various re-
searchers worked on the lumped parameters for simulation-based SMR
[261-263]. A two-phase reactor model was developed for a
fluidized-bed Pd-based membrane reactor. The model developed a
lumped flux expression for the Hy permeation rate through the mem-
branes in the reactor and demonstrated experimentally that the
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thermodynamic equilibrium limitations can be improved by the inser-
tion of membranes in the reactor, leading to increased CH4 conversion
and Hj yield while reducing the CO selectivity. Fig. 16(c) shows that
without membranes, the measured CH4 conversions are close to equi-
librium (96%) at all temperatures, whereas with membranes, the
approach to equilibrium improves with increasing temperature. In the
case of CO selectivity, a reduction is observed when membranes are
used, as presented in Fig. 16(d). Unlike commercial SMR catalysts at
650 °C, the use of noble metal-based catalysts ensures that operation can
take place in a regime without kinetic rate limitations [261].

The lumped parameter thermodynamic model helps to design the
steam reformers for Hy production at optimal efficiency. The model
presents a uniform performance of the system in each domain [264]. It
considers the heat transfer phenomena in the reactor by simulating
different domains of the reactor and the overall heat production.
Assembling all the model parts led to the temperature gradient differ-
ential equations. Apart from heat transport, the model also evaluates the
design modifications of the process. However, the physical domain of
the lumped parameter model is restricted to the volume between the
reactor tubes, the flow guide tubes, and the reactor tubes themselves
[260]. Still, the application of this model can have beneficial effects on
the efficiency of the SMR system.

2.2.3. Isothermal model

Calculations are made easier by the use of isothermal models, which
assume a constant temperature throughout the reactor. They give a clear
grasp of how temperature impacts reaction rates and are especially
helpful for steady-state simulations. A steady-state, one-dimensional,
isothermal model for the simulation of a membrane-based fixed-bed
reactor to obtain Hy was developed and compared the maximum con-
versions with that of a conventional reactor. The model was developed
to explore the opportunity of enhancing the CH4 conversion using a
membrane reactor via metallic, ceramic, or metallic/ceramic composite
membranes. As produced Hy is selectively separated from the membrane
reactor, a shift in the chemical reaction equilibrium occurs towards the
product. Thus, increasing the CH4 conversion to syngas increases and
enhances H» purity after separation due to the membrane-based system.
The approach can be represented by Eq. (9):

dXi  p,AR;

9
d.  F,

Where, F; is the total molar flowrate, p}, is the density of the catalyst,
X is the conversion of species i, z is the reactor length, A is the area of the
cross-section of the reactor, and R; is the reaction rate of species i [265].
Singh and Saraf [266] worked on the kinetic model, and the following
rate equations, (10) and (11), were developed:
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Fig. 17. (a) H, mole fraction as a function of axial position in the reactor using varying approaches. (Reprinted with permission from Ref. [272]. Copyright (2007)
American Chemical Society); (b) Reactor performance under adiabatic and non-adiabatic conditions. (Reprinted with permission from Ref. [274]. Copyright (2012)

Elsevier B.V.).
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Where, Ri_12 is the rate of reaction coffecient (refer to the major re-
actions, SMR and WGS for first-order kinetic expression), k° is the re-
action rate coefficient, R is the ideal gas constant, T is the temperature,
Ea is the activation energy, P; is the partial pressure, K,q; is the equi-
librium constant and Pror is the total pressure.

The CHy4 conversion with a membrane reactor is higher at all tem-
peratures as compared to a fixed-bed reactor. In a temperature range of
600-900 °C, a 16% increase in the yield of the process was exhibited as
compared to the conventional reactor. Higher equilibrium conversion
was observed at elevated temperatures. The isothermal model, like the
previous works based on membrane reactor (MR) modeling, was re-
ported by many researchers [267-269]. Recently, an optimization study
recommending the operating conditions for improved efficiency in the
case of MRs over packed bed reactors, was developed. An optimization
study was conducted by dividing the length of the reactor into
isothermal segments, resulting in higher process efficiency. Results

a)
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showed higher CH,4 conversion with the membrane in the reactor, with
temperature playing a major role in the CH4 conversion [270].

This model assumes steady-state and isothermal conditions
throughout the reactor. A comparison of isothermal and non-isothermal
simulations for SMR indicates that the former simulation gives better
performance with higher CH,4 conversion and Hy production. It indicates
a limited number of adjustments in the parameters are available to
practically improve the reactor’s performance [271]. Additionally, the
model helps to observe the potential of using a membrane reactor for
SMR. It develops the ordinary differential equations for the flow varia-
tions of components as the reaction occurs in the SMR reactor. The
model can also help predict the diffusive permeation mechanism of the
membrane used in the membrane reactor for SMR [265]. The isothermal
model in the SESMR application contributes to quantitative identifica-
tion in sorption enhancement and process equilibrium conversion [98].
Thus, the isothermal model highlights the significance of parameter
control during the SMR process.

2.2.4. Transient model
Transient kinetic models encompass the time-varying characteristics

b)

100 100
I CH, conversion
] H, yield
80
<
é 60+
=
2
g S
£
) 40 -
S
<
= J
@]
204
0= T T T T T T
500 550 600 650 500 600 700 800 900
0,
Temperature (°C) Temperature (°C)
c) d)
70
E - CH conversion 100 - CH, conversion
60 - - H; yield - H, Selectivity
50 80 -
40 -
60+
X X
" 30 S
404
204
204
10 1
0+ 04

500

600 700 800

Temperature (°C)

750

800
Temperature (°C)

850

Fig. 18. Influence of temperature on (a) CH4 conversion on CaO-Ni/Al,0O3 catalyst. (Adapted with permission from Ref. [286]. Copyright (2021) Elsevier B.V.); (b)
CH,4 conversion and H, yield over LaNiOj catalyst. (Adapted with permission from Ref. [231]. Copyright (2020) John Wiley & Sons Ltd); (¢) CH4 conversion and H,
yield over Ni-CaO/Al,O3 catalyst. (Adapted with permission from Ref. [287]. Copyright (2015) American Chemical Society); (d) CH4 conversion and Hj selectivity
on Ni/Al,O3 catalyst. (Adapted with permission from Ref. [282]. Copyright (2013) Elsevier B.V.).
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of the SMR process, accounting for fluctuations in temperature, reactant
concentrations, and other factors. These models are well-suited for
simulating the startup and shutdown operations and enable a thorough
examination of transient phenomena like heat and mass transfer. A
transient one-dimensional reactor model was developed to simulate
SMR with an enhanced sorption process over Li»ZrOs as a sorption agent
[272]. The model was established for the CO5 capture process because of
its time-dependent nature. From three different transient models, the
selection of a specific model was dependent on the sorbent installation
method in the reactor. One of the models considers that a single particle
contains the properties of both a reforming catalyst and a sorbent, while
the other suggests that both are separated into different particles. In
terms of temperature, the one-dimensional energy equation (12) was

formulated as [272]:
oT
< ‘71) +S;

Where p, and p; are the densities of gas and solid; ¢ is the void
fraction; S; is the source term (different for various models); and C, is the
heat capacity of the gas mixture; u is superficial velocity (m/s); y, is
conductivity of solid; C,; and C,, are the heat capacity of the gas mixture
and solid.

A continuity Eq. (13) for the transient model to evaluate the pressure
and velocity coupling in the reformer was formed as [272]:
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Where —R.q, are the capture kinetics, as mass is removed from the
gaseous phase, in terms of CO,. The average momentum equation, Eq.
(14), for the reforming reactor was given as [272]:
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For SMR heterogeneous models, an efficiency factor has been used
for the simulation of the process. Heterogeneous models for SESMR have
been developed to check if the process is diffusion-controlled or not, as
in the case of SMR [273]. As reported, the CO5 capture step was the
limiting step of SMR. Therefore, no advantages of heterogeneous models
were seen under standard conditions. Thus, a pseudo-homogeneous
model showed satisfactory results for the particles, with an efficiency
factor of >87% of the dry Hy mole fraction obtained in the process with a
CO; acceptor [272]. The Hy mole fraction is compared in Fig. 17(a)
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using different approaches that assume constant velocity and mass flux,
as well as momentum and continuity equations. These approaches in-
fluence the solution of other transport equations. For mole fractions in
the output, a 10-15% discrepancy was observed between the model
prepared and the others. Similarly, Fernandez et al. [274] reported the
development of a transient model to analyze the sorption-based SMR
process and investigate the reactor conditions and material parameters
for optimum performance. The model validated that adiabatic condi-
tions resulted in more favorable reactor performance as compared to
non-adiabatic conditions. The product gas has a higher temperature
under adiabatic conditions during the breakthrough period (from 720 to
1080 s), as shown in Fig. 17(b). The 85% CHy4 conversion and 95% Ho
purity were achieved under optimal conditions of 650 °C and a GHSV of
3.5 kg/m? s. In recent years, much attention has been paid to the
modeling of sorption-based SMR processes [275-277].

In summary, numerous studies have been conducted to better un-
derstand and develop SMR kinetics using various catalysts and supports.
Different kinetic expressions and rate-limiting steps have been devel-
oped. However, according to the literature, the differences in kinetic
mechanisms have been caused by the various types of supports, metal
dispersion, and diverse particle sizes in each study [38].

The transient model describes the importance of SMR under transient
conditions, as the process is highly nonlinear and involves a chemical
reaction, heat and mass transfer, and flow. The transient model can
evaluate the diffusion flux models that include reaction conditions, flow,
and heat and mass transfer within the pellets [278]. It considers the
transport characteristics of the process by establishing mathematical
models. However, heat and mass transfer become more complex in the
transient state as compared to the steady-state [279]. Thus, it is
important to consider the investigation of transport mechanisms in a
transient state. Application of the transient model in SESMR gives the
analysis of the interaction between the chemical reactions, the effect on
temperature, Hy production, and CaO conversion [279]. The analysis
suggests that higher CO5 yield is obtained under adiabatic reaction
conditions during the transition period. Furthermore, examining the
transient behavior of the SESMR process indicates that carbonation ki-
netics play a limiting role, necessitating lower space velocities compared
to SMR [274].

2.3. Effective processing parameters

The strong influence of changing temperature, pressure, flow rate,
and S/C ratio on the products’ selectivity has been studied [115,191,
203,280]. Even though the preparation techniques, composition, and
structure were different for each synthesized catalyst as observed in this
section, they exhibited almost similar trends in the case of changing
process parameters. Thus, the study of process parameters is necessary
for understanding efficient reactor output and minimizing energy
sources [281]. This section covers various investigations of the perfor-
mance of synthesized catalysts by changing the process parameters to
explore better options for optimum process conditions for SMR.

2.3.1. Effect of temperature

The reformer reaction in SMR is highly endothermic (R1). Therefore,
this is desirable under low pressure and high temperatures. It has been
observed that coke deposition occurs at lower reaction temperatures,
while CHy4 conversion increases with an increase in temperature. Hy
selectivity also decreases with increasing temperature at equilibrium
[282]. Therefore, it is feasible to run the process at temperatures higher
than 700 °C to maintain adequate reaction activity. Recently, a
lanthanum strontium cobalt ferrite (LSCF)-supported Ni catalyst was
investigated for SMR at various operating temperatures (750-850 °C),
which resulted in a significant rise in CH4 conversion (up to 89.77%)
[283]. It was observed that the experimental results and equilibrium
trends can also vary with temperature and metal loading. The prepared
10% NiO/NiAl,04 exhibited CH4 conversion close to that of equilibrium
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beyond 650 °C and an S/C of 4.4, while 5% NiO/NiAl;04 revealed lower
CH4 conversions in the range of 400-650 °C [284].

CH4 conversion was observed as a function of temperature at oper-
ating temperatures ranging from 600 to 800 °C, with CH4 conversion
increasing significantly with increasing temperature. Even at a fixed
temperature, CH4 conversion correspondingly increased with an in-
crease in residence time, with a conversion close to that of equilibrium
beyond a residence time of 4 kgcar. s/mol at all temperatures [285].
Ni/Ce-ZrO, and Ni/YSZ were investigated to analyze the influence of
temperature on product distribution and carbon deposition. The Hj
production yield increased from 70.9% to 84.9% as temperature
increased from 900 to 1000 °C, while coke formation decreased signif-
icantly due to increased reforming reactivity of CHy4 at high tempera-
tures. The H; yield and CO fraction increased, whereas the CO; fraction
decreased. Changes in the fraction of Hy CO, and CO5 were a result of
mildly exothermic WGS, while due to further reforming reactions to CO
and Hj, CH4 production decreased [280].

Various reports were published investigating the impact of temper-
ature on CH4 conversion, Hy yield, and selectivity, as presented in
Fig. 18. As shown in Fig. 18(a), increased temperatures on CaO-Ni/
Al,03 at S/C of 3.0 promoted the reforming process, with CH4 conver-
sion increasing from 52% to 90% in the 500 °C-650 °C range [286].
Similarly, a perovskite-based LaNiO3 was tested for SMR in the range of
500-900 °C, GHSV = 900 h™!, and S/C = 1, as shown in Fig. 18(b).
Higher temperatures stimulated H, formation and CH4 conversion
during the SMR reaction, significantly relying upon the other reaction
conditions, including GHSV, S/C, and pressure [231]. Fig. 18(c) shows
that increasing the temperature from 500 °C to 800 °C maximizes Hy
yield and CH4 conversion to 20.1% and 66%, respectively, over
Ni/Aly03 [287]. Similarly, Monero et al. [282] reported the influence of
reaction temperature on CH4 conversion and Hy selectivity. The
Ni/Al,O3 catalyst was tested for SMR from 750 to 850 °C, as presented in
Fig. 18(d). An increase in CO selectivity and almost constant H; selec-
tivity at equilibrium were experimentally observed due to the contact
mode of gas flow in a fluidized-bed reactor.

Roy et al. [189] investigated the temperature influence (650-850 °C)
on CH4 conversion and Hy/CO ratio on different noble metals over
Al50g3, as shown in Fig. 19. When the temperature was raised to 850 °C,
three different types of noble metal catalysts increased CH4 conversion.
However, the Pd-Rh catalyst exhibited better CH4 conversion, which
was not substantially higher as compared to other catalysts. For all
catalysts, the Hy/CO ratio decreased with increasing temperature. Below
700 °C, ratios exhibited the order Ni < Pd-Rh < Ru, while above 700 °C,
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Fig. 20. Relative heat transfer coefficient vs. relative pressure drop of the
ZoneFlow™ reactors of various designs and for two commercial reference
pellets. Filled: typical commercially applied SMR conditions (SMR mixture @
30 bar and 700 °C) at a flow rate of 500 Nm>/h; Open (air @ atm pressure and
300 °C) at a flow rate of 175 Nm>/h. (Reprinted with permission from
Ref. [299]. Copyright (2021) Elsevier B.V.).
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the order changed to Pd-Rh < Ni < Ru as presented in Fig. 19.

Recently, a numerical study was performed for a composite grille-
sphere packed bed instead of a conventional packed bed reactor for
SMR [288]. On investigating the influence of inlet temperature in the
range of 527-677 °C, the numerical methods (solid particle and equiv-
alent medium method) both exhibited the same tendencies. CH4 con-
version and Hj fraction increased with increasing temperature. The
study was based on numerical methods for Hy production. The solid
particle method was able to show the details of the simulation. However,
the equivalent medium method presented the macro situation of the
simulation. The values obtained from the equivalent medium were
greater than those obtained from the solid particle method while
studying the influence of temperature rise.

Evidently, high operating temperatures (>700 °C, as mentioned
earlier) hold a decisive role in contributing to the performance of the
catalyst because of the endothermic nature of the reaction, which re-
quires elevated temperatures for methane activation [51]. Lower tem-
peratures will cause low catalytic activity along with coke deposition,
whereas severe conditions caused at elevated temperatures will cause
the sintering of the catalyst, high energy consumption, high operation
costs, lower energy efficiency, and higher GHG emissions [289]. In
addition, the reaction temperature is a key factor in reforming processes,
leading to kinetic limitations. The equilibrium can be achieved at high
temperatures as compared to lower reaction temperatures, indicating a
kinetically limited process [290]. Therefore, intensification processes
have been proposed in the literature aiming at the reduction of operating
temperatures for reforming processes, as will be discussed in section 3.

2.3.2. Effect of pressure

As mentioned in the above section, industrial SMR operates in a
pressure range of 1.5-3 MPa. However, the main SMR reaction favors
low pressure due to the greater number of product moles, and thus the
process is operated at elevated temperatures (>800 °C). That can benefit
the SMR reaction for improved CH4 conversion and simultaneously
reduce the extent of the WGS reaction to produce a lower CO, amount in
the products [95]. On the other hand, due to the equal number of moles
in the WGS reaction, it is not sensitive to changes in pressure. Therefore,
at a fixed temperature and S/C ratio, the conversion of CH4 decreases as
the pressure increases. However, it can show a positive effect when the
reaction is controlled by catalyst kinetics, extending the contact time
[291]. The longer the contact time, the more the reaction is usually
thermodynamically controlled, and high pressure inhibits the CHy4
conversion due to the nature of the SMR reaction [95]. The pressure
effect has an effect in both directions, but it is dependent on the other
experimental conditions, most notably contact time. It is necessary to
gain insights into the pressure effect on SMR while keeping the other
parameters constant. For example, SMR reactions at low pressure
(0.5-1.0 MPa) for Ni-based catalysts were investigated and reported to
have lower CH4 conversion compared to equilibrium conversion and
industrial SMR [59].

Generally, the higher reaction pressure is thought to result in faster
reaction rates while increasing the concentration of reactants, increasing
the collision frequency of molecules, and enhancing the formation of
product molecules. It also helps to overcome the thermodynamic barrier
to reactions and promotes faster reactions while maintaining high con-
centrations of active species. However, higher reaction pressure gives
lower reaction rates at constant temperature and a fixed S/C ratio for
SMR because the number of moles of products is greater than the
reactant species [292]. Additionally, in a micro-channel reactor, the
active reaction zone is dependent on the reaction pressure and the
catalyst properties. The active reaction zone can provide important in-
formation needed for the design of the Ni catalyst for SMR. In the case of
increasing pressure, the active reaction zone thickness of endothermic
SMR gradually increases with reduced equilibrium CH4 conversion
[264]. The contact time of feed with the Ni-catalyst in a micro-channel
reactor also increases when the system is compressed, which favors the
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Copyright (2015) American Chemical Society.).

CH4 conversion. Still, the CH4 conversion is inhibited at higher pressure
due to an increase in the total number of moles [95]. However, in the
case of SESMR, low pressure is more suitable than high pressure due to
the higher gas mole formation and subsequent steam reforming and
carbonation of the sorbent [102]. The quality of the Hy produced in
SESMR at medium-low pressure is greater than the quality obtained in
SMR at conventional pressure. This means that little effort is required to
separate Hy for downstream processes [293]. Fernandez et al. [294]
modeled SESMR for Ca/Cu for Hj yield under high pressure (0.5-3.5
MPa), and the results show the lower pressure is better for Hy purity and
CH4 conversion.

Moreover, the gradient of fractional CH4 conversion with Weat/Fepa
was investigated at different pressures. The results showed that the
gradient decreased as the pressure increased, indicating that the reac-
tion is close to equilibrium at enhanced pressures and far from equi-
librium at reduced pressures. Thus, to reach equilibrium at low pressure,
more contact time is required [295]. Similarly, the effect of pressure on
SMR is investigated at 830 °C, an S/C of 3.0, and a constant GHSV of 4.8
L/(h.g). It clearly depicts that the decrease in CH4 conversion increases
with pressure to some extent, which means that the reaction rate is
limited thermodynamically under these reaction conditions [292,296].

28

It is observed that high pressure is not favored in SMR thermodynami-
cally due to a net increase in the product mole side [297]. Besides
opposing the methane conversion, high pressure also enhances the WGS
reaction by increasing the Hj yield and is favorable for the permeation
rate.

In the case of employing the MRs for SMR, pressure increases have
the following effects on the reactant conversion: (i) A negative effect
related to the thermodynamics of SMR causes an increase in the number
of moles, as discussed. (ii) The positive effect is related to the Hy
permeation through the membrane, i.e., the Hy permeation driving force
is increased with increasing pressure. The higher the pressure, the more
H, is removed through the membrane, which favors the reaction toward
product formation. (iii) Another positive effect is related to the con-
centration of CO, which is decreased by increasing pressure due to the
beneficial effect on the WGS reaction [298].

Furthermore, Minette et al. [299], investigated experimentally the
heat transfer of ZoneFlow™ reactors with different designs as well as
low-pressure drops and standard reference pellets and established cor-
relations for their heat transfer coefficients. Different designs of the
ZoneFlow™ reactors were provided by varying the annulus width and
the number of collars. Fig. 20 shows a comparison between standard



S. Saeidi et al.

100 ~ 100
- 90
- 80
i\i 70
g -
= 60— - 60 IS
z s0 Lso =
= <
S — S
- 40 - 40 ~
g = k=
¥4 2 30
204 20
Solid: Modelling
104 Dotted: Equilibrium - 10
0 T T T T T T 0
1 2 3 4 5 6
S/C

Fig. 22. Effect of S/C ratio on the CH, conversion and Hj yield at 700 °C, Solid
lines: Modeling, Dotted lines: Equilibrium. (Adapted with permission from
Ref. [309]. Copyright (2021) Elsevier B.V.).

a)

100

90+

80 -

704

60

CH, conversion(%)

3
S/C

¢)

100

B cH ,conversion
[ H, yield

90—-
80
7-
60—-

50

Y%

40
30

20

S/C

%

Renewable and Sustainable Energy Reviews 183 (2023) 113392

pellets and ZoneFlow™ reactors in terms of heat transfer coefficient and
pressure drop. The standard pellets have a higher heat transfer coeffi-
cient than low-dP pellets but a much higher pressure drop. The Zone-
Flow™ reactors have slightly higher pressure drops than low-dP pellets
but significantly higher heat transfer coefficients, with some reactors
providing more than double the heat transfer coefficient of low-dP
pellets. However, the ZF12-6D reactor has a pressure drop that is
around 2 times higher than that of low-dP pellets and around 1.1 times
higher than that of standard reference pellets, but improved heat
transfer allows for a shorter reactor length depending on catalyst ac-
tivity. Finally, Fig. 20 clearly shows that at equivalent pressure drop,
heat transfer is two-to three-times more efficient with the ZoneFlow™
reactors compared to the reference pellets.

Conclusively, in SMR reactions, at lower pressure, the equilibrium
composition of syngas is shifted to yield a higher Hy concentration, and
the energy consumption can also be decreased. This shift is in accor-
dance with the Le Chatelier’s Principle [300]. The increase in pressure
shows a negative equilibrium effect on Hy yield due to the non-zero
stoichiometric molar balance between the gas products and reactants
in the SMR [293]. Therefore, Le Chatelier’s principle will favor the re-
actants with lower partial pressures owing to their lower molar
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Fig. 23. Influence of S/C ratio on (a) CH4 conversion on a 20 wt% Ni—Ca/Al,O3 catalyst at 600 °C. (Adapted with permission from Ref. [286]. Copyright (2021)
Elsevier B.V.); (b) CH4 conversion, H, yield, H, purity, and CO, capture on an 18% Ni/Al,O3 catalyst at 650 °C, modeled catalytic performance. (Adapted with
permission from Ref. [310]. Copyright (2017) Elsevier B.V.); (¢) CH4 conversion and H, yield on Ni/Al,O3 catalyst. (Adapted with permission from Ref. [287].
Copyright (2015) American Chemical Society); (d) Product composition of Y-doped Rh substituted zirconates for SMR at 850 °C. (Adapted with permission from

Ref. [311]. Copyright (2020) Elsevier B.V.).
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concentration. While high pressure in SMR favors CH,4 conversion only
when the contact time is extended, Overall, parametric correlation,
particularly contact time, is critical in SMR and WGS pressure analysis
for product formation.

2.3.3. Effect of space velocity

The effect of increasing the volumetric flow rate of feed in terms of
GHSV is one of the most important processing parameters. GHSV is
defined as the ratio of the volumetric flow rate of CHy4 to the weight of
the catalyst (GHSV (ml/(h.gc,)= volumetric flow rate (ml/h)/catalyst
weight (gcar)) [301]. As per previous reports, lower values of GHSV favor
the production of Hy with increasing residence time [204,302]. This is
due to the fact that GHSV is not only dependent on the flow rate but also
the catalyst loading. Therefore, with increasing the GHSV, the conver-
sion of both steam and CHy is reduced owing to the shorter contact time
between catalyst and reactant [303]. However, at lower GHSV, the
contact time is increased, and that starts several side reactions, affecting
the Hy/CO ratio to a greater extent. The effect of the flow rate of CH4 on
Ni-CaO for SMR was studied at an S/C ratio of 4.0 and 650 °C. On
increasing the flow rate of CHy4, the production efficiency of Hj
decreased. While a decrease in the pre-breakthrough period was
observed on increasing CHy flow rate due to the rapid saturation of CaO
working as a sorbent [304]. The longer contact time in the
sorption-enhanced SMR process exhibits maximum Hj purity along with
extremely low molar fractions of CO; in the product stream [305]. An
increase in GHSV will limit heat and mass transfer due to higher flow
rates [306]. During SMR, an effect of boron promotion on Ni stability,
20 mg of catalyst, was tested at a GHSV of 330,000 cmg/h.gcat. To reduce
the mass transfer limitations, catalyst loading was reduced to 10 mg and
GHSYV increased to 660,000 cm3/h.gcat [159].

Various investigations on the influence of increasing GHSV on CHy4
conversion, Hy yield, and Hy/CO ratio are presented in Fig. 21. Xie et al.
[307] synthesized a CaO-based catalyst and analyzed the effect of GHSV
by varying the inlet flow rate of CH,4 but keeping the S/C ratio constant
at 4.2. It was observed that a reduction in GHSV slightly improved Hy
purity. As presented in Fig. 21(a), improved Hj yield (>90% dry basis)
was observed at the pre-breakthrough stage at lower GHSV. Moreover,
the increase in the pre-breakthrough period was also observed at low
GHSV as the process was sorption enhanced. However, with increasing
reaction time, the Hy yield was reduced to approximately 77%. There-
fore, a lower GHSV is preferable for the SMR process. However, it also
depends on the catalyst’s characteristics. Conversely, experiments can
be performed at elevated GHSV to avoid the effect of external mass
transfer limitations, and the utilization of lower reactor volumes leads to
a decrease in the capital cost of the reformer. A high GHSV is advanta-
geous in reducing the metallic sintering during the reaction. Thus, even
though a high contact frequency is offered between the catalyst and the
reactants, the residence time is shortened, lowering the overall CHy4
conversions.

The effect of increasing GHSV on the catalytic performance of Ni/
La—Ca/Al03 is shown in Fig. 21(b). Ni/La-Ca/Al,O3 demonstrated a
decrease in CH4 conversion while increasing CO3 selectivity. However,
an increase in residence time reduced the CH4 conversion from 88% to
47% in 150 h at a GHSV of 3.6 x 10° h™*. Ata GHSV of 1.2 x 10°h™,
however, the CH4 conversion decreased from 77% to 29% [204].
Similarly, Nip sMgs 5A109 showed a similar trend to Fig. 21(b), with CHy4
conversion decreasing and CO» selectivity increasing when GHSV was
increased. However, for GHSV of 6 x 10° h™!, initial 82% CHy4 con-
version was reduced to 62% in 150 h of reaction time. This behavior
could be ascribed to the fact that the catalyst was not able to supply
enough active sites in a short residence time, and interaction with
reactant molecules was reduced. Nonetheless, near 100% CH4 conver-
sions were observed at a lower GHSV of 1.8 x 10° h™! in a residence
time of 20 ms, as illustrated in Fig. 21(c) [204]. CH4 conversion and Hy
yield over Ni-CaO/Al,03 were studied by increasing GHSV from 3600 to
7200 ml/(g.h). As illustrated in Fig. 21(d), both CHy4 conversion and Hj
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yield were reduced with increasing GHSV [287].

Therefore, to understand the GHSV effect, one must consider the
catalyst loading and the structure geometry, along with knowledge of
space velocity, to describe the conversion of CH4 in SMR [239]. As per
the literature, it is infeasible for the reaction to reach equilibrium if the
space velocity is too high for the catalyst to contribute efficiently to the
reaction pathways. This means that the penetration of feed gases
through the catalyst pellet is not sufficient, and the active part of the
catalyst is not completely utilized [296]. Hence, a thorough assessment
of the effect of GHSV can help identify the conditions for the formation
of desired products.

2.3.4. Effect of S/C ratio

Steam is a principal reactant in SMR that is recognized to have an
impact on the Hy yield. Therefore, the S/C ratio is considered a key
parameter to study in SMR. The S/C ratio in SMR significantly affects the
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CH4 conversion and Hj yield. The feed mixture in the reactor must
contain enough steam (ca. more than the stoichiometric amount) to
inhibit coke formation and thermal cracking of hydrocarbons. Coke
deposition is a major issue at low S/C ratios (<1.3) due to unwanted
reactions; therefore, higher S/C ratios (2.5-4.0) are favorable for higher
Hy yield and CH4 conversion due to enhanced WGS reaction [203]. On
the other hand, high S/C favors higher conversion but requires excess
steam production, which has an energy disadvantage [308]. For
instance, Radfarnia and Iliuta [304] investigated the effect of S/C ratios
in the range of 2.0-5.0 on H; yield in a composite containing Ni catalyst
and CaO sorbent. It was observed that the Hy yield was favored by
increasing the steam quantity following the thermodynamic analysis.
However, for S/C ratios of 4.0 and 5.0, Hy yield and CH4 conversion
were almost unchanged. Over 900 °C, Laosiripojana and Assabumrun-
grat [280] investigated the effect of S/C on H; yield and coke formation
over Ni/Ce-ZrOz and Ni/YSZ. The amount of carbonaceous product
formation significantly decreased, while Hy yield and CO, fraction
increased with an increasing S/C ratio from 3.0 to 5.0 due to enhanced
reforming of CH4 at higher inlet steam concentrations. Recently, the
kinetics of various catalysts were investigated in a developed model, and
the results were analyzed and validated with the modeling results. As
presented in Fig. 22, a comparison between equilibrium and modeling
results revealed that higher S/C improved H; production by shifting the
reforming reaction (R1) in the forward direction, leading to improved
CH4 conversion [309].

Fig. 23 demonstrates the effect of the S/C ratio on various in-
vestigations to analyze CH4 conversion, Hy yield, and Hy and CO
selectivity. Chen et al. [286] prepared a CaO-based Ni/Al;O3 catalyst
and varied S/C from 2.0 to 4.0 at 600 °C. The higher S/C ratio led to
encouraging performance in the process. CH4 conversion of more than
90% was attained at an S/C ratio of 4.0, as shown in Fig. 23(a). The
result was according to the Le Chatelier’s principle, as higher reactant
concentrations favored the reforming reaction in the forward direction.
Modeling of Hy production in a packed bed reactor was performed via
SESMR. According to the results, a higher steam fraction can improve Hy
purity and yield, as shown in Fig. 23(b), with maximum CH4 conversion
at S/C of 3.0. On further enhancement of S/C to 6.0, increased Hs purity
to 97.5% and a lower CO5 concentration in the product were noticed
with an increased pre-breakthrough period [310]. A similar trend was
reported over Ni/Al,O3, with an increasing S/C ratio. The CH4 conver-
sion remained constant, and almost insignificant Hy selectivity was
observed. However, as the S/C ratio increased, CO selectivity decreased
due to the extension of the WGS reaction, in which CO is consumed.
Even at an S/C of 0.5, the system achieved steady-state, and CH,4 con-
versions were close to equilibrium [282]. Hoe and Hughes [112] and
Zeppieri et al. [152] observed similar trends in the reduction of CO
selectivity.
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CH | %
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Fig. 25. Schematic diagram of MR for SMR. (Recreated with permission form
[325]. Copyright (2020) Elsevier B.V.).
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As shown in Fig. 23(c), Hy yield and CH4 conversion increased
significantly as S/C increased from 3.0 to 12. It was observed that at
higher S/C, catalyst deactivation as a result of coking was suppressed,
yet the higher steam requirements increased the cost of Hy production
[287]. Fig. 23(d) presents the low S/C effect on Y-doped Rh-substituted
zirconates for SMR. On increasing S/C from 0.25 to 1.0, the activity of
the catalyst increased and also remained stable at each condition for 3 h
each [311].

Thus, it is necessary to investigate the S/C ratio effect as SMR re-
actions, including WGS reaction, are influenced by the amount of steam
entered into the reformer. This is because the S/C ratio has a significant
impact on the efficiency of the SMR system owing to the substantial heat
required for the conversion of water to steam [312]. However, it is also
necessary to consider the reaction temperature while selecting the S/C
ratio for a system. Even though higher S/C promotes the CH4 conversion
and Hj yield, the promotion becomes weaker with an increase in the
reaction temperature. Moreover, CO, formation is positively related to
the steam concentration in the system, and higher S/C promotes CH4
conversion to CO,. While CH4 conversion to CO is not affected by
increasing S/C. At higher reaction temperatures, increasing S/C has
little effect on the conversion and yield. At lower temperatures (500 °C),
the increase in S/C is more beneficial to the conversion of CH4 to CO,. As
a result, the CO5 amount increases while the CO amount decreases
[313]. Thus, S/C plays a key role in the overall performance of SMR.
Higher S/C will result in increased CH4 conversion, H; yield, and lower
carbon deposition on the catalyst surface. However, the WGS reaction
will be influenced by the quantity of steam entering the reformer
because higher energy is required to convert water into steam, which
influences the operational cost of the system.

3. Intensified SMR process

Process intensification is considered to be one of the most promising
progress paths for SMR due to its being highly endothermic [314]. SMR
requires a set of tubes and catalysts placed inside the heating chamber
for reforming [44]. The heat supply and the transfer rate to the system
play a dominant role in the performance of the reactor. Such a system
influences the operational and capital costs of the SMR process, which
requires innovative modifications to the process. In recent years, a
micro-reactor concept with enhanced integration of an endothermic
reforming channel and an exothermic combustion channel has been
developed. The simplified structure of a micro-reactor is illustrated in
Fig. 24(a) [315]. The three zones of the micro-reactor are as follows: (i)
fuel gas is introduced into zone I, where the CH4 combustion reaction
occurs over a Pt catalyst; (ii) zone II contains the catalyst, which acts as
the wall medium on both sides; and (iii) conduction occurs from the heat
of zone I to zone III, where the SMR reaction occurs on Rh coated
channel walls. This concept follows a comprehensive computational
fluid dynamics (CFD) model that considers chemistry and physics pro-
cesses to understand the flow and heat conduction between the two
channels. Similarly, a CFD model of the annulus reactor for SMR was
developed that considered the effect of the sleeve between the reactor
and the combustor on heat transfer [316]. This type of reactor is
equipped with a burner in the core for the combustion of the feed gas.
The outside annulus area contains the catalyst bed and heat carrier zone,
as shown in Fig. 24(b). The SMR reactor with a sleeve presented a flat
temperature profile as compared to the top-fired SMR reactor along the
length of the reactor. The flatter wall temperature results in a reduced
risk of hot-spot formation and is beneficial in terms of fixed and oper-
ating costs. A top-fired reactor is a primary reformer with a large number
of tubes and burners placed on top to burn feed gas, as shown in Fig. 24
(c) [317].

It is specified for the reactor based on annular and top-heating using
burners; the catalyst and flow dynamics are separately discussed. The
process efficiency can be enhanced using modified catalysts, but the
equilibrium conversion would decrease based on the Le Chatelier’s
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Table 5
Membrane/catalyst systems for SMR.
Membrane/catalyst system Process conditions CH,4 conversion H, permeance/H; purity Remarks Ref
(%) (mol/m*/s/Pa~%%)/%

Pd-Ag/Ni-Al,03 T =450°C 50 -/70 A noticeable difference in CH4 conversion with high H, purity was seen with the membrane reactor as compared to the [331]
S/C=2 conventional reactor. The H; in the product was totally CO, and CO-free.
P = 3.0 bar
GHSV = 3710 h!

Pd/NiO/YSZ/NiO/PSS T =560 °C; 75.1 3.81 x 1073/93.1 vol% Higher H, permeance through the membrane was observed than in studies without a Pd membrane. The membrane [333]
GHSV = 1000 h™! reactor was efficient for H, production.

Pd-Ru/Ni-Al;03 T =500 °G; ~77.5 3.46 x 1073/~ The Pd-Ru membrane for SMR exhibited moderate selectivity and improved permeability. The membrane revealed a [320]
S/C=3 stability test of 100 h under mild processing conditions. Only ~2% CO concentration in the product stream diminished
GHSV = 837 h™! the need for a series of WGS reactors.

Pd/Al,03 T =580°C 86 -/>80 The Pd-MR working under realistic process conditions for H, production yielded high-purity H, with a maximum 98% [343]
P = 28 bar; CH, conversion and continuous 86% CH,4 conversion for 1100 h, showing great potential for SMR.
GHSV =950 h!

Pd-Au/Ru-PSS T =511°C 94 2.39 x 1073/>99.2 Under 500 h, the equilibrium shift for MR improved by 35%. The stable performance of the alloy makes it a potential [334]
S/C=3 candidate for SMR.
GHSV = 185 L/h/kg

Pd-Ag/Ni/CaAl,04 T =500 °C ~50 1.38 x 1078/- No interaction of membrane and catalyst was noticed in the fluidized-bed mode for MR, resulting in constant permeance. [344]
s/C=3 The ideal perm-selectivity was reported to decrease at higher temperatures (600 °C).

Pd-Ag T =500 °C 55.5 4 x 107%/>99.98% Stable performance of a thin Pd membrane was observed for 900 h in a bubbling fluidized-bed regime. [345]
S/C=3

Pd-Au/Ni-based T = 450 °C; 48 1.3 x 1073/99.99 The bi-layer metallic membrane exhibited good stability and high H; purity at lower temperatures over a longer period of [346]
P =300 kPa 1000 h. The alloy developed for MR was a good candidate for SMR with no coke formation at low process conditions.
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principle. Therefore, process intensification is practiced and achieved
via coupling various techniques such as in-situ CO, removal [274],
membrane technology, and chemical looping [318] with SMR. Hence,
using the idea of process intensification by using multifunctional re-
actors coupled with various applications, the thermodynamic limita-
tions as well as heat and mass transfer limitations can be minimized for
better performance of SMR reactor systems [319]. The
literature-reported effects of using sorption, membrane technology,
fluidization, and looping on intensifying the conventional SMR to pro-
duce H, are presented in the following sections.

3.1. Effect of membrane technology

Conventionally, SMR is operated at higher temperatures in a fixed-
bed reactor to convert maximum CH4 into Hy, requiring expensive ma-
terials to bear the thermal stress. In addition, coke formation and high
energy consumption are critical issues in SMR [44]. Lowering the re-
action temperature while keeping the CH4 conversions high is an
attractive path to overcome these issues. In this respect, the employment
of MRs is a feasible approach to achieving the aforementioned purpose
[320,321]. Using the MRs for SMR allows the Hy produced to be
removed via permeation through the walls of the reactor. This results in
shifting the equilibrium conversion to enhanced values in accordance
with the Le Chatelier’s principle [322]. Using the MRs causes Hy to be
produced at the same reaction rate but with increased purity and con-
version as compared to the conventional reactor [323]. As shown in
Fig. 25, feed gases flow into the membrane reactor under controlled
conditions. The reactor consists of two zones: (i) reaction zone and (ii)
the permeate zone. The reaction zone contains a membrane module
packed around the catalyst bed, over which the reaction will occur. The
product from this zone will come out of the retentate stream. While the
permeate zone allows Hy molecules to be separated from other species
via membranes that are highly selective for Hy, the result is a permeate
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or Ha-rich stream [322]. The main features of MR for SMR must be high
selectivity towards Hy, high flux, and stability, and cost is also one of the
key parameters [324].

MRs, such as inorganic [325], polymer [259], and metal alloyed
[326], are being synthesized because of their thermal, mechanical, and
chemical properties for the selective permeation of targeted molecules.
Considering the suitability of membranes for SMR, it is important to
consider the impact of process conditions on the stability of the mem-
brane, factors causing membrane fouling, and membrane material
[259]. Chompupun et al. [322] reported the effect of process parameters
in MR on SMR. They proposed that above 700 °C in MR, a maximum CHy4
conversion of up to 100% is possible, whereas above 900 °C in con-
ventional SMR. An increase in the S/C ratio in MR dilutes the concen-
tration of the mixture and reduces the Hy partial pressure difference
between the permeation and the reaction zones. This leads to improved
CH4 conversion, but Hp recovery is reduced. Therefore, an optimum S/C
ratio must be considered. In the SMR process, conversion shows an in-
verse relationship with the pressure in the reactor. Contrarily, enhanced
pressure increases the CH4 conversion [322].

The performance of membranes in MR has been assessed in terms of
thermal stability, Hy permeability, and perm-selectivity [298]. Pd and
its alloys with Ru [327], Cu [328], and Pt [329] are the most widely used
materials in MRs due to their high perm-selectivity towards Hy and
ability to run SMR at milder operative conditions than conventional
SMR [330-332]. These membranes are highly expensive, thus mostly
composite membranes with a Pd layer on porous substrates have been
synthesized at low temperatures. Various reports of SMR in MR are
summarized in Table 5. SMR was performed at 550 °C in the presence of
Pd membranes packed with a Ru/Al;O3 catalyst in order to produce Hy
with high conversion. The composite exhibited 82% CH4 conversion in a
120-h stability test [333]. As suggested by the sources, the addition of
active catalysts like Au can help to enhance the performance of MR
compared to the conventional process. Pd-Au membranes exhibit
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Table 6

Sorbent-catalyst systems for SESMR.

Sorbent Catalyst/ Optimum loading Process conditions CH,4 conversion H, yield/H, purity Remarks Ref
sorbent (%) (%)
composition
CaO-based Ni/CaO 12.5 wt% Ni/CaO T (HM1) = 400 °C; >80 -/80 CaO and HTc were replaced with Al,O3 support for the Ni catalyst. A 12.5 wt% Ni [396]
S/C=3 loading with CaO resulted in an 80% H, concentration. The catalytic activity of Ni/
Catalyst loading = 0.8 g CaO was less than that of Ni/Al;O3.
CaO-based Ni/HTc (HM1) 10 wt% Ni T (HM1) = 400 °C; ~97 ~88/- Ni/Al,03 showed lower adsorption capacity but high cyclic stability, while Ni-CaO/ [287]
Ni-CaO/Al,03 S/C=6 ~95 ~87/- Al,03 showed higher adsorption capacity but regeneration temperature affected the
(HM2) T (HM2) = 550 °C; stability of the catalyst for SESMR. HM1 exhibited stability for 16 cycles and adsorbed
S/C=5 1.1 mol/kg. Conversely, HM2 adsorbed 12.3 mol/kg of CO,/sorbent and was stable for
GHSV = 3600 ml/g.h 11 cycles.
Catalyst loading = 3 g
CaO-based Nig.5/Mgz 5Al Ni:Mg:Al = T =600 °C >95 -/>95 The effects of process conditions on the SESMR were studied. Results revealed that [307]1
Ca0-CagAlgO;5 0.5:2.5:1 S/C=4.2 high S/C and low temperature favored high purity but a lower yield of H The
Catalyst loading =3 g sorbent/catalyst ratio had no effect on H, purity. However, almost 83% of the initial
sorption capacity of the sorbent was retained after 50 consecutive cycles of
carbonation/calcination at 650 °C.
CaO-based CaO/NiO 18.5 wt% NiO T = 650 °C; ~91 90.9/93.3 A thermodynamic analysis of CL-SESMR and SESMR was conducted. The analysis [99]
S/C=3 revealed significant advantages for SESMR over SMR. Sorbing agents increased the
performance of the reformer at lower temperatures. However, on comparison between
CL-SESMR and SESMR, it was found that using pure O, for regeneration reduced the
energy needs by up to 26% for CL-SESMR as compared to SESMR.
CaO-based Al-stabilized 25 wt% NiO T = 650 °C; 99.1 97.3/- The synthesized hybrid catalyst was tested for SESMR. The efficient results of the [304]
CaO-NiO S/C=4 catalyst verified its potential for use in the process. CaO molar conversion at the 25th
sorption cycle was 41.2%.
CaO-based Ca0-NiO/NiAl;04 10 wt% NiO T =650 °C; 94 vol% -/96 (vol%) A CaO-based sorbent and catalyst were prepared and tested for SESMR. A simulation ~ [397]
S/C=4 model was executed to evaluate the operating conditions of the process. The system
was able to run at lower S/C ratios, although increased CO and CH,4 concentrations
were obtained.
CaO-based Ni/CaO-Zr 20.5 wt% NiO 650 °C; ~99 ~91/- The synthesized bi-functional sorbent/catalyst for the SESMR process revealed a [398]
S/C=4 higher H, yield after 10 cycles than the equilibrium yield of H, from SMR.
Sorbent-catalyst loading
=2 g
MgO-based Ni/MgO NA T =700 °G; 86 -/- A stable and active MgO-based catalyst was prepared by coating a monolithic powder. [399]
S/C=15 The catalyst exhibited higher activity due to NiO-MgO formation and presented better
F ;4 = 400 NmL/min results compared to the conventional Ni-Al,Os.
Zr-O3 based Ni/NayZrOs3 NA T =500 °C; >95 -/80.79 (mol%) A CFD model to simulate CH, reforming using a sorbent-catalyst system was [400]
S/C=3; developed for the sorption-enhanced process in a membrane reactor and compared

GHSV = 1120 h™!

with a traditional membrane reactor. The results suggested enhanced H, production,
yield, and CH4 conversion.

D 32 1p1DS S

Z6EETI (€20Z) €81 MY A310Ug 2)qDUIDISNS PUD ] qDMIUPY



S. Saeidi et al.

( Co, \
Y\ +
| co,2 oz |
| | |
,!llz()\l I CaCOJEI l
+ 1
3H, +1 CO ! e _O'z—/)

-_\ \“?

H, +{CO2

CH, +§()/

CaO sorbent

Fig. 28. Mechanism of CaO-based catalyst for SESMR (CaCO3 deposition on the
catalyst surface on reaction of CO, released with CaO particle. (Reprinted with
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increased tolerance to carbon deposition and are easier to exploit over a
wide temperature range compared to pure Pd [334]. Similarly, the
Pd-membrane with Ru/Al,O3 was decorated on NiO/YSZ/NiO-layered
treated stainless steel. The SMR at 610 °C yielded 75.1% CH4 conver-
sion with 93.1 (vol%) Hj in permeate stream [335]. Much higher CH4
conversions at lower temperatures were observed for MR as compared to
conventional SMR. A Pd-Ag membrane was tested for SMR at 450 °C
over a Ni catalyst. A 50% CHy4 conversion was yielded in a membrane
reactor, while only a 6% CH4 conversion was achieved in a fixed-bed
reactor at the same reaction conditions. Furthermore, a comparison of
CO selectivity for both reactors as a function of temperature and pres-
sure revealed lower selectivity in MR with respect to fixed-bed at specific
conditions, probably due to the shift of WGS reaction (R2) [331].
Extremely low concentrations of CO in the gas composition of MR have
been observed in the studies. That means enhancement of WGS due to
selective removal of H, via membrane [320]. For this reason, two spe-
cific columns of CO selectivity and Hy/CO have been excluded in
Table 5. The CH4 conversion and Hy yield are targeted as the most
important outcomes of SMR. It is noticed that the Pd-based membrane is
due to its capacity to remove Hy from the products. For instance, Kim
et al. [333] utilized a gas permeation and SMR test system that con-
tained a membrane module, furnace, temperature controller, pressure
controller, digital soap-bubble flow meter, and wet gas meter. The sys-
tem included a metal ferrule and a Teflon ferrule for sealing the
permeate side of the membrane reactor. A bubble leakage test was
conducted before the SMR test to ensure gas tightness (Fig. 26(a)). The
SMR test was conducted at 823 K, and a commercial Ru/Al;O3 catalyst
was packed between the membrane module and the Pd-based composite
membrane Fig. 26(b). The GHSV was increased from 1000 to 2000 hl,
and the steam-to-carbon ratio was set at 3 for the overall SMR test. A
stability test was conducted for around 120 h at a GHSV of 2000 h™! and
a pressure difference of 1013 kPa to obtain an efficient methane con-
version under rough operating conditions. The hydrogen recovery,
production rate, and compositions of the gas streams were periodically
measured during the stability test. The gas compositions were analyzed
using a gas chromatograph equipped with a thermal conductivity
detector.

As shown in Fig. 26(c), the stability of SMR was tested at different
pressure differences and GHSVs at 823 K for about 120 h. Methane
conversion and hydrogen production rate were measured periodically
during the stability test. Results showed that CH4 conversion and Hy
production rate were approximately 82% and 0.18 Nm® h™!, respec-
tively, at a pressure difference of 1013 kPa and a GHSV of 2000 h™1. The

36

Renewable and Sustainable Energy Reviews 183 (2023) 113392

O CC-AN-80 (sorbent);

© Nio.s0/Mg250Al (catalyst)

Pattern | Pattern Il Pattern Il
100
(b) —m— Pattern | 550 °C
—e— Pattern |l
90 - —A— Pattern Il
80 L
70 |
60 f } f %
(©) 600 °C
95
X
%l
85 L
d 80 | : I I 650 °C
(d) o
96 |
oA -
92
% | | | 1
0 30 60 90 120 150
t/ min

Fig. 29. (a) Different employment patterns of catalyst and sorbent (b-d) effect
of catalyst and sorbent loading patterns on CH4 conversion at various temper-
atures. Nig 50/Mga.50Al (1 g), CC-AN-80 (3 g), 1 atm, H,O/CH, (molar ratio) =
4.2, FCH4, in = 14.7 ml/min (Reprinted with permission from Ref. [307].
Copyright (2012) Elsevier B.V.).

Hy recovery and purity remained at around 92.4% and 97%, respec-
tively, during the stability test.

The membrane configuration can be developed in various shapes and
geometries, i.e., planar and tubular, which include hollow-fibers, spiral
wound, and frame. The most commonly used membranes are tubular in
shape, which offers a high active surface area to the total volume [324].
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The two main concepts of unsupported and supported membranes are
widely practiced in Hp permeance. The supported membranes are
composed of a selective film deposited on the porous support, which is
usually metallic or ceramic. Due to the high purity of Hy, dense metal
membranes are more common. More details about the commercial
membranes and their performance are reported by Gallucci et al. [324].
Based on the material size, the microporous membranes consisting of
zeolite membranes, Metal organic framework (MOF) membranes, silica
membranes, and carbon membranes are being utilized for Hy purity in
SMR [336,337]. The dense ceramic membranes were also used for Hy
purity in SMR due to their proton transport mechanism. The operating
temperature is generally >900 °C. The dense membranes consist of
perovskite-based materials, but this type of utilization is very limited in
SMR [338].

Recently, H, production has also been carried out using hollow fiber
membranes consisting of a dense layer on a porous Ni substrate [339].
The porous surface played the role of catalyst, while the external skin
layer worked as a membrane for SMR reaction, yielding high stability in
product (reformate) gases with enhanced resistance to carbon deposi-
tion at >800 °C. At 1000 °C and GHSV = 25,937 h™}, the CH4 conversion
was 98.58% and H, production rate was 50.84 mmol m 2™, Fig. 27
(a-d) shows the performance results as a function of temperature, where
a noticeable increase in CH4 conversion and Hy yield can be seen above
500 °C due to the favorable endothermic SMR reaction at higher tem-
peratures. An increase in S/C from 2.0 to 3.0 enhanced the CH4 con-
version and Hj yield, but further enhancement of S/C to 4.0 caused a
reduction in performance, suggesting that SMR on Ni-based membranes
followed an adsorption mechanism. Similarly, CO selectivity increased
from 500 to 800 °C with an insignificant change above 1000 °C, as
shown in Fig. 27(d). The Hy concentration in the product gas rose with
temperature and became constant above 800 °C because of the ther-
modynamic equilibrium at such temperatures. Fig. 27(e-g) presents the
SEM images of the hollow fiber membrane prepared for Hy permeation.
The outside diameter of the membrane was 1.68 mm, with a porous
substrate of finger-like pores. A smooth surface with grain boundaries
between Ni particles was seen on the outer surface [339].

A novel concept of CO, perm-selective MR allows CO along with the
promoted Hy Such a type of MR is made of a dual-phase ceramic
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carbonate membrane. Due to the in-situ CO, removal, the concentration
of Hy in the retentate can be significantly enhanced in a single-stage MR.
This method will lead to a reduced reactor footprint with no extra
requirement for the WGS unit [340,341].

Various kinetic models have been developed to understand the ki-
netics and performance of MR using CFD [87,322]. A study developed a
global kinetic model and introduced source and sink formulations for
the Hy permeation through the membrane. The developed model effi-
ciently captured the trends observed experimentally and suggested an
optimum temperature range of 400-700 °C to achieve a good balance
between reaction performance and permeation through the membrane
[342]. Various kinetic models have already been discussed in the pre-
vious section regarding MRs for SMR.

In conclusion, the recent advancements in MR technology give
benefits to membrane technology in the SMR process, including
enhanced heat and mass transfer, separation in one stage, and higher
selectivity for Hy. The potential of the already established technology of
the membranes is already in the market. Nevertheless, there are still
many challenges from an industrial point of view, such as the stability of
time on stream and the cost of membranes. Moreover, microporous and
carbon membranes need more attention to make them commercially
viable in SMR for Hy production.

3.2. Effect of sorption

For the past few years, the focus on Hy production has shifted to-
wards the technologies that support the reduction of GHG emissions, i.
e., to turn the Hy from gray to blue [347,348]. Yet fossil fuels as a
feedstock for Hy will remain for the foreseeable future. Various in-
vestigations have reported advanced technologies in the process that use
modified catalysts to overcome the limitations of SMR [39,349,350].
One way is to remove either CO, or Hy continuously, thereby shifting the
thermodynamic equilibrium towards Hy production. As shown in the
previous studies, there is a possibility to replace the complex multistep
reactions with a single-step reaction that utilizes a mixed bed of catalyst
matrix and solid sorbent operating in an intermediate temperature range
[351]. The process, known as SESMR, is an intensification of reactions
(R1) and (R2) via a high-temperature solid-sorbent, hence, coupling the
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Fig. 31. (a) Bubbling regime in fluidized-bed reactor; (b) concept of membrane reactor with increasing bubble size; (¢) impact of mass transfer limitations of bubble-
to-emulsion regime on CH4 conversion in fluidized-bed reactor. (Recreated with permission from Ref. [411]. Copyright (2010) Elsevier B.V.).

commercial SMR with in-situ CO; capture [352,353]. Using this tech-
nique, the equilibrium of the reforming reaction is shifted towards Hy
production from 80% to 95%, based on Le Chatelier’s principle [354].
The concept behind the SESMR process is centered around the utiliza-
tion of a reforming catalyst and a solid regenerable sorbent to capture
in-situ CO5 from the reaction zone [65].

The enhanced sorption process allows for lower reaction tempera-
tures and reduces the coking and sintering of the catalyst. In addition,
the heat needed for the endothermic reforming reactions is provided by
the heat released from the exothermic carbonation reaction. Hence,
approximately 15%-20% of COs in the outlet gases can be captured from
SMR. The yield of Hy produced is dependent on the properties of the
reforming catalyst and the sorbing agent used for CO5 capture, leading
to a higher product yield of Hy [355,356].

However, the process requires a sorbent regeneration stage to reuse
the sorbent once it becomes saturated with CO,. After saturation, the
sorbent can be regenerated at higher temperature conditions that
depend on the partial pressure of CO,, producing pure CO, and being
ready for storage as chemical feedstock [357]. The reaction temperature
and pressure in SESMR are much lower than in conventional SMR, at
400-600 °C and 0.1-0.3 MPa, respectively. The lower operating tem-
peratures suggest the need for a very active reforming catalyst [162].
SESMR is favored at reduced pressures owing to the increase in the
number of gas moles in the overall reaction involving reforming and
carbonation. A GHSV lower than required for SMR is preferable because
of the rate-limiting effect of the carbonation reaction [294]. Accord-
ingly, the process has been investigated in various configurations,
including fluidized-bed and fixed-bed under atmospheric or high pres-
sure [307,358-364]. Extensive studies on low-cost Hy production sys-
tems have been carried out, including SESMR [365-367].

The reactor system consists of a reforming catalyst and sorbent that
remove COy as soon as it is produced through reforming and WGS.
Indeed, the CaO carbonation shifts the equilibrium of the WGS [368]. An
ideal CO4 sorbent should have high cyclic stability, adequate adsorption
characteristics, satisfactory adsorption/desorption kinetics, and high
mechanical strength. In recent years, numerous sorbents have been
studied, e.g., mixed oxides such as magnesium oxide [369,370] and
calcium oxide [371], HTc-based materials [372,373], lithium orthosi-
licate (LOS) [374,375], and multifunctional sorbent-catalyst materials
[363,376]. Table 6 presents different sorbent-catalyst systems for the
SESMR process, with CH4 conversion and H; yield in the
pre-breakthrough times where the sorbent is highly active. However, CO
selectivity and Hy/CO ratio have not been reported for the SESMR, as an
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extremely low concentration of CO in the product gas is exhibited due to
the sorptive removal of CO5 [377]. Among these, CaO-based sorbents
have a strong chemical interaction with COy to form CaCOs (R6),
resulting in the highest adsorption capacity, fast calcination/carbona-
tion cycles, and adequate reversibility [378-380]. Fig. 28 illustrates the
mechanism of CaO-based sorbents and catalysts for SESMR. The CaO
particle helps to react with the CO3 produced during the reforming re-
action over an active metal site, depositing CaCOs3 on the surface of the
catalyst.

Ca0+ CO, & CaCOs[(AHys) = — 178 kJ / mol)] (R6)

However, the major drawbacks of CaO sorbents are the decay in the
adsorption capacity throughout the multicycle operation and low con-
versions due to the formation of the CaCO3 layer that covers and fills the
pores of CaO, thus hindering the CO; diffusion to the reaction interface
[381]. For this reason, attention has been paid to modifying CaO-based
sorbents either by changing the calcium precursors, steam reactivation,
modification of pore structure, or by incorporating a variety of metal
oxides such as ZrO;, MgO, Al,03, and LayOs into the CaO system
[382-385]. This group of synthetic CaO-based modified sorbents has
shown a decrease in sintering phenomena because the metal oxides may
behave as spacers between the CaO particles, protecting them from the
accumulation of sintered grains during multiple cycles. As a result of this
phenomenon, a noticeable improvement in active surface area and
mechanical and thermal stability may be observed [386].

The effect of CaO dispersion on a highly porous y-Al,03 was studied
to compare the stability and kinetics of bulk CaO as a sorbent. The
synthesized catalyst/sorbent was tested at 650 °C for 84 cycles and
demonstrated long-term stability when compared to bulk CaO as a
sorbent. This sorbent was a candidate for SESMR with a CO5 uptake
efficiency of up to 15% [387]. The improvement in sorption (CaO-based
CaTiOg3 coated adsorbents) of CO, during the SMR was analyzed. Due to
the CaTiOs coating, a sorption capacity of up to 5.3 mol/kg was
observed after 40 cycles of carbonation/calcination reaction, whereas a
capacity of up to 3.7 mol/kg was observed without coating [388]. CO4
sorbents derived from Al and Ca precursors are expected to be applied in
the SESMR process. Among various precursors, CaO-CagAlgO1g with 80
wt% CaO content showed the best performance for sorption and stability
over multiple cycles [389]. Similarly, a bi-functional catalyst from the
HTc precursor containing calcium as a sorbent and Ni as a reforming
catalyst was also developed. The CO» sorption capacity observed over 10
cycles was 0.074 g CO,/g sorbent and stabilized over 7 cycles with a
0.3% average decay rate per cycle. The material with Ca developed a
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larger quantity of high-purity Hy than with Ni-SiO5 [390].

HTc promotes CO; capture sorbents known as layered double hy-
droxides (LDH) from the anionic clay family, with the general chemical
formula [ML,MI (OH),1* [A%,,.yHo01%~, where A" represents n-val-
ent anions, M"" and M™ are the divalent cations (e.g., Mg*2, Cu™2, Mn*2,
Zn™2) and trivalent metal cations (e.g., Fe™3, Co™, AI*3 cr™®). For
example, it consists of layers of Al and Mg with exchangeable interlayers
of carbonate ions and H20 molecules. The layers have a brucite-type
structure, i.e., Mg(OH),, in which Mg accelerates CO2 selective
adsorption. The cations Mg*? are octahedrally linked with OH™ and
arranged in sheets held together by H-bonds. The Mg™? cations in this
structure are partially replaced by Al*3, resulting in a positive charge
that is compensated due to the presence of CO32 ions that can exist in
conjunction with H,O molecules between two brucite-type sheets [391].
Calcination of such LDH gives a homogenous mixture of M and M
oxides that are finely dispersed and associated with high thermal sta-
bility and surface area. HTc-based catalysts have shown promising

Regeneration reactor
fast fluidization regime
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results owing to the uniform dispersion of active metal on the catalyst
surface, large surface area, and memory effect, which enables HTc to
return to its original form after contact with an aqueous solution. Lately,
Ni-loaded calcined HTs have been promising for the catalytic reforming
of different hydrocarbons [392,393].

HTc has an acceptable CO5 capture capacity of 0.45-1 mol/kg at
elevated temperatures of 400-450 °C. Dewoolkar et al. [287] produced
98.5% Hay-rich gas from Ni-based HTc for SESMR. Prepared HTc adsor-
bed almost 1.1 mol CO2/kg of sorbent and showed stability up to 16
cycles. Similarly, cerium promoted HTc for SESMR, improved Hj pro-
duction, and offered strong basic sites for the adsorption of CO,.
Adsorption capacity up to 12.3 mol/kg sorbent was observed with sta-
bility up to 11 cycles [372].

Based on the diameter of the catalyst particle, there are three major
approaches to introducing catalyst and sorbent, as shown in Fig. 29(a)
[307]. Pattern I depicts the small particle size catalyst and sorbent with a
diameter of 0.16 mm, premixed uniformly and pelletized by applying 20
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MPa pressure into cylindrical pellets. Patterns II and III have relatively
larger particle diameters of 1.42 mm. The particle size of the catalyst and
sorbent is important because it is closely related to the internal diffusion
limitations, and the applied patterns can present a comparative analysis.
The performance analysis of these applied patterns for various temper-
ature ranges is shown in Fig. 29(b-d). The integration of catalyst and
sorbent into one particle (pattern III), namely the combined catalyst, can
improve the mass transfer of CO, between catalyst and sorbent
compared to pattern II, because in pattern III the CO, formed over the
catalyst can be directly captured by the sorbent in the same particle,
while in pattern II the CO3 has to diffuse from the catalyst particle to the
bulk phase first and then into the sorbent particle [307].

The sorbent and catalyst interactions play a key role in the mass
transfer limitations and post-breakthrough period of SESMR. The
interaction between catalyst and sorbent is always complex, so the ki-
netics of the SESMR focus on adsorption-desorption under transient
conditions. CO,-sorbent surface interactions with diffusion limitations
via carbonate formation. Various kinetic models were presented for
SESMR and thoroughly presented in the literature [356]. The
time-dependent models are being employed due to COs-capturing
behavior and diffusion limitations. The reforming and WGS reactions
were modeled using classical Langmuir-Hinshelwood equations [250].
However, the set of operating conditions may influence the equilibrium
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limitations. During the design phase of the reactor, the length of the
reactor, gas velocity, and interaction between catalyst/sorbent, and re-
actants must be carefully selected to achieve the maximum performance
with the least pressure drop. Consequently, the reactor can be modeled
and validated via theoretical approaches.

CFD played a significant role in understanding the fluidized-bed
reactor systems in SESMR. SESMR kinetics have been studied in a flu-
idized bed using CFD [394]. CFD simulations can help with the kinetics
of SESMR with a fluidized-bed especially in the case of a modified
configuration of the reactor, as in the work of Herce et al. [395]. This
study investigated the feasibility of SESMR for higher H, production in a
riser reactor and upsized a bubbling reactor from a laboratory to a larger
scale. Similarly, simulations for a pilot-scale riser were developed for
SESMR in a circulating fluidized-bed reactor and suggested a riser height
of 7.0 m to give the distribution of solids without the segregation of
catalyst and sorbent [394]. The effects of fluidization on SMR and
SESMR are discussed in detail in a separate section.

Based on the available studies related to the CO5 sorbents in the
SESMR process, blue Hy can potentially be obtained in a single step. The
required reaction temperature range is between 450 °C and 650 °C; the
stability and mass ratio between sorbent and catalyst, and the regener-
ation of catalyst and sorbent (cyclic tendency) are key components in
SE+SMR, along with the low-cost synthesis of catalyst and sorbent with
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Table 7
Summary of OCs for CL-SMR
Oxygen carriers Process conditions Reactor type ~ Number of redox cycles CHy conversion H yield CO selectivity Hp/CO  Remarks Ref
(%) (%)
Mgo.1(Cug 3Nip 3Mng 4)o.0 Fe204 T = 650 °C; Fixed-bed 24 99.4 84.4% - 5.9 Metal oxides combined for OC yielded spinel structures. High [433]
S/C=25 stability and the lowest coke formation were observed during 24
redox cycles.
La-Mn-Fe-O T =850 °C Fixed-bed 9 - - - 2.0 Four samples of OC exhibited high syngas production and CH4 [435]
OCloading =1.8¢g conversion, while two samples showed ideal values.
Lag gsMnFeg 1503 presented enhanced structural stability and
excellent activity during the redox cycles.
LaMng sFeq 503 T = 850 °C Fixed-bed 5 87.5 - - ~2.0 Variable substitutions of Mn yielded varying results for CL-SMR. Less  [233]
coke formation was observed in LaMng sFeq 303 and LaMng sFeq 703,
while LaMny 7Feg 303 was not found suitable for CL-SMR owing to
reduced H, generation capacity.
CeO,-Fey03 T =875°C Fixed-bed 16 52.49 5.99 mmol/g ~100 ~2.0 Fe@Ce provided selective oxygen from CeO, that facilitated oxygen [429]
OCloading =4 g ion transport. Enhanced CO selectivity, syngas production, and high-
purity Hy were all exhibited.
Ce—Fe-Zr-O-MgO T =800 °C Fixed-bed 50 63.2 1.14 mol/kg  >90 2.0 Monolithic OC exhibited high stability and enhanced activity for [70]
OCloading=2g water splitting and CH, oxidation. Resistance to coke formation was
observed using honeycomb support, which prolonged the running
cycle of the process.
Fe;03/MgAl,04 T =900 °C Fluidized-bed 10 - ~1.1/L - - Various supports with Fe,O3 were tested to observe the effect on Hy  [458]
Fey03/Zr0,y OC loading =12 g ~0.8/L yield. 99.5% H, purity is exhibited by Fe;O3 on MgAl,04, YSZ, or
Fe,03/YSZ ~0.75/L ZrO,. However, 98.8% and 99.3% H, purity were seen for SiO, and
Fe,03/A1,03 ~0.5/L Al,03 on Fe;03. The Fe,03/supports exhibited H; yield in the
Fe,03/Si0, ~0.2/L following order:
MgAl,04>ZrO2>YSZ > Al;03>SiO;.
NiO/CaO T =650 °C Fluidized-bed - 98.1 - - 2.13 An internal circulation reactor configuration was proposed for the CL.  [459]
process. Enhanced CH4 conversion to syngas was observed with
93.0% syngas purity.
Fe;03/A1,03 T =900 °C Fluidized-bed 10 - ~0.25 mol - - Fe,03 on Al,O3 was more reactive than TiO». Deeper Fe,O3 [460]

OC loading = 20 mg

reduction and higher H, production (97%) were observed at
temperatures ranging from 600 to 900 °C, whereas suppression of
carbon deposition during the reduction period was observed at
higher temperatures. The highest H, yield was observed for
Fe60A140, with few differences in yields for Fe90AI10.
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the highest sorbent capacity [145]. A configuration such as a fixed-bed
reactor system has been considered by various groups, but due to mass
transfer and diffusion limitations, a fluidized-bed configuration with
solid recirculation is a more important and practicable approach. Even
though the concept is not novel, extensive studies are still needed to
develop highly efficient hybrid systems with stable cyclic operation to
reach commercial scale.

3.3. Effect of fluidization

Conventionally, fixed-bed reactors are used for SMR. But, consid-
ering the drawbacks of fixed-bed reactors, including hotspot formation
in the reactor due to higher temperatures, pressure drop, and lower ef-
ficiency, fluidized-bed reactors are an alternate configuration for SMR
[319]. These reactors have advantages over conventional reactors,
including: (i) fewer temperature gradients, hence cheaper reactor ma-
terial for the reformer; (ii) despite the fast solid mixing of feed and solids
in the fluidized bed, temperatures can easily be controlled; (iii)
extremely high solid-gas contact happens in these reactors, allowing an
impressive usage of catalysts [401,402]. Fig. 30(a) [403] depicts a
general schematic diagram of a membrane-assisted fluidized-bed
reactor. Various experimental and theoretical studies have been per-
formed using fluidized-bed reactors for SMR coupled with SESMR or MR
[342,404,405]. Fluidized-bed is preferable for Hy production, as this
approach is used where there is a need for a catalyst to be regenerated
continuously owing to its higher capability for solid handling and
facilitating heat and mass transfer [406].

As shown, CO; sorption is regarded as an efficient enhanced-
reforming approach for blue Hy production. On one hand, the gas
product CO3 is removed to improve the purity of hydrogen . On the other
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hand, additional heat can be provided for the reforming reaction owing
to the exothermic CO3 sorption reaction [407]. Thus, the integrated
technology of H, membrane permeation and CO- in-situ sorption as well
as its application in the catalytic reforming process has attracted re-
searchers’ interests [408]. Andrés et al. [409] investigated the effect of
Hj permeation through a perm-selective Pd membrane and CO sorption
through limestone sorbent on SMR performance in a pilot-scale fluid-
ized-bed reactor, as shown in Fig. 30(b). They showed that removing the
CO4 in-situ causes a shift in the thermodynamic equilibrium to boost
blue Hy production.

A fluidized-bed reactor operates in a bubbling regime or fast fluid-
ization. Concerning the feasibility of these reactors, process conditions
can be assured by means of requirements for the circulation rate of
solids, solid regeneration, and solid particle makeup, which are appli-
cable in reforming technologies [405,410]. The SMR in a
bubbling-regime fluidized-bed reactor is depicted in Fig. 31(a). The Hj
recovery through the membrane shifts both reforming and WGS re-
actions towards higher CH4 conversion and Hy yield as compared to
conventional SMR. A pressure difference is applied between the reaction
and permeation sides to enhance Hy permeation. The application of
membrane inside the reactor reduces the bubble diameter, reduces the
chances of back mixing, and increases the bubble-to-emulsion mass
transfer. One of the concerning factors that affect the reactor’s perfor-
mance is the limitation of mass transfer between the emulsion phase and
bubble phase [411]. As shown in Fig. 31(b), increasing the bubble
diameter, which is itself increased by the reactor length, increases the
mass transfer limitation. The increase in bubble size results in a reduc-
tion in CH4 conversion. According to Fig. 31(c), the CH4 conversion
decreases as the mass transfer limitations increase. It also shows that
enhancing the mass transfer by a factor of 10 gives a conversion that is
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Fig. 34. CL-SMR reaction performance during H,O splitting step over La; xCe,FeOs catalyst, (x = 0, 0.5, 1) in terms of (a) H, purity, productivity, and rate of oxygen
restoration; (b) proposed mechanism of CL-SMR over Lag 5sCep sFeO3 for H, production. (Reprinted with permission from Ref. [125]. Copyright (2020) Elsevier B.V.).
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nearly ideal without the mass transfer limitations. Therefore, the use of
membranes inside the reactor bed leads to a reduction in the bubble size
due to the bubble break-up by membrane tubes [411].

SESMR was performed in a bubbling regime to investigate the mixing
flow behavior of the catalyst and sorbent, yielding a Hy product of
>0.95 mol purity. The superficial gas velocity played a key role in the
fluidized-bed. In the case of the bed operating at a lower velocity of 0.15
m/s, segregation of catalyst and sorbent was observed, with the sorbent
sinking towards the bottom while the catalyst rose in the upper section
of the reformer. However, increasing the velocity to 0.3 m/s expanded
the bed, and well-mixed sorbent and catalyst occurred [412]. Hy pro-
duction via SESMR was performed in a fast fluidization scheme,
resulting in 98.58% Hj purity and good mixing with no segregation of
catalyst and sorbent [394].

Fluidized-bed reactors are highly dependent on the fluidization
conditions. Very high feed rates can cause the H; yield to be lower in the
SMR process due to gas slip. Furthermore, under fluidization conditions,
the maximum flow would result in increased bubble-to-emulsion limi-
tations [413]. Industrial systems are typically designed for specific
process conditions, though the output changes when varying the flow
rates of feed into the reactor. This results in a change in fluidization
velocity too. Therefore, industrial reactors are designed so that the
fluidization regime falls within an appropriate production capacity
range of 40%-100% of nominal to minimal capacity [413]. Bubble size
is also considered a crucial point in a fluidized-bed. This is because the
rate of phenomena in a fluidized-bed (heat transfer, catalytic reaction,
interphase reaction, and gas dispersion) is highly dependent on the
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bubble size in the fluidization regime. An increase in bubble diameter
may cause bubbling fluidization to change into slugging fluidization. In
the case of a slugging regime, large-sized bubbles inhibit the reaction,
resulting in the fluctuation of the outlet concentration of SMR product
gas and CH4 conversion [414].

Two different configurations of FBMRs were proposed by Adris et al.,
[415]. The configurations differ in the streams passing through the Pd
membrane to permeate hydrogen. The product stream is passed through
the membrane after passing through a cyclone for removing the
entrained solids, followed by a valve that creates a driving force for Hy
permeation across the membrane. The second configuration involves
feeding part of the feed into the reactor and the remaining feed into the
membrane. In this case, the driving force is the difference in Hy con-
centration between the feed and product. The focus in both configura-
tions is to generate an H, partial pressure difference to enhance
permeation [415].

Another study proposed the concept of a two-zone fluidized-bed
reactor (TZFBR) integrated with catalyst regeneration. Oxidative SMR
was tested on the fixed-bed, fluidized-bed, and TZFBR. Oxidative SMR
overcomes the SMR limitations of the high S/C ratio and external
heating source required for the endothermic reaction. This process is
more efficient than conventional SMR. However, it has the drawback of
hotspot formation in the initial bed section and coke formation in the
final section. In oxidative SMR, it is necessary to supply oxygen with
steam so that the endothermic SMR is combined with CH4 combustion
and POM. The fixed-bed configuration depicts a reactor with the catalyst
supported on inert glass wool. The fluidized-bed reactor and TZFBR

%0,

Step 2 of 2

Fig. 35. a) The reactor configuration for CO and H, rich streams in two-step CL-rTWGS; b) The schematic presentation of two CL-rWGS steps; 1: H, production; 2: CO
production. (Reprinted with permission from Ref. [445]. Copyright (2022) Elsevier B.V.).
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configurations consist of a fluidized-bed made of quartz. In TZFBR, the
quartz tube is placed in the reactor to feed CHy4 at the point of bed height
while steam and oxygen pass through the lower part. The influence of
reactor type on product distribution shows that Hy selectivity in the
TZFBR was slightly higher than in the fluidized-bed reactor. No coke
formation was observed in the TZFBR as compared to the fluidized-bed
reactor, which had a 10% coke selectivity. However, higher CO selec-
tivity was observed in TZFBR. This happened because gasification and
coke combustion are favored at the bottom of the reactor. The com-
parison of fluidized-bed reactor and TZFBR performances with reactor
temperature shows that CH4 conversion in the latter was stable and
higher than in the fluidized-bed reactor during a TOS (time on stream) of
190 min at a very low S/C ratio of 0.75 [282].

Intrinsic kinetic models have been developed for fluidized-bed re-
actors. A study suggested that micro fluidized-bed reactors exhibited
enhanced heat and mass transfer as compared to fixed-bed reactors
without having uneven temperature distribution or issues in heat and
mass transfer performance [313]. Micro fluidized reactors have shown
superior heat and mass transfer properties in which the fluidized me-
dium and catalyst particles are suspended due to an upward-flowing gas
that allows temperature uniformity and rapid heat transfer. This prop-
erty makes fluidized-bed reactors more  suitable for
temperature-sensitive reactions, removing the need for back-mixing and
external diffusion [313]. The application of a micro fluidized reactor can
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provide accurate intrinsic kinetic equations in SMR. A kinetic model
suggested two mechanisms for SMR. A series reaction mechanism in
which steam and CHy first react to form CO, which further reacts with
steam to form Hy and CO5. Also, a parallel reaction mechanism in which
steam and CH4 simultaneously react to form CO, and CO. The kinetic
equations for the two different mechanisms take the following forms, as
represented in Egs. (15) and (16):

: : — 4 by c1 — a by 2
Parallel reaction mechanism rco =k, .pcy, -Pi,0-PH, Tco, = KaPcu, -Priyo. -Ph,
15

. . . b b,
Series reaction mechanism rco = ks3.py, Pii,0-Pi, Tco, = ka-Deh, Pityo P,
16

Where k; and ky are the Arrhenius rate constants, i.e., k; = Ale_El/ RT

and ky = Age F¥/RT respectively. pcu4, P20, and pys are the partial
pressures of CHs, H20, and Hp, respectively. The rco and r¢og are the
rate constants of CO and CO5 The model concluded that the series re-
action mechanism gives negative activation energy for the WGS reac-
tion, which is unrealistic. However, the results of the parallel reaction
mechanism were consistent with the experimental data, with more than
95% CH4 conversion at 700 °C and a 0.2 m/s inlet velocity [313].
Another study presented a conceptual design of SMR coupled with
CO; capture and CL-SMR in two interconnected fluidized reactors using
NiO/ZrO, as a catalyst and CaO/CaZrO3 as a sorbent [416]. Fig. 32
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S. Saeidi et al.

shows a schematic illustration of the system with Hj yield and reactant
conversions at the exit of each reactor stage. Reforming occurs in a
bubbling reactor; however, a fast fluidization reactor is used for regen-
eration. As shown in Fig. 32, solid particles from the gas product stream
of the reformer containing Ni, CaCOs, and CaO enter the regenerator
with a pure O stream. External heat is required for the regeneration of
the sorbent and a temperature of 900 °C to drive calcination. The hy-
drodynamics and reaction rates for the fluidized-bed reactor were
calculated using kinetic models. The minimum fluidization velocity
(Umg) was analyzed using the following theory by Wen and Yu (Eq. (17))
[417].

,di X (P; —/)g) X8 8}1/ X
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Unt 150 x 7
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Where d, is the diameter of the particle, ps, and p;, are the densities of
solid and gas particles, p is the viscosity of inlet gas, g is the gravitational
acceleration, ey is the void fraction under minimum fluidization, s is
the sphericity of the solid particles, and Re, s is the Reynolds number in
the minimum fluidization condition. The terminal velocity (Up) is
calculated by the following Eq. (18).

Pe

-1/3
=U ' x|———&
T ﬂX(ps—pg)Xg}

18

Where Uy* is the dimensionless terminal velocity, the reactor is
assumed to operate in a bubbling regime that occurs when the superfi-
cial velocity of the gas is greater than the minimum bubbling velocity
but less than the terminal velocity. The simulation results were close to
the equilibrium values for Hy production with 95% purity, 93.4% CHy4
conversion, and an 80.2% Hj yield in a bubbling reactor. The results
were in agreement with those of fixed-bed reactors, where both were
found close to equilibrium [416].

It is suggested that a fluidized-bed reactor integrated with membrane
technology be used to overcome the limitations of the conventional
process, including heat transfer limitations and higher intraparticle
resistance. The advantage of temperature uniformity in a fluidized-bed
also reduces the thermal stresses on the material of the membrane. It
also offers the possibility to limit coking by using circulating fluidized-
bed reactors. However, considering the industrial point of view, issues
are still to be addressed before commercialization, including the mem-
brane cost and the stability of membranes under harsh fluidization
conditions. Although these issues are solved by the fluidized-bed
reactor, when SESMR is applied in a fluidized-bed reactor, there is a
drawback of higher energy requirements in the regeneration step. This
leads to the application of oxygen-transferring material in the reactor, as
in chemical looping, as an attractive process for Hy production.

3.4. Effect of chemical looping

To overcome the inefficiency of heat supply to endothermic
reforming reactions and inhibit coke formation, oxygen is successfully
introduced into a fluidized-bed for oxidative reforming (or partial
oxidation) so that the auto-thermal condition can be achieved [418,
419]. All strategies of chemical looping conversion of methane,
including chemical-looping combustion, chemical-looping partial
oxidation, chemical-looping dry reforming, and chemical-looping steam
reforming were scrutinized by Li et al. [420-422]. However, this
research only focuses on CL-SMR. In CL-SMR, CHjy is partially oxidized
to Hy and CO without the utilization of elemental oxygen and
substituted with lattice oxygen of the OCs [423]. CL-SMR is a novel blue
H, production technique that combines SMR with inherent COy sepa-
ration while consuming no additional energy [294,424,425]. The pro-
cess is favored under an S/C of 4.0. Under these conditions, the process
yields high Hy purity, up to 92.6%, without the need for any purification
process. Compared to the energy efficiency of SMR and CL-SMR, the
latter process exhibits approximately 17.48% greater energy efficiency
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as compared to SMR [426]. The process involves the formation of syngas
from CH4 in the first step via solid metal oxide OC, converting it into
reduced OC as in reaction (R7). In the second step, Hs is produced by the
decomposition of Hy0 over the reduced OC as in reaction (R8). The
reactions in CL-SMR are illustrated in Fig. 33(a) [427].

CL-SMR occurs in a fixed-bed reactor with a dual-step that cyclically
changes the feed to a reactor containing oxygen transfer material, as
illustrated in Fig. 33(b) [428]. Three phases occur in three parallel re-
actors in sequence. The oxidation reactor forms NiO by reacting Ni in the
air stream and releasing Ny. The OC is reduced in the reduction reactor,
forming H»0 and CO,. The final reactor contains the reduced OC and is
fed with CHy4, recirculated CO5/H50, and additional steam to form
syngas. Each reactor operates in oxidation, reduction, or reforming
mode by switching the inlet streams. Furthermore, Patil et al. [321]
designed a type of combined membrane-assisted fluidized-bed reactor
for blue Hy production using light hydrocarbons as fuel, as illustrated in
Fig. 33(c) [107]. The H; separation membrane was located at the upper
reactor, while the oxygen addition membrane was at the bottom. The
autothermic operation with a high fuel conversion and Hy yield could be
achieved with a low catalyst load. In addition, the temperature in these
two zones could be effectively controlled to achieve optimum reforming
performance by adjusting the feed ratio from the bottom to the top zone.

Reduction reaction (R7):

MeO, + 5CH, < MeO,_; + 5(2H, + CO) (R7)
Oxidation reaction (R8):

MeO,_s + 5H,0 < MeO, + 6H, (R8)
Overall reaction (R9):

CH, + H,0 < 3H, + CO (R9)

Where MeOy and MeOy._; are the metal oxides and reduced metal oxides
(carriers), respectively, whereas (R9) represents the overall SMR
process.

The CL-SMR process is dependent on the metal oxide selected as an
OC. A suitable OC must have a high capacity for oxygen storage, high
reactivity under alternating processes of oxidation and reduction, good
thermal and mechanical stability, and appropriate reactivity under
changing oxidation and reduction processes [429]. Recently, a number
of OCs, including Ni-ferrites [430,431], Cu ferrites [432,433], CeOq
[434], and perovskite-based [435], have been studied for CL-SMR. The
Ni-based OCs are unselective for the POM, but the reaction favors the
total oxidation of CH4 even with a small quantity of NiO. However, the
Ni-based OCs may trigger environmental concerns [436]. For Hy pro-
duction, Fe-based OCs are highly active in water-splitting reactions but
have a higher selectivity for the total oxidation of CHy4, which is unde-
sirable for syngas production [437].

CeO- has been significantly investigated for CL-SMR owing to its
syngas selectivity, resistance to carbon deposition, and outstanding ion
conductivity [234,430,438]. Table 7 presents various OCs with catalysts
for CL-SMR. In the reduction and oxidation steps, respectively, CeOz can
partially oxidize CHy4 directly into syngas without CO, formation in
CL-SMR, giving high-quality syngas and pure Hj in the reduction and
oxidation steps [429].

The process was investigated over Fe;O3 and CeO,. The combination
resulted in enhancing the reducibility of CeO5 and the redox activity of
the process due to Fe;O3 addition, revealing a strong interaction be-
tween Ce and Fe [439]. The calcined CeO,-Fe;03 at 800 °C was tested
for CL-SMR. It exhibited high selectivity and conversion due to its higher
lattice oxygen activity [440]. The high performance of Ce-Fe mixed
oxides can be ascribed to the solid interaction between CeO, and Fe;O3
and the formation of a solid solution of Ce-Fe-O. The thermal stability
and oxygen storage capacity of CeO, are greatly improved due to the
creation of oxygen vacancies in CeOy by Fe®* [441]. CeOy-promoted
Ni-based was used as an OC for the process. It was found that CeO; in
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NiO improved the nanoparticle distribution with 100% CH4 conversion
and 86.98% H; yield at 700 °C (reduction temperature) [442]. A
Ce-Fe-Zr-based monolithic OC was tested to produce syngas. It was
observed that monolithic OC promoted the activity of water splitting,
CH,4 oxidation, and also improved the resistance to coke formation [70].

Perovskites can be optimized to adjust the performance of the reac-
tion by changing the cations [443]. The enhanced reactivity of the redox
property of LaFeOs-based perovskites due to the excellent oxygen con-
duction and availability of larger concentrations of oxygen vacancies has
received lots of attention in CL-SMR [232,444]. However, Fe, Ni, and
other cations facilitate carbon deposition due to methane cracking,
which can be a negative factor leading to the deactivation of OCs,
impure Hj production, and incomplete utilization of fuel [437]. It occurs
in cases where the supplied oxygen available from the internals is not
sufficient to meet the oxygen needs on the surface of OCs. As an active
site, Co is highly efficient at regulating the reactivity of LaMnOs s as
compared to Fe. To overcome this limitation, Sr and Co were
double-adjusted to match the oxygen supply from bulk and the oxygen
needed on the surface of OCs. The catalyst exhibited the best reaction
performance and high stability in redox tests in a range of 0.2-0.4 and
0.4-0.5 substitution proportions of Sr and Co [128]. The kinetic
behavior of the La; yCesFeOs catalyst (x = 0, 0.5, 1) during the H,O
splitting step is depicted in Fig. 34(a). Initially, the Hy purity is less than
100% due to the deposited carbon during the partial oxidation step.
Lag 5Cep.sFeOs showed the highest purity, productivity, and oxygen
restoration rate. It can also be seen that the Hy production is negligible
after 21 min, which shows that the water and oxide reaction achieves
thermodynamic equilibrium.

Moreover, an extensive reaction mechanism of CL-SMR over the
Lag 5Ceq sFeOg catalyst is presented in Fig. 34(b) [125]. This study ex-
amines the potential of ce3t promoted LaFeOs redox catalysts for Hy
production via the CL-SMR mechanism. The study finds that during the
POM step, the catalyst is deprived of lattice oxygen and produces syngas,
while the perovskite structure gradually collapses and reduces to com-
posites of FeO/(La0.5Ce0.5)203 and Feo/(Lao_SCeo_5)02_x owing to the
exhausting of lattice oxygen. In the H,O splitting as a subsequent step,
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the reduced sample is re-oxidized back to Lag 5Cey sFeOs perovskite via
LagsCeosFeOss with the Hy production. The study finds that
Lag 5Ceg.sFeO3 exhibits the highest surface exchange coefficient and
lattice oxygen migration ability among all the La; xCexFeO3 redox cat-
alysts, and with the promotion of an adequate quantity of Ce>* substi-
tution, LagsCepsFeO3 exhibits a better potential in CL-SMR for Hj
production compared to other catalysts.

Recently, a novel method for a two-step SMR for blue Hy, was pro-
posed. Fig. 35(a) presents the experiment using a fixed-bed quartz
reactor with a multifunctional material and oxygen and CO; carriers.
The materials were pelletized, crushed, and sieved before being placed
in the reactor, before loading them in the reactor, aggregates between
355 and 500 pm in size should be obtained. The reactor type is electri-
cally operated with three heating zones and operates at 650-725 °C. The
feed gases do not have direct contact between CH4 and O, thereby
reducing the safety risks. This temperature range ensures that the ki-
netics of reaction steps are fast and thermodynamically favored in the
direction of the carbonation reaction. The proposed reaction mechanism
is presented in Fig. 35(b). It is set to shift the equilibrium in the desired
direction, ultimately improving the heat management of the system
using 3 solid intermediates [445]. NiO is an OC that replaces the Oy used
for POM, a CO, carrier to favor the reaction in the direction of Hj pro-
duction. In step 1, NiO is reduced to Ni, which catalyzes the SMR re-
action, and any COg produced is captured by the CaO (sorbent).
However, in step 2, O is used for the exothermic oxidation of CaCOs. To
enhance the heat distribution, an adequate number of oxygen carrier
pairs can be introduced to the reactor bed, such as CuO/Cu [446].
Another OC, FeOy, is placed downstream of the solids for in-situ utili-
zation of the CO; released [447]. In the first step, a fraction of the
produced Hj reduces FeOy, followed by CO; released in the second step
and oxidizing Fe back to FeOy. The implication of such a system can be
named chemical looping-reverse water gas shift (CL-rWGS). Therefore,
heat management occurs by splitting the heat of POM to syngas into 2
steps that form separate streams of high-purity Hy, CO, and energy
carriers (CaO, FeOy).

This concept differs from the CL-SMR, which requires heat supply in

b) Electric heating

Temperature profile

Characteristic length scales

Fig. 37. Schematic of reactor scale and temperature profiles in a) conventional reformers and b) the electrified reformer. (Recreated with permission from

Ref. [485]. Copyright (2019) Science.).
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the steps and forms mixed steam of syngas in one step of the process
[448]. It also differs from CL-partial oxidation, which forms syngas in
one step and an O, stream in the second step [449]. This method can be
seen as producing blue Hy with in-situ CO5 capture and conversion to CO
in a two-step process. The additional energy demand is reduced by
coupling exothermic and endothermic reactions and lowering the re-
action temperature as compared to conventional SMR.

To attain an increase in reaction rate and catalyst regeneration, a
novel circulating fast fluidized-bed membrane reformer was suggested
[450,451]1, where an Hj separation membrane and an oxygen addition
membrane were simultaneously introduced into a fluidized-bed reactor.
Another novel configuration for chemical looping combustion (CLC)
technology for blue Hy production is to combine it with SESMR tech-
nology, as shown in Fig. 36 [311]. The CLC-SESMR consists of two units.
The first unit involves the SESMR process, where feed gases are sent to
the reformer containing the CaO sorbents. The CaCOj3 is decomposed to
CaO in the calciner by using the heat released from the CLC process
[310]. The second unit is the CLC process, which consists of an air and
fuel reactor. Metal oxide is used to combust the feed gas in the fuel
reactor to produce COy and H30. The metal oxide from this reactor is
then regenerated in the air reactor [452]. Such a type of process is
optimized by taking into consideration the operating conditions,
including temperature, S/C, reformer, air and fuel reactor, calciner, and
CaO/H30 ratios [453]. A higher quantity of metal oxide in the system
leads to higher CH4 consumption during the reduction reaction. This
occurs as the higher quantity of metal oxide circulating in the reactor
increases the temperature and favors the endothermic SMR reaction
[454]. The use of Fe and Ni-based materials as OCs has been investigated
for CLC-SESMR and CLC processes with biomass fuel [455]. Addition-
ally, the thermodynamic analysis of Fe-based oxides exhibits similarity
in Hy purity, energy, and process efficiency. However, it differs in terms
of CH4 conversion and CO» capture, while Fe-based OCs have shown
100% fuel conversion [88].

Kinetic models for CL-SMR depend on the evaluation of both
oxidation and reduction steps during the process, with the concept that
the nature of the support can affect the kinetic performance. This study
developed a shrinking core model to evaluate the reduction profiles of
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NiO/TiO; and NiO/Al;03, and used the “Avrami-Erofeev”’ model for the
reduction profiles of ZrO2 and NiO/SiO». The study on oxidation profiles
revealed a slow diffusion-controlled regime and a fast chemical reaction-
controlled regime. The “Avrami -Erofeev” and “Prout Tompkins” models
resulted in an optimal fit [456]. The kinetic parameters for the SMR,
WGS reaction, and oxidation degree of two OCs were determined [436].
It was found that the performance of SMR and WGS reactions was
similar to the two OCs but lower than the Ni-based conventional cata-
lyst. The performance of OCs depends on their degree of oxidation or
reduction. This increases the reduction conversion of OCs, thus
increasing the catalytic activity. Moreover, Dai et al. [457] stated that
models including the power law model, shrinking core model, and
nucleation and nuclei growth models can interpret the kinetics in the
reduction step over LaFeOs.

Conclusively, in CL-SMR, the redox catalyst plays the role of an in-
termediate for storing and then delivering oxygen ions. Therefore, the
kinetic and thermodynamic properties of the redox catalyst play a key
role in defining the feasibility of this technology. Still, the transport
kinetics of the lattice oxygen in catalysts for CL-SMR are lacking.
Moreover, concerning the catalyst structures for CL-SMR, LaFeOs is the
most investigated perovskite, mainly due to its high oxygen mobility and
the capability to host a huge concentration of vacancies at elevated
temperatures.

4. Future developments of industrial SMR

SMR is a highly energy-intensive process that relies on the combus-
tion of fossil fuels, mainly natural gas, to achieve a high yield of product
and a high conversion of feedstock. Industrial SMR consists of large
furnaces containing several hundred tubular reactors, heated via fossil
fuel combustion. Gas fire heaters for combustion require extensive fuel
and also account for 1% of the CO5 emissions globally [461]. There are
several future developments required to mitigate the environmental
impact of SMR, some of them are discussed as follows.



S. Saeidi et al.
4.1. Advanced catalyst development

There is a critical need to design advanced catalysts that require
lower operating conditions in order to reduce the energy requirements
of the SMR process. The development of such catalysts should target
improving the selectivity and efficiency of the SMR process. The details
have been explained in the section on “2.1. Effect of catalyst".

4.2. Multi-functional materials development for COz capture and
conversion

Multi-functional materials like dual-function materials (DFMs)
[462], zeolites [463], and two-dimensional (2D) transition-metal
(groups 1V, V, VI) carbides (MXenes) have unique properties that can
improve the efficiency and productivity of the SMR process by capturing
CO; and converting it to methane simultaneously. Zeolites are one type
of DFM that has been extensively studied in the context of SMR. Zeolites
are microporous materials with a unique structure that provides them
with a high surface area and catalytic properties. In SMR, zeolites act as
catalysts, capable of breaking the C-H bonds in methane and facilitating
the formation of Hy and CO. Moreover, MXenes have recently gained
significant attention due to their unique physical and chemical proper-
ties, including high electrical conductivity, thermal stability, and
tunable surface chemistry. MXenes are recommended for CO» capture
and/or conversion. For instance, the Cr3C; and Mo3C,; MXenes exhibit
the most promising CO5 to CHy4 selective conversion capabilities [464].
However, exposure to oxygen and/or steam at a high temperature can
also change the lattice structure and morphology of MXenes, leading to
amorphous structures. The risk of oxidation of 2D catalysts in
oxygen-rich environments also makes catalyst calcination and regener-
ation processes quite challenging. Therefore, new calcination and
regeneration methods are required to preserve the 2D structure.

4.3. Process intensification

The implementation of process intensification techniques such as
heat integration, process integration, and process optimization can
improve the energy efficiency of the SMR process. Recently, researchers
are exploring hybrid processes that combine SMR with other technolo-
gies, such as electrolysis or photovoltaics, to produce cleaner hydrogen
more efficiently and with a lower environmental impact [422]. These
techniques can also reduce the capital and operating costs of the process.

4.4. Decentralized and modular SMR

While most industrial SMR takes place in large, centralized facilities,
there is potential for smaller, decentralized production systems that can
be located closer to the sources of raw materials and energy. This
strategy could use a small-scale SMR process or alternative technologies
to produce hydrogen on-site, reducing logistics costs and increasing ef-
ficiency [243]. Small modular chemical plants have many benefits,
including low financial risks, flexibility, and rapid response to changes
in demand. Additionally, smaller facilities may find it easier to meet
stricter safety regulations, leading to potential economic and safety
advantages [465].

4.5. Renewable energy-powered SMR

Renewable energy sources can be used to generate the heat and
steam required for SMR instead of fossil fuels. In this case, the heating
method will shift from combustion to electricity and renewable energy-
powered systems [466,467]. This process can reduce carbon emissions
and make hydrogen production more sustainable. Among all renewable
energies, solar energy is an abundant source, and the energy mix is a
very appealing phenomenon in all commercial activities [468,469].
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4.5.1. Solar-assisted SMR

Recent technologies are focusing on alternatives to fossil fuels that
can create possibilities for supplying heat using renewable and carbon-
free sources such as solar energy, which is termed SASMR [429,
470-473]. The solar irradiance is available at 1 kW/mz, but such flux is
not sufficient for direct utilization in SMR. The SMR process, heated by
solar energy, allows a 34-53% CO5 reduction and a 34% decrease in CHy
consumption compared to the conventional plant [474]. Thus, SASMR
has been recognized as an attractive option as it is capable of reducing
fossil fuel consumption and upgrading solar to chemical energy [475].

The SASMR is categorized into three temperature ranges: low-
temperature range (300-600 °C), middle-temperature range (600-900
°C), and high-temperature range (>900 °C). The catalyst requirement
for SASMR has the same requirements as conventional SMR, i.e., sta-
bility, high activity, and optimal particle size to avoid mass transfer
limitations. However, at low temperatures, SASMR has catalyst activa-
tion issues, while in the middle and high-temperature ranges, sintering
and thermal crackdown are the primary issues. Specifically, in SASMR,
continuous cooling and heating due to the cyclic nature of solar irradi-
ation can cause several thermal stresses in the catalyst [476]. The
Ni-based catalysts are commercially acceptable on Al;O3 support for
SMR; however, for SASMR in a low-temperature range, the Ni-based
catalyst is less suitable due to its deficient intrinsic properties and pro-
motion of oxidative routes, which further leads to deactivation [477]. In
general, Ni-based catalysts show lower catalytic activity and coking in
low and medium-temperature SASMR, while in high-temperature
SASMR, the Ni-based catalysts show high catalytic performance while
coking and sintering resistance capacities are lower. While platinum
group-based catalysts show better performance in terms of catalytic and
coking resistance, they show fair resistance to sintering and oxidation.
The metal carbides show mixed performance in the low, medium, and
high-temperature SASMR. The direct comparison is still difficult due to
the stability and activation issues of the catalyst in SASMR. The bime-
tallic approach seems much more suitable due to the mixed properties of
the Ni-Pt-based catalyst on ZrO, and CeOy support systems. The
complexity of the catalyst’s performance has remained a challenge as a
result of variations in the solar energy source due to weather conditions
and high process endothermicity.

A major challenge in solar-based reforming is achieving the inte-
gration between the concentrating solar method and SMR. Solar energy
can be integrated in both direct and indirect ways. The indirect utili-
zation is subject to the system fluid for indirect heating of reactants,
whereas solar irradiation is directed to the catalytic system for reaction
and is typically used for both low and high-temperature SASMR [478].

An approach to this challenge is to use solar reactors/receivers to
directly capture and convey the concentrated solar rays through quartz
windows to the reforming reactor operating at conventional conditions
[479]. All types of solar concentration systems, such as parabolic trough
collectors, linear Fresnel reflector systems, dish-engine systems, and
power towers, also known as central receiver systems, can be employed
in the reforming process [480]. The parabolic trough and linear Fresnel
reflector are limited to low-temperature SAMR, while the solar tower
and parabolic dish engines can be effectively utilized for medium and
high-temperature SAMSR because the reformer is heated directly by
irradiating it with sunlight. Considering the operating temperatures for
SASMR, the increase in the process temperature depends directly on the
input solar heat of the SMR process. Increasing the input solar heat re-
sults in higher operating performance but should be limited to 900 °C to
ensure long-term stability and durability of the catalysts in the reactor.
However, high temperatures and low pressure were favorable operating
conditions for SAMSR [473]. It is challenging to select a solar energy
utilization option; direct utilization is more favorable for
high-temperature SASMR with PSA and carbon capture and storage
(CCS) technology to produce blue Hj, with lower emissions than con-
ventional SMR.
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4.5.2. Electrified SMR

In electrified SMR (ESMR), the energy is supplied by renewable
electricity sources such as wind, hydro, tidal, geothermal, biomass, and
solar power. This makes the process much more environmentally
friendly, as it reduces GHG emissions and the use of non-renewable
energy sources. The primary reformer of the conventional process is
altered by removing the burners and replacing them with an electrical
heating system, such as Joule heat, Ohmic heating, or resistive heating
[481,482]. With Joule heating or Ohmic heating, the energy is directly
applied to the process feed without generating flue gas that carries en-
ergy out of the system [461]. Despite the higher electricity cost
compared to natural gas, the significant benefits of the process,
including the reduced volume of the reformer by two folds, no tem-
perature gradient across the wall of the reactor, and reduced GHG
emissions, have been discussed [92]. Recently, Balzarotti et al. [483]
investigated the development of a highly conductive structure, which
supports the intensification of non-adiabatic SMR. Rieks et al. [484]
applied direct joule heating to the CH4 reforming process. Specifically,
the high thermal duty of the dry reforming process was fulfilled by
directly washcoating heating components consisting of a FeCrAl alloy
with a LaNiggsRug 0503 catalyst at different washcoat thicknesses.
Moreover, Wismann et al. [485] employed the same strategy in a more
novel manner by directly incorporating an electrically heated catalytic
structure into a SMR reactor. A 50 cm long and thin FeCrAl tube was
used, and its inner walls were rendered catalytically active by depositing
a catalytic washcoat layer. Current flow was then forced into the tube’s
walls [486]. In Fig. 37 (a), the limitations of conventional SMR tech-
nology have been illustrated, including the low thermal conductivity of
the SMR catalyst and reactor walls, which creates steep temperature
gradients across the catalyst and reduces catalyst utilization, increasing
the risk of carbon formation. Besides, in Fig. 37 (b), a fully electrically
driven reformer has been introduced based on direct resistive heating,
which removes thermal limitations and enables energy to be supplied
directly to the catalytic sites, allowing well-defined control of the re-
action front. Electrification reduces reactor volume, CO, emissions, and
waste-heat streams, which provides a disruptive advantage to existing
industrial reformers, enabling the production of “greener” hydrogen for
the large-scale synthesis of essential chemicals [487]. Furthermore, it
has been proved that induction heating of nanoparticles using magnetic
hysteresis inside chemical reactors is an attractive approach for elec-
trified heating of endothermic reactions like SMR. Induction heating
heats up from the inside and supplies where needed while avoiding the
huge temperature gradients throughout the catalyst bed [486].
Recently, a rapid interest has grown in using magnetic nanoparticles for
the induction heating of reactions [488,489] (see Fig. 38).

A most recent novel heat pipe tubular reactor was proposed based on
the hybrid technologies of electric heat supply and concentrated solar
methods for SMR. The performance of the SASMR reactor was tested by
a device providing high-frequency induction and a solar simulator,
respectively. The reactor exhibited outstanding uniformity of tempera-
ture throughout the catalyst zone, with 100% CH4 conversion. The high
thermal conductivity of the reactor was able to supply energy to the
endothermic SMR and promote the turquoise H; yield [475,490].

Finally, based on the above-mentioned discussion, a novel and sus-
tainable path (Fig. 38) for the SMR process drastically reduces CO5
emissions by hybridizing renewable energy as a heat source and
exploiting smart materials like DFMs [491], zeolites [463], and MXenes
[492]. In this path, the produced methane can be recycled into the
process as feed, which leads to the production of turquoise Hy in the
output. The sustainable path can be considered a decentralized system
for SMR and integrated with places with easily available renewable
energy resources. Several places such as the Sihwa Lake Tidal Power
Station in South Korea, Nesjavellir Geothermal Power Station in Iceland,
the Alholmenskraft biomass plant in Alholmen-Jakobstad, Finland, the
Polaniec biomass plant in Staszéw, Poland, etc could take advantage of
the abundance of renewable energy resources to produce the turquoise

49

Renewable and Sustainable Energy Reviews 183 (2023) 113392

H> on-site in these locations.
4.6. Environmental, social, and governance (ESG) profiling

Environmental, social, and governance (ESG) profiling is a frame-
work used to evaluate the sustainability and social responsibility of an
organization’s business practices. When applied to the SMR process for
Hpy production, ESG profiling can help identify and address potential
environmental and social impacts associated with the production
process.

Global events have shown limitations of the classical production
model that ask for complementary measures in technological innova-
tion, motivated by societal demands [494]. The Covid-19 pandemic has
emphasized vulnerabilities in global supply chains, and the declining
resources raised criticality in elements, minerals, and resources. On top
is the climate change-related problems. SMR process generates
hydrogen for the Haber-Bosch (HB) process, to globally produce
ammonia (NHs3), which contributes to nearly 2% of global carbon
emissions. This limitation in meeting societal and environmental de-
mands necessitates alternative ways of production. The current supply
chain revolves around large-scale, centralized production that exports
ammonia to local markets across large geographic distances. The solu-
tion may be a regional production with decentralized supply chains,
being idealized as a self-sufficient ‘at-farm’ supply [494]. The ‘societa-
l-environmental limitation’ requires chemical processes with low
emission of carbon dioxide and more resilient production via converting
new abundant resources such as biomass, water, and air. Plasma pro-
cessing is an emerging technology that can use renewable energy and
activate renewable, hardly otherwise reactive molecules, in the context
of electrochemistry [494,495]. Excessive transportation can lead to
increased prices due to the cost of fuel, labor, and other associated ex-
penses. Additionally, transportation contributes to environmental im-
pacts through GHG emissions, air pollution, and other negative effects.
Therefore, it is important to consider new supply chain strategies that
can reduce transportation needs and minimize environmental impact.
For example, this limits the development of rural, smallholder farmers in
Africa.

To exemplify the emission issue, the carbon footprint of centralized
production is up to 2.96 kg. CO»- eq/kg. NH3, where 29.3% corresponds
to transport [495]. Local plants using electrolysis and HB loops obtained
rates of 0.12, —0.52, and —1.57 kg. CO2-eq/kg.NH3 using solar, wind,
and biogas sources, respectively [3]. Regional plants using
high-temperature plasma instead of electrolysis obtained their best rate
of —0.65 kg. CO2-eq/kg.NH3 using biogas. At farm electrolysis-based
plants feeding novel, non-thermal plasma NHs synthesis reached a
rate of —1.07 kg. CO»-eq/kg.NHgs, using solar energy. Accordingly, the
coming blue/turquoise hydrogen and ammonia economy will consider
the internationalization of these (environmental) costs [496]. This can
largely change the economic calculation of the chemical and steam
reforming industry. Carbon tax, as considered, e.g., in South Africa, will
have future impact costs of hydrogen and ammonia and therefore
determine the SMR technology choice.

Nonetheless, cost internalization is only part of the bigger picture of
ESG [497], which determines global investment and technology selec-
tion. Social factors relevant to SMR process, e.g., skilled labor, food
security, and national security have a critical impact. Africa is a future
marketplace appropriate for the SMR process; therefore, ESG learning
should be given crucial consideration. Africa established regional eco-
nomic communities (RECs) via recognized groups of African nations’
governance to promote economic integration through factors such as
free trade, free movement of people, and integrated infrastructure
[498]. African importation tariffs are a critical factor influencing am-
monia’s market price.

For the SMR process technology, small-scale modular units can help
to leverage advanced chemical processing and internalized cost and ESG
opportunities [499]. Hessel et al. [499], summarized some critical
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considerations as follows.

1. Utilities: Access to essential utilities such as water, electricity, etc.
at remote sites.

2. Pressurized operation: Avoid pressurized conditions when
possible, as it will need compressors which add capital
investment.

3. Gas preconditioning: Avoid or simplify when possible.

4. Transience: Plan for relocation of the plant and longer opera-
tional lifetime by multiple uses (and locations).

5. Location: Consider local climate, access to skilled personnel, and
legislation.

6. Accessibility limitation: Consider the transportation of the
chemical plant.

7. Flexible feed: Permit processing to be flexible with local
resources.

8. Process robustness: Reduce human interaction, e.g. in start-up
and shutdown of the plant operation.

9. Environmental control: A technology game changer is needed to

address climate and other environmental demands.

Product quality: This is an asset that can promote the internali-

zation of costs. For example, local-tuned fertilizers may address

local soil and climate demands with controlled release of nutri-
ents to decrease their loss.

10.

5. Concluding remarks and future perspectives

Conventional SMR is an industrial-scale technology widely used for
gray Hy production worldwide, despite being an energy-intensive and
complex process. The CO, emissions during the process make it ques-
tionable for the modern world. Despite its commercial prospects, special
attention is paid to reducing CO2 emissions and producing blue and
turquoise Hy. This review describes insights into the catalyst systems,
kinetic models, and process conditions for the SMR process. The
particular emphasis is on the novel and sustainable evolution path,
focusing on the efficient production of cleaner Hy (blue or turquoise) via
catalytic SMR. This production relies on conventional and intensified
configurations that utilize renewable energy as a heating source for the
reformer instead of fossil fuel. Additionally, the proposed path includes
the use of DFMs to simultaneously capture and convert CO, to methane.
Finally, the critical points for SMR process that can help leverage ESG
profiling have been discussed. The conclusive remarks based on the
review are as follows.

1. As the most researched and widely applied catalyst in commercial
SMR applications, Ni-based catalysts have been synthesized and
applied by using/tuning novel supports, promoters, and noble
metals. Notably, the addition of promoters such as Ce and Co has
resulted in a remarkable catalytic improvement of Ni-based SMR
catalysts. Despite the excellent activity of noble metals, their appli-
cation is restricted by their high cost. However, the combination of
Ni-based catalysts and adsorbents to decrease GHG still faces sta-
bility issues. Further improvement of Ni-based catalysts is expected
through the utilization of advanced characterization techniques and
a deeper understanding of the structure-activity relationship in
catalyst design and preparation. For example, the efficient SMR can
be achieved by finely anchoring Ni particles at the single-atom level
using various preparation strategies.

2. Developing a kinetic model presents a challenge in various conven-
tional reactor systems. Among the kinetic models, the generalized
microkinetic model, as the most common kinetic model, offers the
potential to tune up the SMR process. It addresses catalyst design
considerations by providing insights into diffusional limitations,
structural changes, and reaction mechanisms, thus revealing the
favorable pathways for enhanced H; production. A simplified
depiction of the SMR process can be provided by the lumped-
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parameter kinetic model, which might not adequately depict the
complexities and intricacies of the real reaction mechanism.
Isothermal models are suitable for steady-state simulations, while
transient models capture dynamic behavior. Transient kinetic
models are more suitable for sorption-enhanced and chemical loop-
ing SMR due to their transient nature and ability to investigate the
diffusion flux, reactant flow, heat, and mass transfer. Scientists are
actively engaged in exploring and refining the kinetic models to
enhance their accuracy in predicting the performance of intensified
SMR with new smart materials to efficiently produce blue or tur-
quoise Hj.

3. The performance of SMR is greatly influenced by key processing
parameters, including reaction temperature, pressure, GHSV, and S/
C ratio. The reaction temperature plays a crucial role in activating
the Ni-Pt catalyst, while adjusting the S/C ratio allows for tuning Hj
and COy production and suppressing the RWGS reaction. Plus,
adjusting the S/C ratio is necessary to prevent the formation of coke
during the SMR process. Additionally, diffusion and mass transfer
limitations can be adjusted by varying the flows of reactants while
maintaining a constant catalyst loading.

4. Process intensification, accomplished through the utilization of
membranes, adsorbents, and chemical looping, has a significant
impact on the performance of SMR when heated using fossil fuel
combustion. This impact encompasses various aspects, including Hy
separation, catalyst stability, CO, capture techniques, and energy
integration, ultimately leading to the enhanced production of blue
Hs.

5. The consideration of using renewable energy as a heating source for
the SMR reformer has led to the establishment of a proof of concept.
Previous reports have explored the use of highly conductive alloy-
based tubes for indirect heating through electric furnaces, resulting
in enhanced heat transfer and quick catalyst activation. Systems
assisted by renewable electricity offer easy handling during start-up
and shutdown of the SMR system, along with compactness and
flexibility in reformer configuration. By harnessing renewable en-
ergy sources and DFMs, the simultaneous capture and conversion of
CO5 to methane can be achieved, effectively reducing CO, emissions
while promoting the production of turquoise Hp.

The outcomes of this review can create incentives for further
research into exploiting renewable energy as a heat source and smart
materials like DFMs, zeolites, and MXenes to enhance turquoise Hj
production, along with methods to enhance catalyst stability in the SMR
process based on ESG profiling.
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