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Zeolite and high-performance catalysts. Notably, advances recorded in the catalysts synthesis
Clay procedures and characterization methods were also highlighted and elaborately discussed.
Syngas It is expected that this review provide a comprehensive roadmap in the quest for an
Process parameters economically and industrially potent catalyst for syngas production via DRM.
Optimization © 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

N Being a highly endothermic reaction, equilibrium conversion
Introduction

The industrial revolution and rising living standards have
prompted serious environmental issues. Emission of hazard-
ous gases from anthropogenic activities such as combustion
of fossil fuels for heat, electricity and transportation purposes
need to be reduced in order to counteract changes in the global
climatic conditions [1—3]. The utilization of greenhouse gases
(CO, and CHy) to produce syngas (CO and H,) provides alter-
native way to impede the menace of global warming. Con-
version of these greenhouse gases into value added products
could be achieved through methane conversion processes
such as partial oxidation, steam reforming and dry reforming
of methane [4—9]. The suitability of any of these technologies
is dependent on availability of feed materials and desirable
products as summarised in Fig. 1. DRM (Eq. (1)) is considered
the most suitable reforming process because it produces
syngas (H,:CO ratio of unity) mixture appropriate for Fischer-
Tropsch synthesis [9,10]. The DRM process, which is less
expensive than the currently used carbon capture and storage
technologies, could be efficiently used to sequestrate CO,
gases. The process was first studied by Fisher and Tropsch in
the year 1928 [10,11], and offers advantages over existing in-
dustrial syngas production process from both economic and
environmental viewpoint. DRM is an environmentally friendly
route since it's a pathway which consumes two of the prin-
cipal greenhouse gases; thus, providing a beneficial means for
reducing the climate change menace [12,13].

The development of an efficient and robust DRM catalyst
without compromising activity and stability remains a hurdle.

of reactants in DRM is attainable only at high temperatures
mostly in the regions above 700 °C [10,14,15]. Despite the
meaningful conversion of reactants attained at these tem-
peratures, the DRM process is faced with severe carbon for-
mation due to the large fraction of carbon molecules in the
feed gas and high reaction temperature. Moreover, propaga-
tion of methane cracking (Eqg. (3)) and Boudouard reaction (Eq.
(2)) increases the propensity of carbon deposition. The pres-
ence of reverse water gas shift reaction (Eq. (4)) induces higher
stoichiometric conversion of CO, than CHy [5,16,17].

CH,4 + COy = 2CO + 2H,, AHgex = 260.5 kj/mol )
2C0O — CO, + C, AH%ggx = —173.0 kJ/mol )
CH, — 2H, + C, AH%uggx = 75.0 kJ/mol ©)
CO; + Hy — CO + H,0, AHgg¢ = 41.0 kJ/mol @

Remarkable DRM performance were obtained over kinds of
noble metal based catalysts (Rh, Ru, Pt, Pd and Ir) [5,18,19].
Nonetheless, their application is not profitable and sustain-
able from an industrial standpoint. More so, noble metals are
likely vulnerable to sintering at high temperature. As an
alternative to the scarce and exorbitant noble metal catalysts,
Ni-based catalysts have been the most widely tested. Nickel is
relatively abundant with moderate cost and has an activity
competitive with those of noble metals [18,20,21]. The demerit
of nickel metal catalysts is their characteristic swift deacti-
vation induced by carbon deposition and sintering. It is

Methane conversion
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Fig. 1 — The scheme of methane conversion processes.
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worthy of note that the effect of the carbon type, and mech-
anism of formation during DRM is still much debated and
subject of continuous studies in academia. Despite the
research successes recorded over recent years in catalyst
development with remarkable activity and stability, the quest
for novel and economically potent Ni catalysts with enhanced
properties and performances is still much desired towards
successful commercialization of syngas production via DRM.

A DRM pilot plant has recently been constructed by Linde
group in Germany, which was aimed at determining the
commercial readiness of DRM technology. The pilot plant uses
Ni-based and Co-based catalysts. The plant performance test
provided data on longer-term and complex process parame-
ters, which pave way for investigation of optimization ap-
proaches towards development of a more broadly applicable
process [10,22]. The successfully developed pilot plants are the
CALCOR and SPRAG process [22,23]. The CALCOR process is
only suitable for small-scale operation, with production of CO
rich syngas (H,:CO = 0.43). The SPRAG process was designed to
combine the characteristics of DRM and SRM process. How-
ever, sulphur poisoning reduces the overall activity of the
catalyst [10,24]. The state of the art DRM technologies seems
feasible only in certain scenarios and lack breadth in appli-
cability. Therefore, commercialization of DRM process is
hinged on development of an economically potent catalyst
with the required activity, stability and ease of regeneration.

Zeolites [25—29] are crystalline microporous aluminosili-
cates materials with high surface acidity, which have been
explored as metal support. Zeolite have a porous crystalline
framework, composed of tetrahedral SiO, and AlO; with ox-
ygen atom as the interconnecting bridge between tetrahedra.
Zeolites have been extensively used in acid-catalysed re-
actions and as catalysts support material for base reactions
due to their well define pore structure, universal availability,
high affinity for CO, as adsorbent, surface acidity, high surface
area and intralattice pore volumes [3,29,30]. However, they
usually contain varying levels of hydration, which leads to
structural collapse due to harsh DRM conditions. Their sur-
faces contains high concentration of acid sites which often
lead to side reactions with inferior stability [20,31,32]. Un-
precedented research has been devoted over the years to fine
tune porosity and surface acidity for better active metal
dispersion and thermal resistance via approaches such as
addition of promoters, dealumination and altering Si/Al ratio.

Clays [33—35] are abundant earthy materials which pre-
dominantly comprises of tetrahedral [SiO4)* and octahedral
[AlO3(OH)3]® layers. Clay materials have been considered as
carrier materials for fabrication of DRM catalysts because of
their remarkable attributes such as low-cost, abundance and
peculiar structures and properties [35,36]. However, despite
the economic benefits of clay material, their application is
hampered as a result of less accessibility of reactants to active
metal sites due to their intercrystalline mass transfer hin-
drance, thus, leading to particle agglomeration under the
harsh DRM reaction conditions.

Several reviews have been produced which focus on cata-
lyst design [9,14], influence of process parameters [21], model
systems [10], development of nickel based catalysts [37,38],
nanosilica-based catalysts [39], core-shell structured catalysts
[40] and perovskite catalysts [41]. This review focuses on

advancements in development of zeolite and clay catalysts for
DRM. The fundamental aspects of zeolite and clay supports in
DRM has not been specifically reviewed in literature, so it is
right time to provide one. The review is organized as follows.
Introduction of the general aspects of greenhouse gases
emissions and mitigation with emphasis on CO, and methane
utilization. This is followed by the main advantages and dis-
advantages of zeolite and clay supports in DRM. Emerging
trends in fabricating structured support materials was also
discussed. Thereafter, the impact of process parameters was
discussed with emphasis on optimization of DRM process
parameters. Furthermore, we also discussed about the
emerging supported catalysts studied in DRM. The final sec-
tion provides summary and conclusion of the review with
outlook on the future of zeolite and clay based catalysts in
production of syngas from DRM.

Greenhouse gases emissions and mitigation

The menace of climate change due to excessive release of
greenhouse gases (GHG) remains an intractable problem. The
GHGs (CO,, H,0 vapour, NO, and CH,) emitted from anthro-
pogenic activities such as combustion of fossil fuels for heat,
electricity and transportation purposes have been established
to be responsible for the menace of global warming [33,42—44].
The movement restrictions induced by the COVID-19
pandemic have slightly reduced industrial activities, which
could reduce global energy demand and emissions. None-
theless, after adequate implementation of vaccine program,
upsurge in energy demand is anticipated. Generally, beyond
85% of the total energy demand is being supported by com-
bustion of fossil fuels. Nevertheless, the use of fossil fuels for
energy generation continually pose threats to the ecosystems,
economy and human health [20,45]. Congruently, efforts have
been made to address climate change mitigation as resolved
in the Paris agreement (2015). The agreement is aimed at
limiting the world's average temperature rise (below 2 °C)
[32,46]. Along with the rapid rise of global population, world's
total energy demand has been growing significantly. The
global energy demand is anticipated to increase by more than
40% by the year 2035 [45]. In turn, more fossil resources are
used for energy generation, which further escalates the threat
of global warming. To alleviate this issue, there is a need for
efficient use of energy. The feasible measure to limit the
menace of global warming is to utilize greenhouse gases to
produce value added products, thus limiting the harm to
humans and environment that is induced by excessive emis-
sion of GHGs.

CO, emission and utilization

Carbon dioxide (CO,) is an odourless, colourless and incom-
bustible gas with higher (60%) density than that of pure air.
CO, is a non-polar gas comprised of carbon atom covalently
doubly bonded to two oxygen atoms with a characteristic
stretching vibrations and deformation around the carbon
nucleus [32,47,48]. Basically, CO, is a primary GHG emitted
from several human activities and natural sources. While
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production and consumption of CO, is indispensable, its’
skyrocketing concentration in atmosphere is accompanied by
severe and long-term consequences [43,49]. Based on the
literature, CO, has been considered a primary GHG owing to
global warming potential and concentration in the atmo-
sphere which has dramatically increased from 340 ppm in
1980 to 408 ppm in the year 2019 [43]. According to data
released by IPCC (Intergovernmental Panel on Climate
Change), anthropogenic CO, need to be reduced by 50% in
order to curtail the soaring average global temperature by 2 °C
by the target year 2050 [50,51]. In addition, the model devel-
oped by IEA (International Energy Agency) predicated that
worldwide CO, emissions must be maintained below 15 gig-
atons per annum to keep global average temperature below
2°C.

The carbon capture, utilization and storage (CCUS)
approach is needed due to its potentials to contribute around
16% total CO, reduction by 2050. Besides, 14% reductions in
cumulative CO, emission from 2015 to 2050 is also anticipated
in comparison to the period of no action [52,53]. The reduction
of CO, emissions into the atmosphere can be achieved either
by carbon capture and sequestration (CCS) or carbon capture
and utilization (CCU). The CCS technologies are aimed at
capture and subsequent storage of large quantities of CO,.
However, issues ranging from technical, economic and polit-
ical need to be addressed in order to pave way for the indus-
trialization of CCS process. From economic point of view,
implementation of CCS is totally non-profitable because it
requires substantial capital investment for the capture, stor-
age and transportation of CO, [10,54]. The major technical
challenge encountered includes limited geological storage
capacity and leakages of sequestered CO, from their storage
site. Thus, a further escalation of transportation and injection
costs [55]. CO, capture from industrial plants is achieved via
three approaches: (i) pre-combustion, (ii) post-combustion or
(iii) oxyfuel process. Among these approaches, post-
combustion is the most viable for existing process plants
without concerns over retrofitting [54,56]. The reduction of
global carbon footprint via CCU have recently been imple-
mented as an alternative to CCS technologies. This has
attracted global attention because it transforms captured CO,
waste into value-added products and curtails the menace of
global climate change. Thus, implementation of CO, utiliza-
tion processes will not only curb global warming challenge,
but also provide an economic return.

Methane sources and conversion

Methane (CH,) is the simplest and most abundant among all
the hydrocarbons, where large quantity of it is emitted from
different industrial sources [29,57,58]. Methane is the primary
component of natural gas constituting about 70—-90% by vol-
ume. Since methane is a pivotal component of the global en-
ergy portfolio, its conversion into higher value products have
been on the rise. This is partly due to its low cost and suit-
ability as fuel source with less carbon footprint and emissions.
The natural gas resources include the under exploited natural
gas reserves due to technical and/or economic reasons but
have great geological potentials for exploitation in the

foreseeable future [57,58]. This does not also include methane
trapped in the form of crystalline hydrates in shale rocks,
ocean continental slopes, and permafrost zones.

Despite the tremendous and wide availability, CH, usage as
a source of energy is still underutilized. This can be attributed
to the nature of CH, gas from sources which require further
purification before application as fuel source. The constitutes
of CO, from natural gas relatively depends on its origin, pro-
duction feed stock and purity of the gas in the reserves. The
content of a pure gas is 0.05—1.5% CO,, while biogas contains
35-50% of CO,. High CO, content and low calorific value limits
its direct use as fuel [10]. Some reserves are forsaken because
their content makes their exploitation unprofitable. As a
result, diminishing but still considerable amount of CH, as
natural gas is flared in many countries. A projected amount of
nearly 100 x 109 m* gas are flared annually, which is about 4%
of the total production [57,59]. Another issue related with
direct usage of CH, as fuel is its characteristic low volumetric
energy density at ambient conditions. This has negatively
influenced the extent of its application especially for trans-
portation purposes. To bolster its density for prolonged
application, CH, is stored as compressed natural gas or liqui-
fied natural gas at extreme high pressure or low temperature
respectively [58,60].

Methane conversion is of great significance in the sus-
tainable supply of energy, fuel products and important
chemicals for present and future societies applications. The
process of transformation of methane to fuel and valuable
products is pivotal in the area of heterogenous catalysis in the
21st century. This is because of the poor reactive nature of CH,
due to its stable nature and weak polarity [14,61,62]. As such,
activation of methane is very challenging. The activation
process occurs through homolytic cleavage of C—H bond and
transfer of hydrogen (H,) atom from CH, to the neighbouring
radical. The challenge of CH, activation can only be overcome
by use of aggressive reactants or elevated temperature. Direct
industrial routes for CHy conversion to desired products is
limited and practically elusive, while the indirect route is to
some extent more technologically advanced [63—65].

Catalyst system for DRM

The catalyst is considered as a key factor in transformation of
CH, and CO, to syngas. As such, design of a robust catalyst
system to efficiently perform the process with limited carbon
laydown remains a hurdle [21,39,40]. The rapid and massive
deactivation of DRM catalysts especially nickel-based cata-
lysts is a major obstacle towards its commercialization and
industrialization for value added syngas production. The
detailed information on catalyst components beneficial for
DRM process could be referred in our previous review [9]. In
Fig. 2, we summarise the desirable attributes of robust catalyst
for methane reforming process. Fabrication of an economi-
cally viable catalyst system depends on the extent of interplay
between the catalyst components.

Several efforts have been focused on modulating crucial
catalytic properties of catalysts for DRM [14,66,67]. Nonethe-
less, catalyst deactivation remains a major hurdle towards
development of catalyst system for large-scale methane
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Fig. 2 — Schematic representation of crucial properties of robust catalyst system for DRM.

reforming process. Basically, catalyst lifetime is influenced by
several factors including: pore structure [39,67], surface acid-
ity/basicity [29,68], metal sintering [69], metal support inter-
action [40], crystal size of catalyst [1,19] and nature of feed
[37,62,70]. For a DRM catalyst to remain active, variety of
carbon forming reactions must be supressed. The main car-
bon forming reactions are Boudouard reaction (Eq. (2)) and
methane decomposition (Eqg. (3)). A higher rate of carbon for-
mation occurs at higher temperatures, as a result of higher
rate of methane decomposition than Boudouard reaction
above 700 °C [9,37,71]. When these rates are balanced with
carbon removal rate, carbon deposition on catalyst occur and
can significantly affect catalytic performance. Several types of
carbon could be formed, mostly termed as coke when formed
by decomposition of long-chain hydrocarbon and carbon
when formed via Boudouard reaction (nonetheless the two
words are mostly used interchangeably) [37,69].

Basically, surface carbon formed during DRM can be clas-
sified as active or inactive carbon. Active carbon is formed via
CH, dissociation as detailed in literature [1,10]. The formed
inactive carbon species are deposited on catalyst surface via
(1) continuous accumulation of filamentous or nanotubes
carbon when carbon diffuses through active metal particle to
the point that the particle is push away from the support, (2)
encapsulation of active metal particle thus deactivating them
completely, (3) physical adsorption in multilayers impeding
diffusion of reactants to active metal sites [9,14,32]. Carbon
formation and removal reactions on catalyst surface are
illustrated in Fig. 3. When CO interacts with active metal sites
it dissociates to produce coke deposits on the catalyst surface.
Likewise, coke formed via methane cracking and homoge-
neous catalytic methane cracking reactions. Effective removal
of surface adsorbed carbon species can be achieved via re-
actions such as carbon gasification with H,0, methanization
and reverse Boudouard reaction. These reactions are exer-
gonic in nature and thermodynamically effective modes of
carbon removal [70,72,73]. It was reported that existence of
H,0 in the feed facilitates gasification of formed carbonaceous
deposits on catalyst [70]. This is in line with the fact that

addition of H,O to DRM feed inhibit coke precursor formation.
Takenaka et al. [74] affirmed that reverse Boudouard reaction
is efficient for removal of coke deposits on Ni based catalysts.
Schulz et al. [73] reported that high gasification rate of carbon
species was achieved via methanization. Furthermore, it was
discovered that feed composition significantly influences the
amount and morphology of accumulated carbon [68,75].

Zeolite supported metal catalysts for DRM

Catalyst support is a material to which a catalyst is affixed.
The support provides textural and physicochemical proper-
ties that is crucial in retaining active species dispersion and
stability at harsh reaction conditions. The nature of the sup-
port significantly influences activity, selectivity, and stability
of metal particles [32,37,67]. For practical and large-scale ap-
plications, thermal sintering and severe carbon deposition
remains a bottleneck for Ni-based catalysts in DRM process. It
has been demonstrated in literature that beneficial interaction
between metal species and catalyst support is pivotal towards
improvement of activity and impediment of catalyst deacti-
vation by carbon deposition and high temperature metal
sintering [15,39]. The nature of support material plays an in-
tegral role during initiation, adsorption and activation steps.
CH, molecules are activated on active metal sites, and CO,
activation occurs on either a basic or acidic support via bi-
functional mechanism. Catalysts supported on inert silica
support follow a mono-functional process, with reactants
activation occurring on the metal surface [9,61]. Generally,
strong interaction between catalyst components boosts
dispersion of metal species to retain its small particle size at
harsh DRM condition [14,62]. The stronger the metal-support
interaction, the lower the tendency of metal agglomeration.
Weaker metal interaction makes it beneficial for inert support
catalyst system. This is because it was reported that weak
interaction of metal and inert support material provides better
metal-metal interaction [32,76]. Thus, the key to optimizing
resistance towards catalyst coking and sintering is
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Fig. 3 — Carbon forming and removing reactions under CO, reforming of methane conditions. Reproduced from Ref.Wittich
et al. [10] with permission from Chem Cat Chem, Copyright © 2020.

significantly reliant on rational design of support. Several in-
vestigations were conducted to address these hindrances,
several of which are conclusively described in some literature
[31,39,51,80].

Zeolites are crystalline microporous aluminosilicates ma-
terials with high surface acidity, which have been explored as
metal support. They have a porous crystalline framework,
composed of tetrahedral SiO, and AlO4 with oxygen atom as
the interconnecting bridge between tetrahedra [25,29,31,78].
The detailed information of zeolite structure could be referred
in literature [25]. The acid sites are categorized as either
Brgnsted acid sites (BAS) or Lewis acid sites (LAS). The BAS is,
by definition, a proton donor and is also known as protonic
acid site, which usually exists in the form of a hydroxyl group.
The LAS is an electron pair acceptor and usually appears as an
unsaturated metal. The addition of metal cations can affect
the surface acidity of zeolite, which leads to formation of new
type of sites [29,30,79,80]. Adding metals can reduce BAS
concentration while simultaneously creating new LAS, espe-
cially when the deposited metal atoms can exchange with
zeolite sites.

Zeolite catalysts have gain significant attention over the
years, especially in petroleum refining and petrochemical
processes. It has been reported that worldwide zeolite con-
sumption is around 275 thousand tons yearly [25]. Their ac-
tivities are associated with their well define pore structure,
plentiful supply, high surface areas, intralattice pore volumes,
strong affinity for CO, as adsorbents and tunable active sites.
Zeolite based catalysts have been studied for DRM [21,81].
However, zeolite contains varying levels of hydration, which
led to structural collapse due to harsh DRM conditions
[31,82,83]. Their surface contains high concentration of acid
sites which often lead to side reactions with inferior stability.
Furthermore, zeolite supported Ni catalyst suffers from rapid
deactivation, which was associated with severe deposition of
coke species in the cage of catalyst. This behavior was
attributed to its microporous nature, which pose a threat to its
application in practical and industrial scale operations
[31,69,82,83]. Thus, accessibility of reactant/reaction products
to active sites remain a challenging issue associated with
conventional zeolite materials. As such, incessant research
has been dedicated to modifying the textural, structural and
chemical properties of zeolite support. Approaches such as
use of surfactants, dealumination, addition of promoters,

introduction of seed materials, altering pore volume and Si/Al
ratio were explored [21,29,84]. Mesostructured zeolite support
has enhanced pore size (diameter ranging between 2 and
50 nm) as compared to commercial zeolite support (<2 nm of
diameter) [85]. Fig. 4 displayed a typical structure difference in
terms of accessibility between the conventional microporous
and hierarchical zeolite catalysts.

Zeolites such as silicalite-1, Y, Beta and ZSM-5 have been
investigated as carriers for active metals [69,83,86]. However,
ZSM-5 is among the most explored compared to other zeolites.
ZSM-5 is a type of zeolite support with MFI (Mordenite
Framework Inverted) structure. It was first synthesized by
Argauer and Landolt in 1978 and patented by Exxon-Mobil
[87,88]. It incorporates two channel systems comprising of a
straight channel (5.4 x 5.6 A), which is parallel with y-axis, and
a sinusoidal channel (5.5 x 5.1 A) which is parallel with x-axis.
More so, it consists of a 10-membered ring with two distinct
sets of intersecting channels. Thus, researchers consider
ZSM-5 support as a good candidate for DRM catalysts.

Literature have shown that Ni-based supported ZSM-5
catalysts exhibit promising attributes for CO, reforming of
methane reaction as presented in Table 1. It was found that
performance of zeolite supported Ni catalysts depended
simultaneously on morphology, reducibility, and acidity. Wei
etal. [89] synthesized silicon carbide (SiC) coated on zeolite via
hydrothermal synthesis method. The produced honeycomb-
like catalyst (Ni/S-1/SiC) displayed improved catalytic activ-
ity and longevity during DRM. Hao et al. [90] prepared Ni/Al,03
catalyst via sol gel technique. High surface area, ultrafine
dispersed Ni crystallites and cooperatively interacting catalyst
components were obtained, which produced excellence DRM

conventional hierarchical

Reactants —~—

Fig. 4 — Structure improvement of zeolite designed at the
hierarchical scale. Reproduced from Ref. Ennaert et al. [98]
with permission from the Royal Society of Chemistry.
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Table 1 — Zeolite based catalysts for CO, reforming of methane reaction.

Catalysts Preparation method Characteristics Reaction CH, CO, TOS (h) Carbon Ref.
Support Metal loading BET Pore H, consumption temps rature Convfrsmn COIIVOEI'SIOII depoo sits
synthesis surface area  volume (mmol H,/g) Q) (%) (%) (%)
(m*g)

Pt@Silicalite-1 Microemulsion Metal coating 362 = = 670 57.2 68.3 12 = [31]

Ni/ZSM-5 Hydrothermal Colloidal dispersion 216.7 0.43 cm®/g = 800 96.2 = = = [82]

Ni/ZSM-5 = Ultrasound assisted 239 = = 850 82 80 24 = [113]
dispersion

Ni-MCM-41 Hydrothermal Wet impregnation 489 0.50 mL/g = 750 ~72.8 = 30 29.7 [175]

Ni-MCM(Al)-41 One-pot = 1021 0.79 mL/g = 800 ~70 = = = [112]

Ca—Ni/Y zeolite = Incipient wet 641 0.43 mL/g = 700 59.4 66.1 5 25 [176]
impregnation

Ni/H-ZSM-5 - Incipient wetness - - - 700 78.2 86.3 9 3.3 [177]
impregnation

Ni/MFI Microemulsion Wetness 413 0.58 mL/g = 800 69.85 72.4 30 = [68]
impregnation

Ni—Pt/Silicalite Clear solution Incipient wet 430 0.94 mL/g = 800 ~78.2 ~84.6 20 1.0 [116]
impregnation

Ni-MCM-41 Co-condensation  Solid-state grinding 706.8 0.7 mL/g = 700 ~78.9 ~85 100 38.8 [106]

Rh—Ni/BEA Sol-gel Incipient wet 409 0.381 cc/g = 700 74.4 77.4 7 2.85 [114]
impregnation

NY/ITQ-6 Sol-gel Incipient wetness 350 0.15 cc/g = 700 77 90 10 2.1 [109]
impregnation

Ni/MgO-Beta = Incipient wetness = = = 800 95 97 7 = [178]
impregnation

Ni—Mn/NH,~Y = Wet impregnation 403 0.01 mL/g = 700 49.6 52.4 24 — [179]

Ni/ZSM-5 = Dry impregnation 120 4.85 mL/g = 800 ~93 ~97.2 30 12.0 [180]

Ni/Silicalite-1 Hydrothermal Incipient wetness 300 = = 700 77 84 10 4.0 [181]
impregnation

Ni—MFI = Impregnation 332 0.22 cm®/g = 750 64 72 12 = [182]

Ni—Co/ZSM-5 = Wet impregnation 284 = = 700 ~62.8 ~76.3 12 25.6 [81]

Ni—Zn-Silicalite-1 ~ Microwave- Incipient wet 394 0.20 mL/g = 750 84.5 75.4 12 38.3 [69]

assisted impregnation
hydrothermal

Ni—Ce/ZSM-5 = Incipient wetness 335.2 = = 800 97.11 91.41 24 = [100]
impregnation

Ni—Mg/HY zeolite — Co-impregnation 352.7 0.43 cm®/g = 700 80.2 78.6 21 = [101]

Ni/KH zeolite Sol-gel Impregnation = = = 700 ~91 ~84.6 5 3.82 [183]

Co/zeolite Y = Sono chemical 262.7 = = 850 79 88 10 = [83]
irradiation
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performance. Apart from single-modal supported catalysts,
bi-modal mesoporous supports have received recent attention
due to their high accessibility and large surface area. The
macropores facilitates diffusion of reactants and products,
while the mesopores was responsible for microscopic
dispersion of active species on the catalyst. Li et al. [91] re-
ported a bimodal silica supported catalyst with Ni diameter of
3 nm using one-pot method, which produced significant DRM
performance. More recently, bimodal alumina support
comprising of mesoporous and macroporous was synthesized
as summarised by Ma et al. [SO]. The TEM analysis revealed the
presence of ordered mesopores along with existing macro-
pores. The bimodal support hindered graphitic carbon for-
mation due to embedment of Ni particles into the mesoporous
channels. Amin et al. [92] fabricated a trimodal porous silica
using P123 and 1,3,5-trimethylbenzene as copolymer and
swelling agent respectively. The presence of large pores
induced higher accessibility resulting in improved DRM per-
formance. More recently, trimodal hydroxyapatite structured
supports have been developed as a potential DRM support due
to their peculiar attributes such as thermal stability and less
affinity to RWGS during DRM [93]. Therefore, the various
structured supports focus on fabrication of an archetypical
potent DRM catalysts.

Catalyst deactivation remains a major hurdle towards
development of catalyst system for large-scale methane
reforming process. Surface acidity or basicity is an indis-
pensable parameter in designing catalysts which has been
reported to significantly influence DRM process [61,68,94]. The
acid and basic properties of catalysts system are extremely
relevant for DRM, as they contribute to the propagation or
impediment of coke forming reactions. Acidity of catalyst
inhibit CO, adsorption onto catalyst support due to accretion
of dehydrogenated carbon deposits leading to ageing and
polymerization of carbon deposits rendering the catalyst
inactive. Build-up of these inactive carbon species result in
pore width shrinkage and active sites blockage leading to
rapid catalyst activity loss [10,15]. However, catalyst basicity
enhances adsorption of CO, which prevents growth and
encapsulation of formed carbon species during DRM. The
chemisorbed CO, is activated on the support material and
active metal particle to produce carbonate intermediates
which upon interaction with CH, molecules to produce CO
[14,32,95]. Huang et al. [96] reported that the ability of coking
resistivity is correlated with the strength and amount of basic
properties of catalyst system as illustrated in Fig. 5. Affinity of

Carbon species

Activated CO; R

Weak basicity

Strong basicity

acidic CO, molecules to catalyst surface is impelled by its
basicity, thus improving CO, surface coverage and suppres-
sion of Boudouard reaction leading to carbon deposition.

Das et al. [61] scrutinized the impact of acidic/basic sites of
Si0, and Al,O5; supported Ni catalysts in DRM. The authors
found out that high acidity is pivotal in accumulation of car-
bon deposits due to oxidation of metal particles and occur-
rence of reverse water gas shift reaction (RWGS) reaction. To
moderate acidity of catalyst systems, several promoting
metals have been incorporated to the catalyst structure to
enhance surface basicity. Alipour et al. [97] reported that basic
promoters (MgO, BaO and CaO) supported on Al,0; moderates
basicity of Ni catalyst. Similar observations were reported in
literature [10,98]. Ni et al. [99] investigated the impact of
density and acidity/basicity of surface OH groups on Ni/Al,O3
catalyst by establishing a relationship between addition of
B,O; with carbon formation. Their findings revealed that
introduction of 5 wt% B,03 unto Ni/Al,O5 catalyst significantly
suppress propagation of side reactions with inferior stability
due to more basic OH groups. It was concluded that the higher
the amount of these OH species, the higher the tendency of
oxidation of CH species and carbon by basic OH species which
lessen the chance of catalyst deactivation. Catalyst basicity
have been demonstrated to improve DRM performance by
lowering activation energy values of methane and carbon di-
oxide as discussed in our previous findings [16,48,68]. The
activation barrier for carbon dioxide molecules is lower than
for methane molecules due to less stable nature of the former
than the latter. An interplay was found to exist between
activation barrier and catalyst basicity. The basicity can be
enhanced by utilization of basic support or promoter. Catalyst
acidic/basic properties are contributed by one or a synergistic
carrier material, active metal or promoter.

Metal promoted zeolite Ni catalysts for DRM

The focus of current researches is to find suitable support or
promoter that will enhance catalytic performance, circum-
vent coke deposition and improve selectivity of target prod-
ucts. The rate and efficiency of DRM catalysts were found to
be directly related to Ni surface structure. To counteract
coking and deactivation of zeolite supported Ni catalyst,
several promoters have been incorporated into the catalyst
structure to improve interaction of catalyst components
[16,48,68,81,100—103]. The summary of research findings

Removal reaction
D L of carbon species

Very strong basicity

Fig. 5 — Conceptual model of the relationship between basicity and carbon removal on catalyst surface. Reproduced from

Ref. Huang et al. [96] with permission from Elsevier.
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utilizing various promoters to achieve better catalyst per-
formance via different objectives to activity, stability and
selectivity during DRM are presented in Table 1. The pro-
moting metal could modify catalytic properties via bimetallic
synergism, whereby the promoting metal may confer
improvement in performance. Basically, promoting metals
are classified as gasification or passivating metals. Passiv-
ating promoters such as Ag, K, Au and Sn could block the
under-coordinated sites thereby hindering nucleation of
carbon deposits on active metal sites [17,104]. Gasification
promoters (Co, La, Ca, Ce) are typically introduced to accel-
erate oxidation of formed carbon species which result in
swift gasification of the carbon species [16,17,39].

Estaphane et al. [81] conducted CO, reforming of methane
reaction at GHSV 60,000 mL/g h over zeolite Ni catalysts.
Following 12 h on stream at temperature of 700 °C, the cobalt
promoted catalyst produced superior catalytic performance.
The cobalt promoter acted as a synergist to Ni species supported
unto ZSM-5, thereby improving DRM activity. Thermal analysis
of spent samples revealed carbon within proximity of catalytic
sites are responsible for deactivation, with the cobalt rich cata-
lyst showing less carbon deposition. Introduction of Ce was re-
ported to favor dispersion of Ni particles on ZSM-5 support
which led to higher conversions and desired H,:CO ratio [100].
The kinetic results also reveal 30% and 40% reduction in
apparent activation energies of CH, and CO,, which stem from
the enhanced CO, chemisorption due to presence of Ce.

It was reported that introduction of CeO, into zeolite sup-
ported nickel catalyst suppresses high temperature sintering
which enhanced catalytic stability [105]. The CeO, promoter
induced generation of abundant basic sites, which facilitates
adsorption and subsequent activation of carbon dioxide
molecules on the catalyst surface. Enhanced CO, chemisorp-
tion increases CO, conversion thereby improving activity and
selectivity for pure syngas (H,:CO = 1) production. However,
for development of cheaper catalyst, the exorbitant noble
metal promoters are hardly considered in bimetallic Ni cata-
lyst systems [10]. Conclusive report by our group [48] exam-
ined the role of several promoters (Mg, Ca, Ta, Ga) in
enhancement of catalytic performance. The catalytic activity
is in the order: Ni/ZSM-5 < Ni—Ga/ZSM-5 < Ni—Ca/ZSM-
5 < Ni-Mg/ZSM-5 < Ni—Ta/ZSM-5. The reducibility of NiO on
Ta promoted catalyst improved in the presence of Ta species,
thus is responsible for an increase in catalytic activity. NH;
and CO, TPD analysis revealed that the introduction of pro-
moting metals altered the concentration of both acidity and
basicity. It was found out that catalysts with high distribution
of acidity or basicity were more susceptible to coking. As
shown in Fig. 6, Ta promoted catalyst produced nearly stable
CH,4 and CO, conversions throughout the 80 h TOS, which was
ascribed to the unity acid/base ratio and improved interaction
between components. Hence, a subtle interplay between
acidity-basicity functions and metal-support interaction is
pivotal to the development of zeolite support nickel catalysts.

Fabrication of robust zeolite catalyst for DRM

The method of catalysts synthesis has been established to
control the structure of carrier material which consequently

dictates the interaction that transpires. Several approaches
have been adopted towards synthesis of efficient zeolite based
catalyst with different degree of success. It was found that
performance of zeolite supported Ni catalysts depended
simultaneously on morphology, reducibility, and acidity.
Bawah et al. [69] identified that high concentration of acidity
on zeolite based catalysts propagates swift coke formation
which induces deactivation. The smaller pore size of con-
ventional zeolite support hinders penetration of metal species
into the pore channels, which results in metal aggregation.
Interesting findings by Zhang et al. [106] revealed the activity
and stability of ordered mesoporous silica supported catalysts
in DRM. The performance was in the order Ni-SBA-15 > Ni-
KIT-6 > Ni-MCM-41. The porous bi-dimensional hexagonal
structure of SBA-15 support resulted in strong interaction of
catalyst components, thus, responsible for its remarkable
carbon deposition. Similarly, when mesoporous supports,
SBA-15 [96], MCM-41 [103], ZSM-5 [107] and MCM-22 [108] were
tested in DRM reaction, Ni/SBA-15 exhibited higher CH4 con-
version (80%) in comparison to Ni/MCM-41 (52%) and Ni/MCM-
22 (11%), whereas Ni/ZSM-5 the best conversion (96%) [82].
Higher surface area and better accessibility were major factors
for the remarkable performance. Ni/SiO,—Al,05 also exhibited
lower conversion compared to Ni/ZSM-5. Frontera et al. [109]
studied the effect of various zeolite supported Ni catalysts and
observed that the CH, conversion was in the order: Ni/
Silicalite-1 (63%) < Ni/MCM-41 (75%) < Ni/ITQ-6 (80%). The
better catalytic performance of Ni/ITQ-6 was correlated to
stronger metal-support interaction and higher metal
dispersion.

Catalyst fabrication via one-pot method is a strategic
technique that involves subjection of multiple set of reactions
and operations in a singular reactor. This is mostly executed
in order to improve the chemical synthetic efficiency by
minimising the number of steps, reduction of synthesis time
and cost. The handling of toxic chemicals with the potential to
cause harm is also minimised [29,110,111]. Reactions in this
form of process is also referred as cascade, tandem or domino
reaction to illustrate multi-step synthesis route taking place in
one pot. Lovell et al. [112] prepared Ni-MCM(Al)-41 via one-pot
technique. Incorporation of Al into the framework altered
surface acidity which led to improved catalytic performance.
The H,-TPR and XRD results revealed the presence of highly
structured, ultrafine dispersed nickel particles. Mesoporous
structured supports (Ni-SBA-15, Ni-KIT-6 and Ni-MCM-41)
have been synthesized via solid-state grinding technique
and produced good performance in DRM. Vafien et al. [113]
reported significant improvement of catalyst structure offered
by employing ultrasound irradiation during preparation of
mesoporous Ni/ZSM-5 catalyst. The dispersion of NiO on the
ultrasound assisted Ni/ZSM-5 catalyst was studied by TEM
analysis, where the size of nickel particles is below 100 nm,
thus responsible in hindering carbon formation and increase
in catalytic activity. Frontera et al. [114] reported post-
synthesis treatment of silicalite-1 supports using hexame-
thyldisilazane (HMDS) as organo-silane. The abundance of
silanol groups on the support surface during incorporation of
nickel hindered nickel particles agglomeration, and favours
nickel silicate species formation as schematized in Fig. 7. The
organo-silane groups substituted the OH groups of the support
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Fig. 7 — Proposed mechanism of Ni deposition on the
silylated support surface. Reproduced from Ref. Frontera
et al. [181] with permission from Elsevier.

leading to formation of ultrafine, more reducible Ni particles
which not only enhance reactant conversion but also impeded
coke deposition. More recently, it was reported that substi-
tution of zeolite framework oxygen with nitrogen via nitri-
dation process enhanced metal dispersion and basic
properties [30]. Despite the weak basic nature of zeolite sup-
port, the inherent basicity was enhanced by nitridation at high
temperature under flow of ammonia. The nitridation induce
replacement of the framework oxygen species with nitrogen,
which lead to formation of nitrided zeolite support with
excellent DRM performance. As shown in Fig. 8, CO,-TPD re-
sults showed that nitride ZSM-5 and beta catalysts had
broader CO, desorption peak, signalling formation of more
base sites as a result of framework nitrogen substitution.
Basically, basic sites act as neutralizers to the acid sites
thereby limiting occurrence of CH, dehydrogenation and
enhance CO, chemisorption onto the catalyst surface, which
boost carbon elimination via direct oxidation of deposited
carbon to form CO [115]. The NHs-TPD profile revealed
decrease in strength of acid sites, which is advantageous to
catalytic activity, because the acid sites promote coke forming
side reactions [48]. Silicalite-1 support comprising of highly
dispersed Ni—Pt nanoparticles was synthesized by clear so-
lution method [116]. The TEM analysis revealed Ni

encapsulated in hollow crystals which impeded coke forma-
tion. The hollow structured silicalite-1 support hindered car-
bon formed from affecting the activity of Ni particles inside
the support, while the Pt additives led to better dispersion of
metal nanoparticles. The encapsulation process improved
corporative interaction between the support and metals (Ni
and Pt), which was responsible for the coke and sinter resis-
tant behavior during DRM process.

The technique of incorporation of metal species on support
have also demonstrated crucial effect on overall catalytic
performance. They positively affected the Ni crystallites by
fine tuning its dispersion and interaction with the support
structure [15,68]. Ensemble of studies reveal that appropriate
impregnation method favor dispersion of active metals,
impede crystallite migration and carbon deposition which
could lessen the setbacks of Ni and Ni-based catalysts appli-
cation during DRM. The widely employed impregnation
methods in both industrial and academic research are
wetness impregnation, incipient wetness impregnation,
double-solvent, and physical mixing methods. Generally,
water is the most considered solvent for dissolution of
metallic precursor due to its high solubility [110]. The metal
precursor is dissolved in a measured amount of water equiv-
alent to pore volume of the intended support material. How-
ever, for the wetness impregnation method, the precursor
solution is mixed in an excess solution, then drying to get rid
of the excess solution. Irrespective of the method employed,
the obtained solution is calcined at high temperature. In case
of physical mixing methods, both metal precursor and sup-
port are physically mixed, with the resulting product heat
treated in an inert atmosphere [68,117]. However, a contrary
trend was recorded over Ni/MFI catalyst [68]. The physical
mixing catalyst displayed drastic activity loss as a result of
agglomeration of Ni particles. The wetness impregnation
method is efficient to control the nature and interaction be-
tween support and active metals. Thus, the conventional
impregnation methods could gain continuous relevance due
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to their simplicity, affordability, low waste production as well
as ease in scale up.

Intrinsically, carbon laydown is inevitable during DRM as a
result of the high reaction temperature [32]. According to our
previous study [48], the coking behavior of Ta promoted
catalyst was as a result of the nature and amount of carbon
deposit. The rate determining step is methane dissociation,
which occurs on the metal sites. As schematically revealed in

CH, + 2% — CH5* + H* (R1)
CO, + 2% — CO* + O* (R2)
CHi* — Ca* = CB* = thisker (R3)
CH *+ O% — CO* + H* (R4)
C*+ O% - CO + 2% (R5)
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Fig. 9 — Reaction scheme for the dry reforming of methane
over Ni/FZSM-5 and Ni—Ta/FZSM-5. Reproduced from
Ref. Hambali et al. [62] with permission from Elsevier.

Fig. 9, the DRM takes place by methane decomposition on the
active metal sites producing CHy species and H,. Meanwhile,
the liberated oxygen species via CO, activation oxidizes CHyx
species to produce CO and H,. The Ta promoted catalyst
favored formation of O* species, which easily oxidise and
eliminate surface carbon species formed. In the presence of Ta
promoter, gasification of carbon becomes easier and less
amount of coke are left on the spent Ni—Ta catalyst. Intro-
duction of Ta metal induced immobilization of Ni sites which
resulted in the superior performance. Contrastingly, the rate
of reactants dissociation and carbon gasification is faster on
Ta catalyst in contrast to unpromoted Ni/ZSM-5 catalyst.
Hence, introduction of Ta changes the amount and nature of
formed carbon species, which limited the tendency of
agglomeration and coke formation.

Clay supported metal catalysts for DRM

Clays are crystal structures which predominantly comprises
of tetrahedral [SiO4* and octahedral [AlOs(OH)s]® layers.
Clays are low-cost, microporous materials with unique
structures and properties [34,35]. From an environmental
viewpoint, clay materials are adjudged to be sustainable and
green. Generally, clays are grouped as follows: (i) kaolinite
comprising of clay materials such as kaolinite, serpentine and
halloysite, (ii) 2:1 non-expanding which contains tetrahedral
[SiO4]* and octahedral [AlO5(OH)s] in a 2:1 ratio (e.g., illite
and mica), (iii) 2:1:1 group where an extra brucite octahedral
layer is attached to a 2:1 mineral (such as chlorites), (iv) 2:1
group (limited expanding) comprising of vermiculite, (v) 2:1
group (strongly expanding) comprising of montmorillonite (vi)
2:1 group (uncharged) comprising of talc and pyrophyllite, and
(vii) fibrous-layered silicates materials such as palygorskite
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and sepiolite [34,118—121]. Out of the known clay materials,
kaolin, is the widely reported to find application as highly
stable catalyst support for DRM. Different physico-chemical
attributes of these clay materials make them viable for DRM.
These features include high surface area, micro porosity,
small (nanoscale) sizes, layered structure, high adsorption
capacity and high basicity.

Kaolin clays are among the most explored materials which
comprises of a aluminosilicate with extremely crystalline
hydrated layers in a 1:1 ratio of tetrahedron and octahedral
[122,123]. Their surface area may extend to several square
meters per gram and have been reported as support materials
in various industrial applications owing to their unique
physical and chemical properties. Kaolin clay contains vary-
ing amounts of oxides of alkali and alkaline earth metals
(Na,0, K,0, CaO and MgO) which could serve as basic centers
on support materials, thus favoring the CO, adsorption and
activation [124]. Generally, kaolinite is the main mineral of
kaolin, with others such as quartz and smectite. The raw
kaolin is virtually inactive, thus the need for further treat-
ments such as thermal, chemical or mechanical sequel to its
application as catalyst carrier so as to provide the needed
anchoring sites for the active metal species to avert a phe-
nomena known as leaching [125—127]. Furthermore, migra-
tion of the active Ni nanoparticles into the support is a major
issue associated with clay supported catalysts, which can be
curtailed by appropriate Ni precursor preparation and incor-
poration. The most viable route is impregnation of the
alumina material with Ni salts in aqueous solution, where the
Ni?" ions easily react with surface of an hydrated alumina
thereby forming non easily reducible hydrotalcite phase after
calcination [128]. Another common practice is organic func-
tionalization through surface organometallic chemistry
(SOMC) process which is effective in increasing selectivity of
target products and deactivation resistance [129,130].

Kaolin supported nickel catalysts were investigated for the
DRM under atmospheric pressure and reaction temperature of
700 °C [34]. The support was activated by acid or base in order
to retain the kaolinite structure, while incorporation of metal
precursor was achieved by organic ligand functionalized Ni
synthesis protocol. The characterization results showed that
the functionalized catalysts had small sized Ni particles with
increased surface area for enhanced reduction and reaction.
The XPS analysis shown in Fig. 10 revealed that functionali-
zation of active nickel metal precursor with oxalate ligand
hindered loss of Ni species during the synthesis process as
supported by shifts of the peaks (Ni 2ps/, and Ni 2p,,,) from
lower to higher binding energies. The base treated function-
alized catalyst produced the highest reaction rates for both
reactants (CO, and CH,) with yield of H, = 21.85% and
CO = 28.49%. More so, it produced superior stability over the
20 h on stream DRM reaction. Similar observations were re-
ported in previous studies [127,131,132]. The authors observed
that deposition of the metal precursor using organometallic
functionalization synthesis route produced nano-sized metal
particles. The small Co/Ni nanoparticles with high dispersion
and reducibility were responsible for the superior activities in
contrast to others prepared via conventional routes.

The calcination and reduction temperature are also crucial
parameters in determining the final morphology of clay
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Fig. 10 — XPS Ni,, scans of Ni/BTK-800, NiOx/ATK-800 and
NiOx/BTK-800 catalysts. Reproduced from Ref. Ayodele &
Abdullah [34] with permission from Elsevier.

supported catalysts. Usually, the activation method influences
the size and dispersion of nanoparticles which in turn influ-
ence catalytic performance. Gamba et al. [133] reported that
calcination temperature improved performance of Ni—Pr clay
supported catalyst. The modified clay support was obtained in
the presence of polyvinyl alcohol and microwave radiation,
which led to the enhanced catalytic activity in contrast to
unmodified counterpart. Thermogravimetric analysis revealed
that calcination temperature had an impact on catalytic
behavior, where catalysts calcined at 800 °C had null formation
of coke in contrast to those calcined at 500 °C. Similarly, high
catalytic stability and activity were reported in literature at
700—800 °C calcination temperature [130,134—136]. Baraka
et al. [137] investigated the activity and stability of Ni-rich clay
minerals sourced from natural lateritic ores deposit
(Niquelandia, Brazil). Further study shows that the material
composed of fraction of Fe (5.20 wt%) in the octahedral layers.
The ore also comprise of tri-octahedral smectites with pres-
ence of Ni (23.8 wt%) within the octahedral sheets and Mg
species (1.67 wt%) situated around the interlayer space. The
raw Ni-rich clay minerals subjected to DRM process at low
GHSV gave appreciable conversions (CHy = 49%, CO, = 63%)
and stability. For the nickel rich samples, the performance
improved signalling the positive influence of Ni species pres-
ence on both structural and exchangeable locations. TEM
analysis of the spent catalysts (Fig. 11) showed presence of
carbon nanotubes, situated around the Ni particles region for
clay fraction reduced at 500 °C. The carbon nanotubes were not
present in the case of catalyst reduced at 700 °C which cor-
roborates its stable performance during DRM.

Basically, pre-treatment of catalyst prior to catalytic test
plays a vital role in metal active sites formation, thus affecting
catalytic performance. The catalytic activity of clay supported
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Fig. 11 — TEM images of for clay based catalyst after the DRM test pre-reduced (a) at 500 °C and (b) at 700 °C. Reproduced from

Ref. Baraka et al. [137] with permission from Elsevier.

Ni catalysts modified by Fe or Cu were investigated in litera-
ture [138]. Carrying out the reduction temperature of 800 and
900 °C prior to the DRM reaction, the authors showed that
reduction temperature had influence on basicity and Ni par-
ticle size. The catalysts reduced at 800 °C produced better
catalytic performance in contrast to the ones reduced at
900 °C. This observations are in accordance with the literature
findings [139,140]. Therefore, in order to achieve appreciable
catalytic performance, it is important to apply appropriate
calcination and reduction temperatures.

Liu et al. [43] explored the impact of various promoters (Al,
Mn and La) on Fe-modified clay based catalysts as summar-
ised in Table 2. The introduction of promoters altered the NiO
crystallite size in the order: Ni—Al/Fe-clay (9.2 nm) < Ni—La/Fe-
clay (9.8 nm) < Ni—Mn/Fe-clay (10.6 nm) < Ni/Fe-clay (13.4 nm).
Their enhanced catalytic performance was correlated to the
less strength of basic sites, enhanced dispersion and reduc-
ibility of Ni sites of Al/La promoted catalysts. On the other
hand, Mn-promoted catalyst was least active due to strong
Mn-—Fe interaction and sintering. However, despite the good
dispersion and reducibility of Mn-promoted catalyst, lower

conversion of both reactants was observed. This can be
correlated to the presence of fayalite and Mn rich sites, which
could partially or completely cover the active Ni sites. Similar
observations were reported in literature [141,142]. A highly
stable Ni—Ce/Clay catalyst was synthesized by modification of
the mineral clay with polyvinyl alcohol and microwaves ra-
diation [143]. The catalyst is made up by open and rigid
structures typical of mesoporous-type support. The stable
performance was dependent on the structure of nickel sites
and promotional species. The TGA analysis revealed negli-
gible coke deposits on spent Ni—Ce/Clay catalyst.

The catalytic performance of Ni catalyst supported on
Al-La pillared clay were examined by Wang et al. [144]. Car-
rying out the DRM reaction (at 1:1 feed ratio and 18,000 cm®/h
g), the authors showed that the incorporation of La enhanced
the catalyst basicity; thus, influencing catalytic stability. The
good performance of pillared clay was in good agreement with
conclusions by Liu et al. [142]. The catalytic performance of Ni
catalysts supported on zirconia pillared laponite clays with
surfactants have been evaluated (GHSV = 18000 mL/g h) [90].
The amount of surfactant added in the preparation stage of

Table 2 — Physicochemical properties and catalytic performance of different promoter loaded Fe-clay catalysts in DRM

reaction [43].

Catalysts Metal NiO crystal size (nm) H, Surface Pore Total basicity Conversion (%) Carbon
Loadlglgs Reduced Spent consumption arfa Volusme (mmol CO,/g) CH, co, deposits
(Wt.%) (mmol Hy/g) (m?/g) (cm?/g) (mg)
Ni/Fe-clay Ni:15 13.4 - 2.03 44 0.11 22.58 17.8 221 109.4
Ni—Al/Fe-clay  Ni:15, Al:10 9.2 13.8 1.52 63 0.11 5.95 53.1 62.0 284.8
Ni—Mn/Fe-clay Ni:15, Mn:10 10.6 12.6 2.28 45 0.15 19.44 2.5 1.4 15.1
Ni—La/Fe-clay Ni:15, La:10 9.8 17.3 1.83 13 0.10 6.76 47.2 58.2 239.6
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the modified clay catalysts were 4, 8 and 12 g. Ni/Zr-Laponite
(8) gave the highest conversions (CO, = 95% and CH, = 85%)
at reaction temperature of 750 °C. Moreover, N, adsorption
conducted on the fresh and spent catalysts showed only
minor decrease in porosity, signalling good metal-support
interaction. Ni catalysts supported on alumina intercalated
laponite clay prepared with polyethylene oxide surfactant
have been examined in DRM reaction [145]. The authors re-
ported conversions between 80 and 95% at reaction temper-
ature of 800 °C. The surfactant tailored formation of a well-
developed porous catalyst system with good dispersion of
active species. In addition, Ni-containing phyllosilicate clay
catalyst have been prepared via hydrothermal method [146].
Partial reduction of Ni species in thermally stable phyllosili-
cate led to better dispersed Ni nanoparticles, thus, inhibiting
coke deposition during the methane reforming reaction.

Emerging trends in engineering mesostructured
support

Catalyst deactivation remains a major hurdle towards devel-
opment of catalyst system for large-scale methane reforming
process. Regardless of the synthesis route or type of support
material used, severe activity loss has been recorded during
DRM especially over nickel catalysts. Ensemble efforts were
aimed at understanding deactivation process models, fabri-
cation of robust catalyst system and optimization for less
carbon deposition. As discussed in the previous section,
catalyst deactivation is induced from carbonaceous species
formation and depositions, high temperature metal sintering
and fracture of support. In view of the remarkable attributes of
mesostructured catalyst systems in DRM reaction, more novel
porous materials could also pave way for industrialization of
DRM process. For example, materials such as core-shell,
birdcage, york shell, fibrous among others can provide large
surface area and fine metal dispersion which make them
attractive candidates for CO, reforming of methane.
Confinement of metal particles inside shell structured support
such as yolk-shell has proven to be a viable approach to prevent
sintering of metal and carbon formation during DRM. This has
triggered unprecedented research on design of spherical struc-
tured catalysts via modification of the synthesis route [86,147].
Several structured supports have effectively been applied in
methane reforming reaction with positive impacts, especially the
yolk-shell and core-shell configuration. Fabrication of core-shell
support was attained via coating of metal nanoparticles inside

Silica coating '

large surface area support for better dispersion [91,92,148,149].
Encapsulation of metals particles inside core-shell support
shields the active metals from coking, which hinder agglomera-
tion of metal phase and subsequent deactivation. The spherical
structureis achieved via an initial reaction to develop active metal
seeds as the core, while the shell coating the core is produced from
introduction of separate reactants [150].

Kawi and co-workers report the design of a yolk shell
structured (Ni@SiO,) catalyst by micro-emulsion method
(Fig. 12) [151]. Excellent interaction between the metal core
and the silica shell plays a vital role in enhancing activity and
carbon resistance. The rational is to synthesize Ni catalysts
which hinder growth of filamentous carbon species on cata-
lyst surface during DRM reaction. It was reported that core-
shell Ni@SiO, exhibited remarkable resistance to coking dur-
ing reforming reaction as compared to commercial Ni catalyst
[152]. The combination of micro-meso pores in the silica shell
facilitated diffusion and hindered carbon filament growth. In
this regard, core shell structured materials seem viable in
commercial production of syngas by DRM process.

Fibrous material are another promising class of support
material that was successful designed and for first time
fabricated by the catalysis centre of King Abdullah University
of Science and Technology, Thuwal [153]. The novel material
was named KCC-1 (KAUST Catalysis Centre 1) with fibrous
morphology as portrayed in Fig. 13. It offers high surface area
as a result of dendrimeric silica fibers and their respective
large pore channels, which enables better dispersion on the
surface, thereby improving accessibility to active sites
[154,155]. Microemulsion is a thermodynamically stable and
optically isotropic solution that consist of water, oil, and
amphiphilic molecule. The balance between these elements is
crucial in dictating successful microemulsion formation.
Exploitation of different surfactant result in different micro-
emulsion formation, as a consequence of different packing
parameter and interaction with oil-phase and aqueous-
phase. Surfactants are compounds comprising of covalently
bonded hydrophilic and hydrophobic parts. The hydrophobic
part is called tail group, while the hydrophilic part is referred
as head group. Increase in concentration of surfactant will
intensify amount of adsorbed surfactant in the adsorbed layer
until saturation is attained. Consequently, at the saturation
point the surfactant dissolve in the aqueous phase, and the
free energy of the system increases due to unfavourable
interaction between hydrophilic groups with water. To aid
minimization of free energy of the system, surfactant tends to
form micelle via self-assembly process [156,157].

Calcination,
Reduction

800 °C 2

Fig. 12 — York-shell structure Ni@SiO, catalyst. Reproduced from Ref. Li et al. [151] with permission from American Chemical

Society Catalysis.
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Fig. 13 — TEM images of KAUST Catalysis Centre 1 support. Reproduced from Ref. Polshettiwar et al. [153] with permission

from Angewandte Chemie International Edition.

Basically, factors such as surfactant, oil phase, and
aqueous phase play critical roles in formation of the fibrous
morphology. Microemulsion system has been adapted in the
development of zeolite materials. It was reported that
microemulsion in zeolite synthesis act as confined space for
zeolite growth [158]. Using non-ionic surfactant, addition of
butanol as co-surfactant, and heptane as oil source. The uti-
lization of water-in-oil microemulsion was reported to
improve physiochemical properties of MFI structured
silicalite-1 zeolite. Similarly, Maity & Polshettiwar [157]
employed microemulsion synthesis technique for fabrication
of fibrous structured nano materials.

Jalil et al. [84] reported the preparation protocol for fibrous
zeolite Y as displayed in Fig. 14. The significant enlargement of
intrinsic micropores of conventional zeolite Y was achieved via
water-in-oil microemulsion method imposing dendrimer silica
fibre growth on the zeolite support framework. The micro-
emulsion system comprised of cetyltrimethylammonium bro-
mide (CTAB) (as surfactant to direct structure growth), butanol
(as co-surfactant), water (as aqueous phase) and toluene which
act as the oil phase. After the addition of the zeolite Y seeds,
coulombic attraction forces the CTA™ species (hydrophilic head)
into the zeolite Y pores. The zeolitic framework being negatively
charged function as the nucleation center, with majority of the
hydrophilic head generating reverse micelles round the hydro-
phobic tails targeted into the organic phase. The introduced
Tetraethyl orthosilicate (TEOS) (act as silica precursor)

hydrolyzes via interaction with the hydrophobic tail of the CTA*
ions and aqueous phase into polar products. Finally, the pro-
duced paste is dried, calcined and filtered in order to drive off
occluded and surface-located CTA™ surfactant; thus, producing
a fibrous structured support.

Fibrous ZSM-5 (FZSM-5) with high metal dispersion and
stabilization tendency have emerged recently, which can
improve mass transfer of reactants to the active sites and
coking resistance [68,159]. FZSM-5 support possesses
enhanced pore size (diameter ranging between 2 and 50 nm)

ok -
q’,;f@ 7\. T
4 AN D
S =
x;\'(\ h o
g' CTA+ cation &—

Y zeolite seed
Aqueous phase
Organic Phase
Phase boundary (7}
TEOS we
Hydrolyzed silica

V.
Y

Fig. 14 — Schematic representation of fibrous zeolite Y
synthesis. Reproduced from Ref. Jalil et al. [84] with
permission from International Journal of Energy Research.
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as compared to commercial ZSM-5 support (<2 nm of diam-
eter). The FZSM-5 has a large surface area of (603 m?/g) and
pore volume (0.9704 mL/g), which upon undergoing DRM
retained particle dispersion over long time on stream. The
nature of carbon species on FZSM-5 supported catalyst are
mostly amorphous in nature in contrast to the observed
graphitic carbon on conventional ZSM-5 supported catalyst.
Kobayashi et al. [31] revealed a new strategy to fabricate bird-
cage type Pt@Silicalite-1 zeolite catalyst. Typically, they used
water-in-oil microemulsion technique to encapsulate the Pt
nanoparticles unto the Birdcage structure as revealed in
Fig. 15. They recorded a stable DRM performance at 620 °C
over 24 h TOS. Recently, fibrous structured catalyst system
produced excellent performances in carbon dioxide metha-
nation [3,79,160—162], organic pollutant degradation
[163—166], isomerization [84,167], methylation [26,27],
methane reforming [71,77,162] and carbon dioxide capture
[5,168]. Despite successes recorded over the years, develop-
ment of novel mesostructured support with remarkable ac-
tivity and stability is indispensable towards successful
commercialization and industrialization of the process.
Thus, engineering structured zeolite and clay can be a new

20 nm

source for perspective DRM catalyst supports with enhanced
performance and thermal stability.

Role of DRM process parameters on catalytic
performance

Several literatures on modulating catalyst properties for enhanced
performance has been discussed in the previous sections. How-
ever, apart from the above measures employed in circumventing
excessive coking, varying process parameters could be pivotal in
controlling carbon resistance during the methane reforming re-
action. As elaborated in previous studies [62,70,169,170], operating
temperature of 700 °C favours the occurrence of DRM due to its
exothermic nature. It was found out that thermodynamic driving
force for carbon formation diminishes at higher temperature
(>800 °C). Feed composition is another factor which plays a sig-
nificant role in dictating the products spectrum and carbon
deposition [73]. It was also observed that higher concentration of
methane in the feed encourages catalyst deactivation. This in-
dicates the propensity of carbon formation when composition of
methane in the feed is high.

5 nm

Fig. 15 — Images of synthesized Birdcage-type catalysts: (a) FE-TEM image of 0.1 wt% Pt@Silicalite-1, (b) FE-TEM image of
0.2 wt% Pt@Silicalite-1, (c) and (d) HAADF-TEM images of 0.1 wt% Pt@Silicalite-1. Reproduced from Ref. Kobayashi et al. [31]

with permission from Elsevier.
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Optimization of process parameters by response
surface methodology

Response surface methodology (RSM) is an analytical tech-
nique to identify a suitable experimental design. It is also
employed to improve and optimize complex processes that is
achieved via mathematical and statistical techniques. Since
the discovery of RSM by Box and Wilson in 1950s, it has been
widely adopted in specific scenarios where numerous input
parameters influence the performance of the process system
[62,171,172]. The performance measurement parameter is
known as the response or dependent variable, while inde-
pendent variables are the input variables. The independent
variables represent target variables that are manipulated by
the engineer or scientist [17,169]. Basically, optimization using
RSM take into cognisance multi-variate designs which involve
the simultaneous combinations of factors that are likely to
affect the outcome of a response.

The RSM is an advancement over the one factor at a time
method which considers only a single factor at a time.
Therefore, RSM technique typically involves development of
experimental designs to explore the space of the independent
variables. Also, it involves empirical statistical design models
to describe an approximate relationship between response
and input variables. In addition, RSM involves optimization
design to determine the input variables that yield the desired
and optimal value of the response. Basically, selection of
design is imperative for optimization by RSM, since it specifies
the experiments to be conducted in the experimental region of
studies [62,173,174]. Some experimental matrices were con-
ducted for this purpose. Factorial design is an example of
experimental designs that are suitable for application on data
set with no curvature. However, for experimental data that are
not suitably described by linear functions, quadratic experi-
mental design responses such as Box-Behnken, 3-level facto-
rial and central composite designs are mostly considered. RSM
tool can be found in computer-aided software such as Design
Expert, Minitab and STATISTICA [36,173].

The RSM has over the years been used to conduct optimi-
zation of DRM process parameters. Table 3 is a summary of
optimization studies of DRM process parameters using
various catalyst configurations. It was found that central
composite design (CCD) and Box-Behnken design (BBD) are
widely adopted. The BBD interface is considered less expen-
sive because it produces fewer experimental runs. The CCD is
even more commonly used due to its vast usefulness in
sequential experiments built on previous factorial experi-
ments via addition of axial and centre points. Abdulrasheed
et al. [17] reported the use of CCD interface to investigate the
effects on GHSV, reaction temperature and CO,:CH, ratio on
methane conversion over Ni—La@KCC-1. The effect of tem-
perature was observed to be profound on the DRM process.
Hossain et al. [36] adopted CCD to investigate the effect of
their variables on reactants conversion as well as yields of CO
and H,. To uncover the impact of elevated pressure on DRM
process, study conducted by Izhab et al. [171] revealed that
effect of gauge pressure on CO and H, production is signifi-
cant. Concerning the response variables, CH, conversion is
frequently considered as most suitable response in DRM. This

results from the fact that the rate determining step in the
methane reforming reaction is the C—H bond activation
[11,14].

Existing DRM plants and patents

Obviously, most of the DRM research in literature was done in
fixed bed reactors. As discussed in previous sections, DRM is
an industrially immature process due to operational con-
straints displayed by the catalysts involved. Development of
industrial DRM plants is generally at the nascent stage mostly
at laboratory or pilot stage, and the reported plants are pre-
sented in Table 4. Several DRM patents are available on types
of reactors for DRM process as elaborated in literature [21,195].
These include auto-thermal reactor [196], microwave reactor
[197] and membrane reactor [198]. However, both fixed bed
and fluidized bed reactors exhibit promising potentials, there
commercial scale application remains a challenge. A detailed
computational fluid dynamic (CFD) simulation could provide
more information about various approach to improve perfor-
mance of DRM reactors.

Recent supported catalysts studied in DRM

The present section aims to discuss recent advances related to
supported DRM catalysts. Obviously, apart from zeolite and
clays, other important materials have been extensively
explored as supports in the development of DRM catalysts.
The active phases are either in monometallic, bimetallic, or
tri-metallic form, with nickel being the major active compo-
nent. Metal oxides (MO) and mixed metal oxides (MMO)
constitute an indispensable class of support materials in DRM.
The oxides can be classified as reducible (CeO,, TiO, and
Fe;04) or non-reducible (SiO,, Al,05, MgO, ZrO,, and Lay0s).
Notably, the nature of support material can strongly influence
the overall catalytic activity and selectivity of the supported
DRM catalyst. Additionally, the choice of support coupled with
the synthesis strategy deployed in stabilizing the active phase
can affect the stability of DRM catalysts during TOS perfor-
mance [203,204]. This is due to the fact that different supports
have different physicochemical properties which could
potentially account for significant variation in the interactions
between the supports and the active phases. Such interaction
is usually term as metal-support interaction, and it is an
important lever to improve coke-resistance of several DRM
catalysts [205]. Typically, Li et al. [206] reported the tuning of
the metal-support interaction of CeO,-supported Ni catalyst
as an effective tool to control the catalytic activity and coke
formation tendency via modulating the catalyst reduction
temperature. The authors revealed that reduction of the Ni/
CeO, at elevated temperatures (>873 K) promoted significant
migration of ceria species from the reduced support to the
active phase, prompting the partial encapsulation of the Ni
nanoparticles and strongly stabilized them against severe
agglomeration. Slight decline in activity of the catalyst was
observed due to loss in the surface concentration of the Ni
active species, however, the stability of the catalyst was
significantly improved. Engineering abundant macropores on
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Table 3 — Summary of research outputs on DRM optimization process.

Exp. design Input variables Response Catalysts Optimal process performance Ref.
BBD i. Feed ratio i. CO, conversions Co/Ce0, Optimum feed ratio of 0.60 and CH, [184]
ii. CH, partial pressure partial pressure of 46.85 kPa at 728 °C
iii. CO, partial pressure ii. CH4 conversions with CH4 and CO, conversions of 74.84
iv. Temperature and 76.49%.
CCD i. Reaction temperature i. H, yield Cobalt based The optimum values of both responses [171]
ii. CH4:CO; ratio Gauge ii. CO yield (CO and H,) corresponded to 903 °C,
pressure feed ratio of 1.31, GHSV of 4488 mL/h.g
iii. GHSV catalyst and 0.88 bar(g).
BBD i. Ni content (wt%) i. CHy4 conversions Ni—Cu/Al,04 10 wt% of Ni, 0.83 wt% of Cu at 750 °C. [185]
ii. Cu content (Wt%) ii. Hp/CO ratio CH, conversion of 95.1%, and
iii. Temperature iii. Deactivation deactivation of 1.4%.
CCD i. Temperature CH, conversion Ni—Ta/ZSM-5 Optimum CH, conversion of 96.6% at [62]
ii. CO,:CH, ratio 784 °C with CO,:CH,4 feed ratio of 2.52
iii. GHSV and GHSV of 33,760 mL/g h.
BBD i. Reaction temperature i. CO, conversion Commercial Ni Nano 82.9 and 90.8% of CH, and CO, [186]
ii. CH4/CO, ratio powder conversions achieved at optimal
iii. O,/CH,4 ratio ii. CH4 conversion reaction conditions of 900 °C, 1.5 of
CH,/CO; ratio and 0.10 ratio of O,/CHj.
CCD i. Temperature i. CO, conversions 15Ni/CaFe,04 Reactants conversions (CH4 = 85% and [36]
ii. CO,:CH4 ratio ii. CH,4 conversions CO, = 88%) and yields (CO = 77.82%,
iii. GHSV iii. H, yield H2 = 75.8%) achieved at optimal
iv. CO yield reaction conditions of 832.45 °C, feed
ratio of 0.96 and 35,000 mL/g h.
CCD i. La loading CH,4 conversions La; x CexNiy.y Zny05 Ni content effect is considerable and [187]
ii. Niloading calcination temperature has a partial
iii. Calcination effect.
temperature
CCD i. Temperature i. CO, conversion 10Ni/DFSAB-15 Reactants conversions (CO, = 95.67%, [19]
ii. Feed ratio ii. CH4 conversion CH,4 = 93.48%) and H,/CO ratio of 0.983
iii. GHSV iii. H,/CO ratio achieved at optimum conditions of
reaction temperature 794.37 °C, feed
ratio of 1.2 and GHSV of 23,815 mL/g h.
CCD i. CO,:CH, feed ratio CH, conversions Ni—Co/MSN CH, conversion is 97% at reaction [188]
ii. GHSV temperature of 783 °C, CO,:CH, ratio of
iii. Temperature 3, and GHSV of 38,726 mL/g h.
CCD i. Temperature i. CO, conversion Ni/SiO, Reactants conversions (CO, = 83.1%, [189]
ii. CH4/CO, molar ratio ii CH, conversion CH,4 = 44.9%) and H,/CO ratio of 0.88
iii Ho/CO ratio achieved at optimum conditions of
reaction temperature 700 °C and feed
ratio of 3.0.
CCD i. CO,:CH4 ratio i. CH4 conversions Ni—Co/MgO0—ZrO, CH4 conversions of 88% and H, yield of [190]
ii. GHSV 86% achieved at optimum conditions
iii. O, feed ii. H, yield of 749 °C, GHSV of 145,190 mL/g h,
concentration C0,:CH,4 ratio of 3 and O, content of 7.
iv. Reaction
temperature
22 FD i. Fe loading H, yield Ni—Fe/MgAl,04 Reduction of 61% in the amount of [191]
ii. Niloading nickel without loss in yield of H,.
iii. Reaction
temperature
CCD i. CH4:CO feed ratio CH4 conversion Ni—La@KCC-1 CH, conversions of 97% achieved at [17]
ii. GHSV optimum conditions of 820 °C, GHSV of
iii. Reaction 35.5 L/g h and CO,:CH, ratio of 2.5.
temperature
BBD i. CH, partial pressure i. CO yield Co/Sm,03 Optimum CH, and CO, partial [192]
ii. CO, partial pressure ii. H, yield pressures of 47.9 and 48.9 kPa at 735 °C
iii. Reaction resulting in syngas yield of 79.4 and
Temperature 79.0% for H, and CO, respectively.
CCD i. Niloading CH4 conversion La—Ba—Ni/CuyOs; Maximum methane conversion was [193]

ii. La loading
iii. Calcination
temperature

achieved via calcine temperature of
700 °C.
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Table 3 — (continued)

Exp. design Input variables Response Catalysts

Ni/y-ALO;

Optimal process performance Ref.

i. CO2 conversion
ii. CH4 conversion
iii. CO yield
iv. H, yield

CCD i. Discharge power
ii. Total flow rate
iii. CO,:CH4 molar ratio
iv. Niloading

Gas flow rate of 56.1 mL/min, a [194]
discharge power of 60.0 W, a CO,:CH,

molar ratio of 1.0 and a Ni loading of

9.5 wt%.

CCD: Central Composite Design; BBD: Box-Behnken Design; FD: Factorial Design; GHSV: Gas Hourly Space Velocity.

Table 4 — Reported pilot scale plants for DRM.

Plant Year Remarks References
SPARG 1990 Production of syngas with H,/CO ratio [199]
of unity via combination of steam, CO,
and CH,.
CALCOR 2001 Production of CO rich syngas. [200]
Carbon Sciences Inc. 2010 Production of syngas using a bench top [201]
reactor.
Linde Group 2015 Production of syngas using Ni-based [202]

and Co-based catalysts.

a support material and subsequent stabilization of the active
species within the pores is an effective strategy to ensure
improved catalytic activity and stability against sintering. Ma
etal. [207] have recently exemplified such strategy on Ni/Al,03
using an evaporation-induced self-assembly method (EISA).
Obviously, diverse approaches have been reported which
target effective stabilization of the Ni active phase against
rapid deactivation. The key factors that contribute to fast
decline in catalytic activity of DRM catalysts are majorly sin-
tering and coke deposition, and they remain the great chal-
lenges to commercialization of a lot of catalysts. The
incorporation of CeO, into the active phase of Ni/SiO, was
recently found to promote the concentration of reactive oxy-
gen species available for potential coke gasification in addition
to weakening the metal-support interaction, leading to sig-
nificant increase in the overall catalytic performance of the
catalyst [208]. Depending on the nature of support, synergistic
interplay due to creation of metal-support interface could
provide a novel handle to tune DRM reactivity and stability of
catalysts, as exemplified by Li et al. [209]. The authors
confirmed that the formation of Ni—La,03 interfacial synergy
in a mesoporous Ni/La,05 catalyst significantly promoted the
evolution of active bidentate carbonates on the surface
(Fig. 16a), as evident from combined in situ DRIFTS and DFT
simulation. The bidentate carbons actively react with coke
intermediates that are derived from methane activation. Such
induced carbon deposition inhibition resulted to highly stable
performance of the catalyst, as shown on Fig. 16b. Interest-
ingly, NiFe bimetallic system supported on various materials
is among the most promising DRM catalyst and a lot of efforts
have been devoted towards improving its performance
[210—212].Jin et al. [213] found that controlled incorporation of
Cu species can effectively enhance the Ni—Fe interaction
(suppressing Fe segregation) in order to ensure adequate
availability of labile oxygen to the Ni sites for coke removal
over NisFe;Cu;-Mg,Al,O, catalyst. On another perspective,

reaction conditions can equally be critical in regulating the
structure-reactivity function of DRM catalysts via modulating
the dynamic composition of the active phase, especially in
perovskite-based catalytic systems. Shah et al. [214] revealed
via HAADF-STEM and TPSR experiments found that the active
phase of exsolved NiFeCo catalyst derived from La(Fe,Ni,Co)O3
perovskite precursors was initially Fe-rich but became Ni- and
Co-rich in the reactive atmosphere after 24 h time on stream.
Mostrecently, Coster et al. [215] decipher a similar observation
on Ni—Fe/MgAl,O, catalyst via systematic in situ transmission
QXAS measurements. The authors revealed that at CH,/
CO, < 1, FeOy species were evidently generated on the active
surface due to induced extraction of Fe from the Ni—Fe alloy,
with some of the Fe potentially reincorporated into the sup-
port lattice, as depicted on Fig. 16c. At CH4/CO, = 1, the CO,-
induced Fe segregation was significantly suppressed. This
insightful interplay between the gas phase environment and
dynamics in the composition of the active phase explains the
reason for the stable DRM catalytic performance of a previ-
ously studied 8NisFe/MgAl,04 under similar condition [216] At
the CH4/CO, = 1 (a more reducing environment), large avail-
ability of CH, dissociation products countered oxidation of the
Fe species by CO,, thereby enabling improved stability of the
Ni—Fe alloy phase that is beneficial in DRM.

Summary and perspectives

Remarkable research efforts have been made in modification
of zeolite and clay based catalysts for DRM which indicate
immense potentials for these materials. The swift deactiva-
tion of conventional zeolite catalysts in DRM is because of
their high surface acidity which often lead to side reactions
with inferior stability. Moreover, their shape and size selective
attributes inhibits the diffusion of active metal crystallites
into support channels, cracks and interstices, leading to
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Fig. 16 — (a) A schematic model depicting the formation of bidentate carbon (BC) due to Ni—La,0; interfacial synergy in a
mesoporous Ni/La,0j; catalyst derived from templating SBA-15. The BC actively reacts with generate d coke precursor from
methane activation. (b) Stable catalytic performance of the Ni/La,0; catalyst during DRM. (c) Depiction of the dynamic
changes in the composition of reduced 8NisFe/MgAl,0, during DRM (750 °C, 1 atm, 30 min) with (B) CH,/CO, < 1/1 and (C)
CH,/CO, = 1/1. The proposed model was developed from the useful insight obtained during in situ QXAS experiment.
Reproduced from Ref. Li et al. [209] with permission from Elsevier.

accumulation of metal species on pore entrances. Restruc-
turing of zeolite supports is a vital approach to introduce
mesoporosity within the active phases which is prerequisite
for robust DRM catalysts. Microemulsion, nitridation and one-
pot are effective synthesis methods which could invoke high
dispersion and stabilization of metal particles thereby boost-
ing reactants accessibility to active sites. Conversely, spheri-
cally structured birdcage and fibrous zeolite supports are best
explored with comparatively high activity, near unity H,/CO
ratio and remarkable stability under the harsh DRM condi-
tions. Doping zeolite supported catalysts with promoters such
as Ca, Ce, Mg, Gd, Ta, Ga, Co, Zr and La induced better Ni-
support interaction and coking resistance. It was established
that there is a correlation between coking resistance and the
nature of acid-basic sites. Homogeneous distribution of acid-
basic sites of zeolite catalysts lessens the tendency of carbon
deposition due to comparable (CH, and CO,) activation energy.

Several efforts on modification of clay materials are being
explored. Selection of appropriate preparation method,
treatment duration and calcination temperature played
crucial role in dictating the performance of clay based cata-
lysts in DRM. The use of organometallic functionalization
synthesis route for deposition of the metal precursor on clay
support is a vital approach in achieving high reaction rates for
both reactants (CO, and CH,) with superior stability. Calcina-
tion temperature is another crucial parameter in fine-tuning
the final morphology of clay supported catalysts. Calcination
at high temperature (~800 °C) produced superior stability with
no noticeable coke formation in contrast to those calcined at
low temperature (~500 °C). Also, pre-treatment condition
plays a vital role on metal active sites formation, thus
affecting catalytic performance. The catalysts reduced at low
temperature produce better catalytic performance in contrast
to the ones reduced at elevated temperature. Bimetallic design

exemplified with Ni along with either Cu, Co, Ce, Mn and Fe
phases over clay supports produced superior DRM activity and
stability as a result of high reducibility and metal dispersion.
In summary, the prerequisite for robust DRM catalyst system
includes fine metal dispersion, good oxygen mobility, good
metal support interaction, high surface area and basicity.

To better understand the correlations of process parame-
ters with catalytic performance during DRM, an exhaustive
analysis was conducted on reported studies with emphasis on
optimization of process parameters using response surface
methodology. Different feed ratio affects the product spec-
trum, where high CH,4 concentration in the feed induces pro-
duction of syngas with higher H, content than CO and is
accompanied by more carbon formation. Higher amount of
CO, in the feed on the other hand drives the reaction in the
direction of products with near unity H,:CO ratio, and posi-
tively impact the catalyst life span.

It is undoubtable that engineering structured zeolite and
clay based catalysts is attractive from both economical and
industrial point of view. Among the possible DRM research
focus include:

1. To explore new structured zeolite and clay supports with
new morphologies by fine tuning the composition of the
starting materials.

2. To explore more approaches in development of zeolite and
clay supported catalysts with appropriate metallic formu-
lations such as bi-metallic alloy formation with Ni and
fourth period transition metals.

3. To examine deeply the interplay between structure-
catalysis of zeolite and clay based catalysts in DRM
reaction.

4. To experiment in practice the impact of co-feeding small
traces of steam/oxygen with the DRM reactants since it
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could thermodynamically affect product selectivity and
carbon deposition.

5. To use computational modeling and advanced in-situ
spectroscopy tools to further unravel the coking mecha-
nism of DRM.

Concluding remarks

To circumvent catalyst deactivation associated with CO,
reforming of methane, structured materials have been
developed to support the active metal species. This review
focused on zeolites and clays for such purposes, aiming to
develop robust catalyst systems with high activity, stability
and selectivity suitable for the industrialization of DRM
process. These materials deserved attention due to their
abundance, peculiar structures, high affinity for CO,, envi-
ronmentally friendly nature as well as tunable properties to
improve selectivity of target products. Advances and per-
spectives in engineering mesostructured zeolite and clay
supports with inclination to fine dispersion and immobili-
zation of metal particles have greatly inspired hope towards
development of cheap and efficient DRM catalysts. Using
appropriate synthesis technique, composition of the starting
materials, treatment duration, calcination protocol and
promoters could pave way for development of a catalyst
system with anti-coking and anti-sintering attributes which
is prerequisite for robust DRM catalysts.
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Nomenclature

ANOVA Analysis of variance

BAS Bronsted Acid Sites

MO Metal oxides

MMO  Mixed metal oxides

CO,-TPD Carbon dioxide Temperature Programmed
Desorption

CTAB  Cetyltrimethylammonium Bromide

CCUS  Carbon Capture, Utilization and Storage

CCs Carbon Capture and Sequestration

CCU Carbon Capture and Utilization

DFT Density functional theory

DRM Dy reforming of methane

EISA Evaporation-induced self-assembly

FZSM-5 Fibrous ZSM-5

DTA Differential Thermal Analysis

GHG Greenhouse gases

GHSV  Gas Hourly Space Velocity

HAADF-STEM High angle annular detector dark field
scanning transmission microscopy

H,-TPR Hydrogen Temperature Programmed Reduction

KCC-1 KAUST Catalysis Centre 1

LAS Lewis Acid Sites

MFI Mordenite Framework Inverted

NH;-TPD Ammonia Temperature Programmed Desorption

RSM Response Surface Methodology

RWGS Reverse Water Gas Shift Reaction

SEM Scanning Electron Microscopy

SPARG Sulphur passivated reforming

SOMC  Surface Organometallic Chemistry

TEOS  Tetraethyl Orthosilicate

TGA Thermogravimetric Analysis

TEM Transmission Electron Microscopy

TPSR  Temperature Programmed Surface Reaction
Spectroscopy

TOS Time on stream

TPR Temperature Programmed Reduction

XPS X-ray photo electron spectroscopy
XRD X-ray diffraction
ZSM-5 Zeolite Socony Mobil-5
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