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Abstract
Metallic composites represent a vital class of materials that has gained increased attention in crude oil processing as well as 
the production of biofuel from other sources in recent times. Several catalytic materials have been reported in the literature for 
catalytic cracking, particularly, of crude oil. This review seeks to provide a comprehensive overview of existing and emerging 
methods/technologies such as metal–organic frameworks (MOFs), metal–matrix composites (MMCs), and catalytic support 
materials, to bridge information gaps toward sustainable advancement in catalysis for petrochemical processes. There is an 
increase in industrial and environmental concern emanating from the sulphur levels of oils, hence the need to develop more 
efficient catalysts in the hydrotreatment (HDS and HDN) processes, and combating the challenge of catalyst poisoning and 
deactivation; in a bid to improving the overall quality of oils and sustainable use of catalyst. Structural improvement, high 
thermal stability, enhanced cracking potential, and environmental sustainability represent the various benefits accrued to the 
use of metallic composites as opposed to conventional catalysts employed in catalytic cracking processes.
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Introduction

In a bid to refining light and heavy crude in the petroleum 
industry, catalytic cracking processes have evolved over the 
years [1–3]. The refining of heavy and extra-heavy crude 
particularly requires highly sophisticated processes. Crack-
ing of petroleum generally refers to the breakdown of highly 
complex organic molecules such as kerogen into light hydro-
carbon molecules under high temperature and pressure [4, 
5]. Cracking processes could be thermal or catalytic. The 
former involves the decomposition of highly polymeric 
molecules into smaller ones under high temperature, while 
the latter incorporates the use of a catalyst to facilitate high 

thermal efficiency at a shorter time under low temperature 
and pressure [6]. Other advantages of catalytic cracking 
over thermal cracking include high product selectivity, high 
yields of gasoline, high octane number, and high aromatic 
yield, among others [7].

Catalyst is an essential entity in conversion and upgrading 
processes as it facilitates the production of valuable prod-
ucts without being consumed in the process. The activation 
energy required to reach the conversion state is lowered by 
the catalyst via the provision of an alternative reaction path-
way [8]. The choice of catalysts used in catalytic cracking 
is dependent on the regenerative potential, unique micropo-
rous structure, economic cost, and thermal stability [9]. The 
modern-day petroleum industry commonly uses zeolite as 
a catalyst during catalytic cracking. Alongside every other 
single catalyst used in the petroleum industry, it is difficult 
or almost impossible for a catalyst to perform every desired 
reaction during cracking. Consequent upon this limitation, 
the impregnation of existing materials used as catalysts with 
other materials to form composite materials for added func-
tionality or the synthesis of relatively new materials is an 
evolving technology in the petroleum industry [10–13].

At present, composites being a relatively new terminol-
ogy do not have a widely accepted definition. Composites are 
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obtained through the accumulation of two or more distinct 
materials. The fundamental constituents of composites have 
different distinguishing attributes and features, while the 
compound offers a new material [14]. Composites are made 
up of two or more physically and/or chemically noticeably 
different materials [15]. Composite materials are understood 
to possess their own unmatched, entirely new, and distinct 
properties relative to constituent components [14]. Metallic 
composites are useful in many areas of human endeavours, 
and have found application in both household materials and 
industrial appliances for quite some time [16–19].

The notion of mixing two dissimilar materials has 
received large attention in the present-day applied sci-
ences. These combinations make possible the attainment of 
unique attributes [20]. The composite industry has begun 
to acknowledge the commercial application of composites 
which promise to offer enormous business opportunities 
in the aerospace and automotive sectors [21]. The need for 
structural improvement, tribological, thermal, and chemical 
or some other material properties is the aim of compound-
ing this material [14]. Several components constituted the 
various catalysts used in cracking processes in the refin-
ing industry. An acid zeolite is crucial in achieving high 
activity and selectivity to light olefins; therefore, huge 
research efforts have been dedicated to knowing its work-
ing mechanism, since it was introduced, which is needed to 
enable rational improvements [22]. In particular, composite 
materials are composed of a matrix, constituent with the 
largest quantity share with other components and reinforce 
materials that are used to obtain projected properties. The 
constituents of composite materials do not mix or com-
pletely homogeneous, thereby giving rise to the presence 
of two or more phases within the composite material [14]. 
The mitigation of greenhouse gases, direct conversion of 
methane to methanol, and linear paraffin isomerization are 
specific reactions in oil refining strongly associated with the 
use of composite catalysts [9, 23, 24].

Many exciting research studies and reviews have focused 
on the synthesis, use, and catalytic activity of conventional 
catalysts [25–30]. Comprehensive reviews on the use of 
metallic composites in catalytic cracking processes are of 
great significance, particularly for the future development of 
sustainable and efficient catalysts employed in the cracking 
of oils. Up to date, the use of metal-impregnated catalysts 
in the conversion and upgrading of oils to valuable prod-
ucts has not been critically and comprehensively reviewed 
despite many studies reporting their usability and efficiency. 
This review thus seeks to provide an adequate understanding 
of the existing and emerging choice of composites for cata-
lytic petrochemical processes; the composition, importance, 
limitations, areas of improvement, and sustainable approach 
to the development of metallic composites used in catalytic 
cracking in the petroleum industry.

Ecological restrictions on quality 
characteristics of oils

Technological advancement is steered as much by eco-
nomics as well as government as it is by moderniza-
tion. There is no superior example of this other than in 
the petroleum refining and process development. In the 
last decade, advancement in the petrochemical industry 
has been steered by increased global demand for petro-
leum products, need for process efficiency, enhanced 
product selectivity, segmentation of product via quality 
improvement, environmental concerns for sulphur content, 
improved aromatics, and olefins to assist an increasing but 
cyclical petrochemical sphere as well as improved manu-
facture of oxygenates to achieve the clean fuel directives 
[31, 32]. These are presently being re-explored because of 
the increasing concern from the environmental circle of 
benefits and liabilities suffered by the compulsory incor-
poration of oxygenates in gasoline [2, 33].

The ever-increasing demand for energy as well as envi-
ronmental problems is part of the major implications of the 
rapid expansion of human society [34]. The major envi-
ronmental issue in recent times has been air pollution, not 
undermining the damning impact of oil spillage on aquatic 
and terrestrial species [35]. It is a fact that the burning 
of petroleum products belches harmful gases and com-
pounds into the atmosphere, resulting in the greenhouse 
effect, ozone depletion, and acute and/or chronic toxicities 
in living things. Crucial emissions of NOx, SOx, COx, and 
particulate matter are the sources of the majority concern 
for environmental pollution [36]. To reduce their effect, 
stringent environmental restrictions have been launched in 
many developed countries across the globe to decrease the 
sulphur and aromatic contents in automobile fuels aimed 
at reducing harmful exhaust emissions and improving the 
quality of air [37].

Element with significant amounts in petroleum after 
carbon and hydrogen is sulphur. In crude oil, the average 
sulphur content varies from 0.03 to 7.89 g/g % [31, 38]. 
The sulphur compounds are usually found in two distinct 
forms of inorganic and organic. Present in the dissolved 
or suspended form is the inorganic sulphur like elemen-
tal sulphur, H2S, and pyrite. In the same vein, organic 
sulphur compounds like thiols, sulphides, and thiophene 
compounds constitute the main origin of sulphur found 
in crude oil [31]. Substantial attention has been directed 
towards identifying the sulphur compounds in heavy oils, 
oil sands, and derived bitumen [31]. New guidelines as 
proposed by the Environmental Protection Agency (EPA) 
in the year 2010 were to limit the sulphur in diesel fuels 
from low sulphur diesel (LSD) of 500 ppm wt to ultra-
low sulphur diesel (ULSD) of less than 15 ppm. In Euro 
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V standard, sulphur content of diesel fuels was restricted 
to be less than 10 ppm, in a bid to reducing the adverse 
effects of the consumption of fossil fuels [39].

Furthermore, worldwide fuel character introduced restric-
tions on the content of aromatics in diesel fuels to less than 
20% in the advancing future. Undoubtedly, the decrease of 
emissions of exhaust gas [majorly hydrocarbons (HC) and 
particulate matter (PM)], as well as the improved Cetane 
Index (CI), is attributed to the reduction of the aromatics in 
diesel fuels [40, 41]. The increasing alertness of the effects 
on the pollution of the environment by automobiles has the 
responsibility of pollution control diverted to the refineries. 
The sulphur specifications for both gasoline and diesel are 
made more stringent as a consequence of their impact on the 
environment [42]. The demand for cleaner fuel has been on 
the increase, since the concerns for the environment have 
been emphasized. The strict restriction of heavy oils com-
monly utilized as combustion oils came as a consequence 
of the high percentages of sulphur it contains [43]. For that 
reason, it was envisaged that ultra-deep hydroaromatization 
and hydrodesulphurization of gas oils should be considered 
essential to meet both the market and environmental require-
ments [41].

The stricter environmental regulations linked with the ris-
ing dependence on heavy oils obtained from bitumen are the 
huge obstacles confronting the petroleum industries [44]. In 
the past years, there has been a reasonable increase in aware-
ness about environmental protection, and consequently, a 
law limiting the sulphur contents in fuels has been enforced 
across the globe. At present, the reduction of environmental 
issues induced by the emissions of SOx into the environment 
requires high-quality ultra-low sulphur transportation fuels. 
To this end, the hydrotreatment processes making use of 
more active and selective catalysts have been proposed [45].

The environmental laws regarding the standard of auto-
motive fuels as well as the emissions from the refinery are 
presently the most vital and most costly issues. Pollutants, 
such as SOx, CO, nitrogen oxides (NOx, x = 1, 2; 90–95% 
in the form of NO) [35], which are the main air pollutants 
produced by the burning of fuel in stationary and automotive 
engines, particulates, olefins, and aromatic hydrocarbons, 
are of major concerns [46]. The improvement in the envi-
ronmental status of motor fuel is ascribable to the universal 
agreement in the legislation by many countries across the 
globe. In this regard, the reduction of the sulphur contents 
of diesel and gasoline in the advancing years is expected to 
be nearing 10 and 50 ppm sequentially. A small degree of 
sulphur in transportation fuels will not only at-once better 
the standard of air by decreasing SOx emissions, but will 
also indirectly reduce the NOx and hydrocarbon emissions 
by permitting the better work of automotive catalytic con-
verters [47, 48]. As a result of the enacting demand for a 
radical decrease in the sulphur content of automotive fuels 

(say 30 ppm in gasoline and 15 ppm in diesel) that was fully 
enforced in 2009, much attention has been given to the deep 
desulphurization of transportation fuels in the research com-
munity globally. The emissions of SOx in combustion gases 
were boosted by the sulphur in gasoline, thereby decreasing 
the activities of the catalytic converters of vehicles as well as 
promoting the corrosion of parts of the engine [49].

There has been a considerable rise in the demand for 
heavy oil feedstock for refinery aimed at manufacturing 
gasoline with low sulphur which is attributed to the stringent 
environmental promulgations in respect to fossil fuels [50]. 
The reinforcement of efficient hydrodesulphurization (HDS) 
catalysts has been steered by the requisite of manufacturing 
ultra-clean fuels for protecting the environment [51]. The 
production of clean gasoline with sulphur less than 10 ppm 
is a burning topic with regards to eco-friendly catalysis [52]. 
There has been immense attention in recent years directed 
towards the deep hydrodesulphurization (HDS) of fuels 
obtained from petroleum due to the environmental require-
ments suggesting the need to eliminate sulphur. In recent 
times, low sulphur-containing transportation fuels (less than 
10–15 ppm) are in use in many countries globally [53, 54]. 
The enactment and enforcement of laws and an increase in 
people’s environmental protection awareness are accelerat-
ing advanced research into ultra-clean gasoline production.

The use of hydrotreating in improving 
the quality of oils

Hydrotreating or hydroprocessing encompasses different 
hydrogenation procedures that saturate unsaturated hydro-
carbons accompanied by the removal of sulphur, nitrogen, 
oxygen, and metals through processes, such as hydrodesul-
phurization (HDS), hydrodenitrogenation (HDN), hydrode-
oxygenation (HDO), and hydrodemetallization (HDM) from 
various streams of petroleum during refining. Hydrotreating 
of crude oil is mainly aimed at reducing the emissions of air 
pollutants, as well as avoiding poisoning of noble metals 
and acid catalysts utilized in catalytic reforming and crack-
ing and the improvement of the quality of the fuel [46, 55]. 
The application of hydrotreatment in a hypothetical refinery 
is shown in Fig. 1. Hydrotreating is a non-destructive pro-
cess useful for the improvement of product quality without 
appreciable change(s) in boiling range [56]. Hydroprocess-
ing of the feed is a productive way not only to lessen the 
final sulphur content of liquid distillates; nevertheless, it 
equally promotes an increase in the yields of liquids, while 
enhancing the standard (cetane number) of the diesel, but 
reducing the octane number of the gasoline produced [47]. 
The main technologies employed for the desulphurization of 
heavy oil industrially are hydrodesulphurization (HDS) in 
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combination with carbon rejection methods like coking and 
fluid catalytic cracking (FCC) [31].

The ever-increasing global attention received by the deep 
desulphurization of fuel oils was due to the more stringent 
sulphur regulations. Sulphur compounds present in fuels, as 
it is known caused severe environmental pollution as well as 
severe corrosion of reactors and equipment used in oil pro-
cessing. The poisoning activities of sulphur in catalytic pro-
cesses are undeniable. Thus, considering both the industrial 
and environmental effects of sulphur, the desulphurization of 
petroleum products is essential [57]. In the refining industry, 
the term hydrotreating, hydroprocessing, hydrocracking, as 
well as hydrodesulphurization are rather loosely used, since 
cracking and desulphurization operations occur concurrently 
in the hydrodesulphurization and hydrocracking processes 

and it is relative as to which stand out. Here, hydrotreating 
refers to a moderately mild operation whose principal goal is 
to decrease the sulphur content (and not to alter the boiling 
range) of the feed [58].

The most widely employed commercial technology is the 
catalytic hydrodesulphurization (HDS), apart from being effi-
cient towards the removal of thiols, sulphides, and disulphides, 
it is not ideal for the removal of thiophenes specifically the 
alkyldibenzothiophenes [57]. A typical HDS unit is shown in 
Fig. 2. HDS is a catalytic procedure widely employed in the 
removal of sulphur from processed petroleum products like 
diesel fuel, gasoline, jet fuel, as well as fuel oils. The reason 
for sulphur removal is to decrease the emissions of SO2.

The reaction to the main HDS procedure is:

Fig. 1   Application of hydrotreatment (HT) in a hypothetical refinery [46]
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Sulphur-containing compounds react with hydrogen in 
the presence of a catalyst and get converted into hydrocar-
bons and hydrogen sulphide. Hydrogen sulphide produced 
and obtained is in the gas phase and it is being removed eas-
ily [59]. The HDS procedure entails the catalytic treatment 
with hydrogen to change the different sulphur compounds 
present into hydrogen sulphide. Here, some of the hydrogen 
sulphides are oxidized by air to form sulphur dioxide and the 
sulphur is thus removed by the following overall reaction:

The HDS is a representative of an essential component 
of the present petroleum refining operations in terms of 
environmental as well as economic considerations. Pres-
ently, crude oils are becoming heavier with rising amounts 
of sulphur. Since the size of the organic molecules in the 
heavy oil fractions is large, the HDS catalyst supports have 
primarily mesopores as well as micropores. Typical HDS 
catalysts contain CoMo or NiMo sulphides supported on 
alumina [60].

To achieve the sulphur specification as required by the 
strict regulations, it is imperative to embrace new technolo-
gies for the reduction of sulphur [61], and possible pro-
cedures like adsorption, extraction, oxidation, as well as 

Organic sulphur compound + H2(g) → H2S(g)

+ desulphurized organic compound.

2H2S + SO2 → 3S (s) + 2H2O.

bioprocess are used for ultra-deep desulphurization [57]. 
In the last few years, much attention has been given to 
ultra-deep desulphurization from diesel due to the stringent 
regulations of sulphur levels in many countries across the 
globe. At the moment, the development of varieties of des-
ulphurization methods meant for the reduction of sulphur-
containing compounds to an ultra-low level from diesel fuel 
has taken place. One of the alternative methods meant for 
ultra-deep desulphurization is oxidative desulphurization 
(ODS). Here, the compounds containing sulphur like ben-
zothiophenes (BT), dibenzothiophene (DBT), and 4, 6-dime-
thyl dibenzothiophene (4, 6-DMDBT) are oxidized to their 
corresponding sulphones which can be separated from the 
diesel using extractant and this achieved the ultra-deep des-
ulphurization of diesel fuel [62]. The goal of the elimina-
tion of sulphur from petroleum products is to decrease the 
sulphur dioxide (SO2) emissions that come from numerous 
combustion practices. Moreover, it is vital to remove sul-
phur from the naphtha streams within petroleum refinery, 
because, at extremely low concentrations, sulphur poisons 
the noble-metal catalysts (platinum and rhenium) in the 
catalytic reforming units that are subsequently utilized to 
improve the octane rating of the naphtha streams [58].

However, the design of improved catalysts for hydrotreat-
ment is of predominant importance not only in the reduc-
tion of environmental pollution but also in process optimi-
zation for feedstocks of low grade [37]. The research and 
development circle has greeted these challenges with the 

Fig. 2   A typical hydrodesulphurization unit [58]
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introduction of varieties of new catalytic processes and look-
ing for ways of modifying many of the substantial refinery 
processes of manufacturing the fuels, lubricants, petrochem-
icals, as well as special products needed by a more value-
conscious and environmental alert society. Many of these 
process innovations have come in place as a result of recent 
applications of zeolite catalysts [33]. This can be realized by 
developing more active or selective catalysts for the hydro-
treatment (HDT) processes [63]. The core of the reforming 
process is the catalyst and most of the notable improvement 
in the process was attributed to the development of improved 
catalyst [64]. A specific catalyst used for the conventional 
hydrotreatment of crude oil includes shaped alumina-sup-
ported sulphided Mo promoted by either Co or Ni [65]. The 
regular process employed in removing heteroatoms as well 
as quality upgrading of petroleum in the refining industry 
is the catalytic hydrotreatment using supported Ni–Mo or 
Co–Mo catalysts, and for many decades, it has been com-
mercialized [43].

The evolution of the newer generation of catalysts is 
essential to meet up with the challenges coupled with the 
HDS of numerous petroleum fractions. The improvement of 
the activity of the catalyst had experienced various attempts 
such as changes in the active metal composition, use of 
disparate types of active metals, supports, and additives, 
etc. among which the vital one is the variation of supports. 
Molybdenum promoted with cobalt and nickel supported 
on alumina makes up most of the HDS catalysts utilized 
for industrial applications [42]. Due to their introduction, 
40 years ago, into the refinery, zeolite catalysts have been 
the origin of notable improvements in the yield of gasoline 
and octane along with the production of cleaner fuels and 
lubricants with enhanced performance properties [33].

Gamma alumina, γ-Al2O3, supported NiMoS and 
CoMoS are widely utilized for the hydrotreating of petro-
leum in oil refineries. The amelioration of the afore-
mentioned catalysts is required given the greater envi-
ronmental concern as a result of the pollution caused by 
automobiles as well as the subsequent limitations of the 
sulphur contents in gasoline and diesel fractions due to the 
stringent environmental regulations [66]. Platinum sup-
ported on gamma-alumina (Pt/γ-Al2O3) is a well-known 
reforming catalyst up to date; its interaction with sulphur 
is recognized. More importantly, sulphur can cause the 
modification of the reforming Pt/γ-Al2O3 catalysts through 
the adsorption over the hydrogenolysis sites of the cat-
alyst, consequently, altering the selectivity of the cata-
lyst in reactions of olefins that are competitive, to which 
isomerization is preferred to reactions of hydrogenation 
and hydrocracking. The partial or complete removal of 
sulphur by hydrogen treatment made this effect revers-
ible, although the poisoning of the catalyst is due to the 
remaining sulphur that is irreversibly held. Apart from 

their general use in naphtha reforming, platinum (Pt) cata-
lysts were identified a long time ago as desulphurizing 
catalysts, which is advantageous. Specifically, the espe-
cially good hydrogenating ability of platinum (Pt) makes 
it suitable as a potential catalyst meant for deep hydrodes-
ulphurization (HDS) and hydroaromatization (HAD) [67]. 
Sulphided transition metals have been widely employed as 
hydrotreating catalysts. Hydrodesulphurization catalysts 
are predominantly little crystallites of sulphided Mo pro-
moted with either Co or Ni and alumina as the support 
[68].

Pt and Pd, either as monometallic or alloyed cata-
lysts, have demonstrated excellent catalytic activity in 
the hydrodesulphurization (HDS) of dibenzothiophene 
(DBT) molecules. 4,6-DimethylDBT is the common rep-
resentative member belonging to the family of the highly 
refractory 4,6-alkyl-substituted DBTs, often referred to 
as the molecule of interest (target), to be hydropurified 
in heavy oil cuts. However, the HDS of this molecule can 
occur through the hydrogenation (HYD) or the direct des-
ulphurization (DDS) routes. The steric hindrance imposed 
by the alkyl substituents of 4,6-dimethylDBT has been 
investigated both experimentally and theoretically, and 
they have been found to inhibit the scission of the sulphur 
heteroatom through DDS, consequently making the con-
version through HYD salient to the achievement of the 
required HDS rate [69].

The developed catalysts for hydrotreating include tung-
sten and molybdenum sulphided on alumina. These metals 
are often referred to as hydrogenating catalysts; however, 
the addition of either sulphided cobalt or nickel caused the 
modification of their properties. Hydrogenation catalysts 
include nickel sulphide, nickel thio-molybdate, tungsten, 
and nickel sulphides, as well as vanadium oxide. Sulphided 
cobalt and molybdenum catalysts supported on alumina are 
to a great degree in use today; since they have proven to 
be tremendously selective, regeneration is undemanding, as 
well as been resistant to poisons [58]. Tungsten phosphide 
(WP) was studied, and it was found that it possessed high 
hydrogenation/dehydrogenation activity, but was highly sen-
sitive to piperidine inhibition. The methyl groups suppressed 
the direct desulphurization of 4,6-DMDBT, but significantly 
promoted the hydrogenation of 4,6-DMDBT and the dehy-
drogenation of 1,2,3,4-tetrahydro-4,6-dimethyldibenzo-
thiophene (TH-4,6-DMDBT) and 1,2,3,4,4a,9b-hexahydro-
4,6-dimethyldibenzothiophene, but decreased the rate of 
hydrogenation of TH-4,6-DMDBT (Fig. 3) [70].

Typically, there is a need to activate these metals by 
converting the hydrogenation metals from the oxide to the 
sulphide form, because they are usually in the oxide state 
when purchased. The catalysts meant for economical sul-
phur removal contains cobalt and molybdenum sulphides 
(CoMoS) supported on alumina. Nonetheless, if nitrogen 
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removal is of remarkable consideration, then the catalysts 
composed of nickel–cobalt–molybdenum or nickel–molyb-
denum (NiMo) compounds on alumina supports are more 
effective.

Composition of metallic composites

Metallic composites are materials with higher specific 
properties, e.g., stiffness, strength, etc., and less density. 
They exhibit upgraded properties emanating from combi-
nations of two or more materials. The combination usually 
comprises of a matrix and a reinforcement; the former is 
responsible for distributing the applied stress, while the 
latter ensures the provision of the required mechanical 
strength [71]. Metallic composites are made through the 
dispersion of reinforcing material in a metal matrix [72]. 
Table 1 presents a summary of metal composites and sup-
ports to promote and expedite chemical processes involv-
ing the treatment of heavy/crude oils and conversion to 
useful, low-molecular-weight petrochemicals. There are 
two main components of new fluid catalytic cracking 
(FCC) catalysts which are zeolites and a matrix. Addition-
ally, other catalysts also contained additives which boost 
octane number of gasoline, enhancing the resistance of 
catalyst to metal, sulphur dioxide (SO2) emissions reduc-
tion, as well as the oxidation of carbon monoxide (CO) 
[73].

The matrix is the monolithic material that the rein-
forcement is embedded, and is completely continuous. 

The reinforcement surfaces are often coated to forestall a 
chemical reaction with the matrix. This means that there 
is a path through the matrix to any point in the material, 
unlike two distinct materials sandwiched together. The 
active catalytic component of a catalyst is carried by the 
catalyst matrix material [74]. Outstandingly, the active 
matrix ensures an extensive performance of the FCC cat-
alyst by pre-cracking sizeable oil molecules to enhance 
penetrability to the zeolite’s micropores. The inert portion 
of the matrix, referred to as filler, generally functions as a 
heat sink and transfer medium as well as providing little or 
no catalytic activity to the catalyst. For optimum fluidiza-
tion properties, the filler also offers mechanical strength 
and improves the apparent bulk density (ABD) of the par-
ticle. The binder mainly acts as a glue, jointly binding 
zeolite, matrix, and the filler as well as providing huge 
attrition resistance. The binder occasionally modifies the 
coking attributes and acts as an inhibitor for poison species 
[75]. Additionally, the matrix in many commercial cata-
lysts is the amorphous silica, alumina, or silica-alumina. 
Concerning the matrix’s catalytic roles, it is principally 
responsible for the catalyst’s physical properties [73].

The multifaceted structure and composition of metallic 
composites are reasons why they exhibit complex behav-
iour. The stability, activity, and selectivity of the metallic 
composite catalyst are predicated upon the intrinsic activ-
ity and localization of the acid sites and the metal [76]. 
The proximity of the metal and acid sites, a phenomenon 
described as “site intimacy”, affects the selectivity of the 
reaction. Mechanical mixing and impregnation are the 

Fig. 3   Desulphurization mechanism and pathways ( Adapted from Yang et al. [70] Copyright 2015 Elsevier BV)
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two commonly employed methods of synthesizing metal-
lic composites [77].

Support for metallic composites

Presently, the use of new materials as supports for catalysts 
is one of the numerous efforts aimed at improving the activ-
ity of catalysts [78–80]. The most relevant advances in the 
history of catalytic cracking were the introduction of porous 
materials as fillers and supports, specifically zeolites and 
clay, in commercial FCC catalysts in the early 1960s [81, 
82] for various industrial processes [83]. With little capi-
tal investment, zeolite catalysts provided a greater profit 
[81], cost-effective, and environmental benefits such as the 
replacement of low-selective harmful mineral acids and 
chloro-containing catalysts, improved selectivity and yields 
of reactions, products’ quality, and the catalytic systems’ 
overall life, as well as the reduction of the energy consump-
tion at the same time [2, 83]. The zeolite catalysts have high 
activity as well as selectivity when compared to amorphous 
silica–alumina catalysts. However, this higher activity and 
selectivity implied a more profitable yield of liquid products 
and additional cracking capacity [82]. Improvement in cata-
lytic efficiency and stability led to growing scientific interest 

and research into the development of novel materials and 
advanced framework architecture [84–86].

For a long time, the value of the support for catalysts 
used in HDS has been known, as well as the activities of 
supports like SiO2, MgO, ZrO2, TiO2, and others has been 
extensively studied [87, 88]. The use of mixed supports 
has been proposed to repress these catalytic setbacks such 
as a tendency for poisoning, instability, etc. [89]. Cata-
lysts made with amorphous silica–alumina supports have 
demonstrated better results in the HDS of 4,6-DMDBT 
connected to increased acidity and fewer surface hydrox-
yls attached to tetrahedral aluminium [68]. Thus far, the 
problem that has attracted extensive research efforts has 
been the efficiency and deactivation of the catalyst. The 
support’s pore structure and the interaction between the 
active phases and the support are the two most impor-
tant factors affecting the efficiency and stability of most 
catalysts. Jointly, these two factors influenced the active 
components’ dispersion, their reducibility, as well as sul-
phidability, and the substrate molecule’s accessibility to 
the catalytic sites. Thus, the vital problem made more cru-
cial by the strict regulations concerning the permissible 
sulphur level in fuels is the discovery of good support for 
the Ni–Mo catalysts [5, 44, 90]. The only known support 
utilized in industrial HDS catalysts is γ-Al2O3. Various 
studies have been intensified on many other supports such 

Table 1   Summary of various catalyst and supports used for cracking and desulphurization processes

Composites used Process involved Treatment of References

Ag-modified mesoporous molecular sieves (Ag/
Ti-HMS)

Oxidative desulphurization (ODS) of 
benzothiophene

Heavy oils (crude) [57]

Cobalt–molybdenum loaded on alumina support 
(CoMo/ү-Al2O3)

Hydrodesulphurization (HDS) Crude oil [42]

Iron oxide-based catalysts Catalytic cracking Residual and heavy oil [105, 106]
Mobil composition of matter number 41 (MCM-41) HDS and cracking Crude oil [97, 98]
Nickel–molybdenum (NiMo) catalysts supported on 

MCM-41
HDS Heavy aromatic compounds [101, 102]

Hexagonal mesoporous silica (HMS), Santa Barbara 
amorphous (SBA-15), and mesoporous Al2O3 
systems

Cracking and HDS Crude oil [42, 95, 96]

NiMo/Al-SBA-15 HDS and HDN Light gas oil [66]
Vanadium (V) modified kaolin catalyst HDS Oils [49]
Na2SiO3/SiO2 Transesterification reaction for biodiesel Rubber seed oil [103, 104]
Metal-loaded zeolite: H-ZSM5, Cu-HZSM5, Zn-

HZSM5, and Mg-HZSM5
Catalytic cracking Palm oil and soybean [17, 18]

Zeolite/alumina catalysts Dehydration Methanol to olefin [107, 108]
Zeolite Y nanoparticles Catalytic cracking to produce light crude 1,3,5-Triisopropylbenzene (TIPB) [73]
Activated iron oxyhydroxide HDS Oil feedstock [110]
Composite zeolite beta-catalyst Catalytic hydrocracking Plastic wastes to liquid fuels [113]
M-Ni/SiO2 aerogel catalysts Cracking n-Decane [114]
UiO-66-Y metal-zeoliteloaded catalyst Catalytic cracking Generating naphtha and diesel oil 

from coal tar oil
[115]
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as SiO2, carbon oxides, and mixed oxides, while the prom-
ising materials being mesoporous silica oxides which are 
used as support possessed an ordered mesoporous frame-
work [50].

Alumina-based supports have proven to be the common 
supports for the hydrotreatment (i.e., hydrodesulphuriza-
tion) of petroleum [91], as heterogeneous catalysts as well 
as sorbents for huge molecules [78]. The introduction of 
metal oxides as supports which investigated the catalytic 
activities of the sulphided CoMo catalysts and their conse-
quent dependence on the nature of the support and additives 
incorporation is not new [91]. Many materials have been 
employed as supports for HDS catalysts [43, 92], having 
acidic or basic sites such as carbon, alumina, mixed oxides, 
and porous materials. The most applicable ones reported so 
far include Al2O3, SiO2, ZrO2, TiO2, MgO, as well as mixed 
oxides among others [45]. Molybdenum-based catalysts have 
been known for ages to interact strongly with alumina sup-
ports. The interaction occurring between the active-phase 
and the support potentially affected the spread of the cata-
lytic material and its reducibility and sulphidability, and 
thus, attention has been directed towards the investigation 
of alternative supports.

The formation of nanocomposite materials via the intro-
duction of catalytic active species into a matrix is an aspect 
of catalysis with growing interest [54]. The nanocomposites’ 
surface properties have been linked to their functionality, 
including surface-to-bulk atomic ratio, polyhedral surface 
framework, surface defects’ concentrations (coordinatively 
ions that are unsaturated due to planes, edges, corners, 
anion/cation vacancies, and electron excess centers), sur-
face acid–base strength, as well as shape selectivity [93]. In 
recent times, much attention has been given to zeolites such 
as ultrastable Y zeolite (USY) and mesoporous materials 
like Mobil Composition of Matter number 41 (MCM-41), 
hexagonal mesoporous silica (HMS), Santa Barbara Amor-
phous (SBA-15), and mesoporous Al2O3 systems [42, 94, 
95]. For instance, it was experimented that CoMo or NiMo 
catalysts supported on MCM-41 are better catalysts when 
compared to the commercial alumina-supported Co–Mo, 
Ni–Mo catalysts employed for desulphurization [43, 78]. 
The higher catalytic activities of CoMo supported on MCM-
41 were reported for the conversion of benzothiophene and 
petroleum residues as well as being more substantially active 
than CoMo/γ-Al2O3 catalysts at high molybdenum loadings. 
The relatively higher catalytic activity reported in the study 
was attributed to the uniform and regular pore structure of 
the tubular-shaped MCM-41 as opposed to the unimodal 
pore structure of γ-Al2O3. This finding is expected to help 
direct future research into the application of MCM-41 as 
catalyst support for smaller molecules [91, 96]. The findings 
of the study showed that the use of chelating agents during 

the preparation of catalyst increases its pore diameter, pro-
viding better stability for the catalyst in the process.

The discovery of many other types of ordered mesoporous 
materials such as HMS, KIT, FSM-16, as well as SBA types 
have been reported [97, 98]. With a variety of templates, 
these materials synthesized in either acidic or basic media 
offered the opportunity to synthesize materials with a tun-
able pore size [99]. However, materials like MCM-41 have 
been found to possess poor hydrothermal stability which 
presents a pressing restriction to their applications [66]. 
A proposed configuration for hydrogen production from 
the fuel cell is shown in Fig. 4 [100]. To improve the ther-
mal stability of these materials, the wall thickness must be 
increased [43, 99]. In addition to an increased wall thickness, 
the introduction of heteroatoms such as aluminium and tita-
nium into the material framework could also bring about an 
improvement in the material’s thermal stability.

Benefits, limitations, and effects of catalytic 
activities of metallic composites in cracking 
reactions

Herrera et al. [101] reported the hydrodesulphurization 
of dibenzothiophene (DBT) and 4,6-dimethyl dibenzo-
thiophene (4,6-DMDBT), using NiMo catalyst supported 
on MCM-41 having 2 wt% P2O5. They concluded that the 

Fig. 4   Proposed configuration for hydrogen production and electricity 
from diesel fuel [100]
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catalyst was moderately more active than other NiMo cata-
lysts containing phosphorus. The NiMo/MCM-41 catalysts 
demonstrated a higher catalytic activity in 4,6-DMDBT 
HDS than the NiMo/Al2O3 used as reference material. 
Consequently, it can be deduced that the modification of 
MCM-41 with phosphorous produced high-performance 
NiMo catalysts chiefly for dibenzothiophene compounds. 
The analysis of the yield of the product revealed that the 
inclusion of phosphorus boosts the hydrogenation pathway 
of HDS [102]. The modified phosphorus mesoporous molec-
ular sieves demonstrated reassuring attributes as supports for 
Mo-based hydrotreating catalysts ideal for the removal of 
refractory sulphur compounds like 4,6-DMDBT [101]. The 
production of clean energy fuels would be greatly facilitated 
by the use of phosphorus-modified catalysts, particularly as 
it aids the hydrogenation pathway of hydrodesulphurization 
during upgrading.

The conversions of N and S of NiMo/SBA-15 catalysts 
at regular state conditions are shown in Fig. 5. The HDS, 
as well as HDN activities gotten with NiMo, supported 
on siliceous SBA-15, are not as effective as their boron or 
alumina-supported equivalents. This perhaps was due to a 
very feeble interaction of Mo and the siliceous support that 
does not afford large dispersion of the sulphided molybde-
num kinds. Both conversions of N and S are significantly 
increased with a rise in Mo loading from 7 to 12 wt%. When 
Mo loading was further increased to 17 wt%, there was an 
extensive increase of N conversion, whereas the S conver-
sion was improved slightly. On increasing Mo loading to 
22 wt%, there was no significant improvement in both HDS 
and HDN activities of NiMo/Al-SBA-15. From their stud-
ies, it was evident that NiMo/Al-SBA-15 catalyst having 

17 wt% Mo is the most potent catalyst for both HDN and 
HDS of light gas oil (LGO) [66]. It can be concluded that the 
catalytic investigation of LGO using Al-SBA-15 supported 
NiMo catalyst with varying loadings of Mo demonstrated 
that 17 wt% of Mo loaded catalyst is preferable and more 
efficient.

Dai et al. [49] reported the sulphur reduction in FCC 
making use of kaolin in situ crystallization catalyst modified 
with vanadium. The modification by vanadium(V) of kaolin 
in situ crystallization catalyst increased the total acidity of 
the kaolin, and it enhanced the weak Lewis acidity. The crys-
tal structure of the catalyst was not damaged by vanadium. 
Thus, the reduction in the activity of the catalyst was not 
significant. There was an increase in the weak Lewis acidity 
which was as a result of the increase in its vanadium con-
tent, thus leading to an enhancement in the extent of reduc-
tion of sulphur content. The kaolin modified with 0.6 wt% 
vanadium gave a sulphur reduction of 34.5% in the sulphur 
content of the liquid product, while the modified kaolin with 
0.45 wt% vanadium gave the best performance [49]. While it 
is important to carefully consider the choice of metals used 
in catalyst modification due to potential toxicity, a relative 
upsurge in the % wt of metals in catalyst composites would 
significantly aid the desulphurization processes of conven-
tional and unconventional oils.

Na2SiO3/SiO2, a solid alkaline heterogeneous catalyst 
that is readily affordable and caused a reduction of the dis-
advantages of conventional homogeneous catalysts, having 
enhanced activity for transesterification reaction of rubber 
seed oil, was used for the production of biodiesel from rub-
ber seed oil. Because of its solid phase nature, it demon-
strated its obvious advantages as well as high activity in the 
regeneration of the catalyst [103, 104]. The study revealed 

Fig. 5   Comparison of HDN and HDS functionalities of Si-SBA-15, 
B-SBA-15, and Al-SBA-15 supported NiMo catalysts. Feed = LGO, 
T = 370 °C, P = 8.8 MPa, WHSV = 4.5 h1, and H2/oil ratio = 600 (v/v) 
(adapted with modification from Sundaramurthy et  al. [66]  Copy-
right 2008, Elsevier BV)

Fig. 6   The effect of the amount of catalyst on conversion efficiency 
(adapted with modification from Nguyen et  al. [103]  Copyright 
2010, Springer)
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that the amount (in percentage) of the catalyst used affected 
the conversion efficiency of the rubber seed oil (Fig. 6). By 
and large, the increase in the amount of the catalyst gave rise 
to the conversion efficiency, because more active sites are 
available. The highest conversion was observed using 3% 
weight of the catalyst, while further catalyst addition did not 
affect the conversion efficiency but rather led to saponifica-
tion as well as energy wastage [19, 103]. The biodiesel pro-
duced from rubber seed oil with Na2SiO3/SiO2 was of better 
quality as seen from its properties (Table 2), in comparison 
with the ASTM standard for biodiesel. The use of SiO2 as 
support created a well-pored structure for the catalyst and 
aided the efficiency of its regeneration.

The catalytic cracking of used palm oil (UPO) as reported 
by Chang and Tye [17] was experimented using four cata-
lysts; H-ZSM5, Cu-HZSM5, Zn-HZSM5, and Mg-HZSM5 
at a reaction temperature of 350 °C for 1 h. Mg-HZSM5, 
among the three metal-loaded zeolite catalysts, gave the 
highest yield of liquid product (84.7 wt%) and gasoline frac-
tion of 8 vol%, as shown in Table 3. With the conversion of 
26.74 wt%, Zn-HZSM5 catalyst gave the highest conver-
sion. The ratio of mesophase to microphase in the compos-
ite catalyst performed a vital role in raising the gasoline 
fraction and conversion in the catalytic cracking of UPO 
and soybean [17, 18]. A reduction in this ratio caused a cor-
responding increase in the gasoline and conversion of UPO. 
It can be inferred that a composite catalyst having 5 wt% of 
magnesium was found to be the most active in the catalytic 
cracking of the UPO.

The desulphurization of heavy oil with iron oxide-based 
catalysts using steam was studied in the catalytic cracking 
of atmospheric residual oil (AR) by Fumoto et al. [105]. The 
reaction was performed at 748 K in a fixed-bed reactor at 
atmospheric pressure. There was an increase in the yield of 
hydrogen sulphide with a higher ratio of steam to feedstock, 
whereas in the catalytic cracking of AR without steam, the 
hydrogen sulphide produced was minimal [105, 106]. There 
was a reduction in the concentration of sulphur of oil to half 
of the corresponding feedstock, while some sulphur com-
pounds were deposited on the catalyst. Oxidative cracking 
of heavy oil making use of oxygen species obtained from 
steam produced hydrogen species from steam, part of the 
hydrogen reacted with the heavy sulphur compounds present 
on the catalyst to produce hydrogen sulphide, light sulphur 
compounds, and hydrocarbons. Carbon dioxide as well as 
hydrogen sulphide were obtained when dibenzothiophene 
was decomposed using the catalyst. Therefore, both cyclic as 
well as acyclic sulphur compounds were decomposed using 
the catalyst and steam [105].

Hajimirzaee et al. [107] studied the effect of the reaction 
conditions, catalyst support, as well as zeolite modification 
in the dehydration of methanol to light olefins upon zeo-
lite/alumina catalysts in a fixed-bed reactor. The production 
of light olefins more selectively is dependent on the high 
temperature of 400 °C; however, elevated temperatures led 
to the deactivation, selectivity towards alkanes as well as 
lower selectivity to light olefins. The study revealed that 
huge concentrations of water in the feedstock resulted in 

Table 2   The properties of 
biodiesel from rubber seed oil 
[103]

Property Testing procedure Biodiesel standard ASTM 
6751-02

Rubber seed 
oil methyl 
ester

Specific gravity ASTM D4052 0.87–0.9 0.882
Calorific value MJ/kg ASTM D240 – 37.00
Viscosity, mm2/s at 40 °C ASTM D445 1.9–6.0 5.52
Flash point °C ASTM D93 Min. 130 130
Cloud point °C ASTM D2500 − 3 to 12 4
Pour point °C ASTMD97 − 15 to 10 − 8
Acid value mg KOH/g ASTM D974 0.8 0.22

Table 3   Performance of 
different catalyst on catalytic 
cracking of UPO [17]

Liquid prod-
uct (wt%)

Residue (wt%) Coke (wt%) Gases (wt%) Conver-
sion 
(wt%)

UPO without catalyst 72.11 11.24 Negligible 16.65 1.19
HZSM-5 83.28 10.46 0.48 6.26 22.67
Cu-HZSM-5 80.60 10.81 0.35 8.59 15.68
Zn-HZSM-5 75.94 8.20 0.06 15.80 26.74
Mg-HZSM-5 84.70 9.65 0.37 5.63 14.50
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higher production of light olefins, and catalytic selectivity 
to propene and other light olefins was enhanced with the 
use of γ-alumina as support. Zeolite catalyst having 25 wt% 
of ZSM-5 present in the sample of the catalyst resulted in 
maximum selectivity to propene and light olefins, but faster 
deactivation of these catalysts was noticed [107, 108]. The 
modification of ZSM-5 zeolite with P, Cs, Ca, and Fe led 
to an increase in shape selectivity to propene in all cases. 
The exchange of ZSM-5 zeolite ion by Cs resulted in opti-
mal selectivity to propene through the changing of the acid 
site distribution. The least selectivity to C5+ compounds as 
well as the smallest quantity of coking was noticed on this 
catalyst.

The application of novel zeolite Y nanoparticles in fluid 
catalytic cracking (FCC) reactions was reported [73]. Crys-
talline nanoporous materials such as zeolites are used for a 
variety of applications in the industries. They possess dis-
tinguished properties like huge surface area, uniform poros-
ity, accessible pore volume, large adsorption capacity, ion 
exchange capacity, and improved catalytic activity, based 
on shape and size; they are selective, etc. The parent zeolite 
nanoparticles were synthesized and the catalytic cracking 
experiments of 1,3,5-triisopropylbenzene (TIPB) were car-
ried out in a laboratory-scale novel riser simulator at 400 °C 
using nitrogen as the carrier gas. Selectivity towards the pro-
duction of light hydrocarbons was observed with the use of 
zeolite Y nanoparticles. Significant conversion was recorded 
when catalysts containing average sizes of 150 and 450 nm 
nanoparticles were used. The study indicated the feasibility 
of developing nanocatalysts with stable structures.

The effect of the method employed in the preparation 
of Ag-modified Ti-HMS catalyst, especially as it affects 
its structure and catalytic oxidative desulphurization per-
formance was reported by Wang et al. [57]. Ag-modified 
mesoporous molecular sieves Ti-HMS were synthesized 
in situ (Ag/Ti-HMS-I), deposition–precipitation method 
(Ag/Ti-HMS-D), as well as impregnation assisted by ultra-
sound process (Ag/Ti-HMS-U), respectively. The catalysts’ 
performances in the oxidative desulphurization (ODS) 
of benzothiophene with hydrogen peroxide (H2O2) were 
studied. Experimentally, the results revealed that the Ag/
Ti-HMS-U catalyst demonstrated the best activity and this 
was attributed to the mesoporous structure which was rela-
tively good as well as the huge Ag dispersion [57, 109]. The 
efficiency of oxidative desulphurization for the removal of 
aromatic thiophenes, as opposed to catalytic hydrodesul-
phurization, was reflected in the method’s high selectivity 
and mild reaction conditions. Ag/Ti-HMS-U catalysts pre-
pared via ultrasound-assisted impregnation have enormous 
potential in the removal of sulphur from crude and heavy 
oils, in a bid to meeting the stern environmental regulations. 
However, oxidative desulphurization processes are relatively 

more expensive due to the use of oxidative reagents and/or 
high-energy intensity.

Andrienko et al. [110] reported the study on the removal 
of sulphur-containing compounds from fuel oils using a 
naturally occurring iron oxyhydroxide. Studies have shown 
that water deferrization waste like iron oxyhydroxide could 
be used as catalysts for the removal of sulphur-containing 
compounds (SCC) present in fuel oil through the oxidative 
desulphurization process. The iron oxyhydroxide was acti-
vated via heat treatment. However, the maximum parameters 
of the oxidation process were obtained; each time, SCC was 
removed from the fuel oil in the oxidative desulphurization 
process [31, 111]. During this process which consisted of 
successive stages, the degree of desulphurization obtained 
for the fuel oil was 92.3% as a result of the successive SCC 
removal from the fuel oil during the various stages of oxida-
tion of SCC as well as the extraction of the oxidized SCC 
present in the fuel oil [110]. The removal of sulphur-contain-
ing compounds from the oil feedstock making use of iron 
oxyhydroxide as a catalyst through oxidative desulphuri-
zation could be in huge demand for industrial uses due to 
the high catalytic activity of this readily available low-cost 
catalyst in the oxidation processes.

Feedstock recycling is receiving growing awareness due 
to environmental concerns. Contingent upon this, the con-
version of plastic wastes to gasoline range fuels is gaining 
attention. If not properly guided, the financial costs of these 
conversion processes may not be economical. Hence, the 
need arises for the development of efficient, yet cost-effec-
tive catalysts to facilitate the conversion processes. Sequel 
upon this, Qureshi et al. [112] used a composite catalyst 
comprising modified Asian clay and pure metallic nanopar-
ticles for the pyrolysis of plastics into liquid fuels in an auto-
clave reactor under varying reaction conditions. As opposed 
to the sole use of clay as a catalyst, the nickel-incorporated 
composite catalyst gave a maximum liquid yield of 79%. 
This was believed to be facilitated by the increased surface 
area of the composite catalyst. The properties of the result-
ing liquid yield satisfied fuel specifications.

The conversion of plastic wastes to liquid fuels was car-
ried out in a stirred autoclave reactor via catalytic hydroc-
racking using a composite zeolite beta-catalyst. The catalytic 
activity of fresh catalysts and the regenerated composite zeo-
lite beta-catalysts (BC27 and BC48) were compared under 
reaction temperature conditions between 360 and 400 °C. 
Catalytic experiments indicated that 93 wt% conversions 
were achieved at 400 °C using BC27 and BC48, as opposed 
to the fresh catalysts [113]. The regenerated composite 
zeolite beta-catalysts are a blend of microporosity and mes-
oporosity. The character of the former demonstrates excel-
lent production of gases, while that of the latter favours the 
high liquid production. The synthesized composite zeolite 
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beta-catalysts embodied high catalytic stability in the cata-
lytic pyrolysis of plastic wastes to oils.

Wang et al. [114] investigated the catalytic activity of 
a series of M-Ni/SiO2 aerogel catalysts in the cracking of 
n-decane under temperature conditions of 600–750 °C. Upon 
comparison with conventional wall-coated catalysts, the 
M-Ni/SiO2 aerogel catalysts showed better anti-coking and 
catalytic activity. Catalyst dosage of only half of the wall-
coated catalysts produced these excellent results. The excel-
lent textural properties of aerogel catalysts such as large spe-
cific area, low density, and high-temperature resistance are 
fast widening their popularity as catalyst supports. The use 
of aerogel catalysts could be further extended to the catalytic 
cracking of heavier hydrocarbons due to their performance.

The potential of generating naphtha and diesel oil from 
coal tar oil informed the investigation of the catalytic crack-
ing of coal tar in a low-temperature distillation by aluminium 
retort using metal-loaded UiO-66 and Y-type zeolite. Both 
catalysts were synthesized using microwave-assisted and 
solution thermal methods. The combination of the cata-
lysts resulted in UiO-66-Y metal-loaded catalyst. The use 
of the composite catalyst ensured the active decomposition 
of aromatic compounds in coal tar as well as the synthesis 
of a wide range of light component esters. The study con-
cluded that the composite catalyst has advantages of both 
molecular sieve materials (high-temperature resistance) and 
metal–organic frameworks (low density) [115]. The current 
global energy quagmire may soon be a forgotten episode 
upon further investigation into improvement technologies 
of composite catalysts, with particular emphasis on stability.

Sustainability of metallic composites

In the quest for improved catalytic efficiency, cost reduction 
of chemical processes, and environmental concerns, signifi-
cant advancement in material development has taken place 
in the last 2 decades [3]. The developments of recyclable/
regenerable, sustainable, and eco-friendly metal composite 
materials have attracted attention and explored globally [2, 
116–118]. Composite development gravitated towards the 
use of efficient materials, which include metal-based alloys, 
polymeric composites, and metal–organic frameworks 
(MOF) [84]. Green metal-based composites with signifi-
cant catalytic properties have been synthesized with plant-
assisted processes, as biochemical, environmental-friendly, 
and cost-effective alternative synthetic routes [119].

Metal-based catalysts have been embedded/loaded on 
solid supports to improve interfacial activity and reduce 
the loss of catalyst, which can be classified as a sustainable 
approach [84, 116]. In the past, carbon-based materials have 
been harnessed as supports for heterogeneous catalyst, due 
to high specific surface areas, adjustable porosity, and sta-
bility (Fig. 7). However, the emergence of N-doped carbon-
supported metal catalysts in the last decade has attracted 
significant attention in catalysis, and the fact that nitrogen 
doping can be tailored to induce other characteristics to the 
bulk material, other than catalysis, encourages an integrated 
and sustainable approach to material development [1–3]. 
Integrated approaches include catalysis–adsorption, oxida-
tion–catalysis, photocatalysis–degradation, photodegrada-
tion–adsorption, etc., achieved with the same functionalized 
material/composite [117, 120–122]. N-doped carbon-sup-
ported metal supports have shown higher catalytic efficiency 

Fig. 7   Scanning electron microscopic image of carbon-based materials revealing pores suitable for loading of catalyst (adapted with slight modi-
fication from Khan et al. [127]  copyright 2019 Nature Research)
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in several heterogeneous catalytic reactions, than the con-
ventional, pristine carbon supports [3].

Metal–matrix composite (MMC) and metal–organic 
frameworks (MOF) have reported improvements in micro-
and macro-structure and mechanical properties such as 
hardness, tensile strength, and density [84]. For catalysis 
and other applications, carefully controlled integration of 
MOFs and functional materials (e.g., metallic nanoparticles, 
quantum dots, enzymes, silica, and polymers), enhances 
the properties, activity, and stability of MOFs and MMCs. 
Metal–organic frameworks can cooperatively and sustain-
ably minimize catalytic poisoning, and enhance the catalytic 
activity, selectivity, and stability in a variety of chemical 
processes [84–86]. Recent studies recommend the use of 
sustainable materials such as aluminium–magnesium-based 
matrix composites and agricultural waste-derived biochars 
as reinforcements in MMCs for industrial applications. Fur-
thermore, stir casting is regarded as the most cost-effective, 
simple, and efficient technique for producing MMCs [2, 
123].

There is a need to reduce the sulphur present in petroleum 
products to ≤ 1 ppm if it is to be used as feedstock for pro-
ducing hydrogen meant for fuel cell applications, because 
of the use of noble-metal catalysts in downstream processes, 
especially in the fuel cell. Additionally, the conversion of 
hydrocarbon fuel feeds to the fuel cell set up entails 0.1 ppm 
sulphur reduction. The implication of this is that a daunting 
task is required to provide catalysts whose catalytic activi-
ties are seven times above the existing catalyst for achieving 
500 ppm of sulphur removal. Apart from the high activity, 
the catalysts should possess distinct activity profiles with 
respect to different functionalities. The variation of the 
support is a vital approach that has been attempted for the 
modification of the catalysts to achieve the above objectives 
[94, 124].

Diverse environmental regulations have focused on the 
reduction of the extent of environmental pollution through 
lowering the level of sulphur, nitrogen, and metals, particu-
larly nickel and vanadium contents in commercial fuels. 
Owing to this, there is a need for the reduction of concen-
trations of contaminants like sulphur in fractions of petro-
leum, especially in gasoline and middle distillates [91]. It 
is presumed that the hydrotreating processes can occur via 
the isomerization of a methyl group or the hydrogenation of 
phenyl rings in sulphur-containing compounds with steric 
hindrance [39, 125, 126]. The proposed isomerization and 
hydrogenation processes can be enhanced by the introduc-
tion of mesoporous catalysts into support matrices. The 
hydrodesulphurization processes can also be enhanced by 
the use of chelating agents during the preparation of the 
catalyst.

Conclusion

The current industry practice is the predominant use of zeo-
lite as a catalyst during catalytic cracking of crude oil. The 
selectivity of conventional catalysts for specific reactions 
during cracking has led to the impregnation of existing cata-
lytic materials with metals to form composite materials. The 
metallic composites have become prominent catalysts not 
only for the catalytic cracking of crude oil but also in the cat-
alytic cracking of palm oil and rubber seed oil, leading to the 
production of usable and reusable high-value products. The 
metallic composites rely basically on their various properties 
such as high thermal stability, attrition resistance, and high 
catalytic activity. Thus, they are the first-choice materials for 
numerous cracking processes occurring in the petrochemi-
cal industries and refineries. However, many challenges 
still exist in the development of composite catalysts with 
both mesoporous and microporous advantages. Simultane-
ously, not every combination of a matrix and reinforcement 
can be processed into useful composite catalysts except by 
interfacial modifications, and catalyst poisoning and deac-
tivation are challenges requiring future research endeavour. 
Therefore, future research should be carried out on surface 
modification, stability improvement, ease of regeneration, 
and efficiency optimization of these composite catalysts.
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