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ABSTRACT: Although diesel after-treatment techniques demon-
strate a substantial decrease in tailpipe emissions, the primary goal
continues to be attaining nearly zero emissions to comply with
current regulatory requirements and foreseeable imminent rigorous
regulations. To achieve this objective, engine combustion systems
and fuel formulations require fine-tuning. Taking insights from the
recent literature, this review examines various processes, including
homogeneous in situ methods, the incorporation of fuel-borne
catalysts, and the use of biofuels. Despite progress in in-cylinder
pollution mitigation techniques like low-temperature combustion,
which exhibits substantial reductions in oxides of nitrogen (NOx)
and soot emissions, it is crucial to consistently advance technology
to conform to evolving emission regulations and environmental concerns. A discussion is presented regarding the advantages and
disadvantages of the homogeneous charge compression ignition (HCCI) mode and their potential for the future, focusing on
biodiesel-fueled HCCI engines. The review assesses the effectiveness of thermal management strategies and engine design
modifications that extend the operational range of HCCI engines powered by biodiesel in light of the inherent limitation of a
restricted engine operating range. The review critically examines the merits and demerits of biofuels and HCCI systems and provides
an essential analysis of current after-treatment approaches. With an imperative focus, the primary aim of this review is to ascertain
modern catalysts designed explicitly for use in contemporary combustion systems. An exhaustive examination of the progress made
in diesel oxidation catalysts, selective catalytic reduction techniques, lean NOx traps, diesel particulate filters, and catalyst
regeneration is presented. The concluding remarks analyze the catalytic characteristics necessary for smooth incorporation with
modern technological developments in various combustion systems.

1. INTRODUCTION
The world is moving rapidly toward cleaner, greener, and
sustainable forms of fuels and energy technologies owing to an
urgent need to protect the global climate. Internal combustion
engines, specifically diesel engines, have been known to be the
most efficient workhorses since their invention in the 1890s.
Their rugged nature and high torque production make them
exceedingly reliable, and the absence of sparking reduces the
maintenance costs of spark plugs. Diesel, as an energy-dense
fuel, typically delivers great mileage with a higher usable energy
content. However, all of these pros still fail to counterbalance
the drawbacks. The abatement of derivational pollutants from
these systems employing fossil fuels represents intriguing
technological and scientific challenges, now more than ever,
due to the present and upcoming stringent regulatory
standards. While developed countries are planning to phase
out direct injection (DI) engines, developing countries are
heavily investing into more greener and sustainable fuels such
as biofuels derived from valorization of biomass.

Present-day research and technology are focused on
hydrogen fuels as the prospective solution to reduce the
greenhouse emissions from the transport sector. Since
hydrogen combustion temperatures are greater than 2500
°C,1 cracking of atmospheric nitrogen and oxygen is easily
viable, resulting in the formation of highly toxic greenhouse
gases, oxides of nitrogen (NOx). A computational fluid
dynamics (CFD) model of diesel engine combustion,
incorporating a complex reaction mechanism, was created by
Zhang et al.2 to investigate the effects of the nozzle diameter
and spray cone angle on in-cylinder parameters and emissions
of a hydrogen-diesel dual-fuel engine. Reducing the diameter of
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the nozzle results in greater pressure and temperature within
the cylinder, thus reducing unburnt hydrocarbon (HC) and
soot emissions while favoring NOx emissions.2 Smaller spray
cone angles reduce HC and NOx emissions but increase soot
emissions.2 In another study,3 the researchers experimented to
verify a diesel combustion model with an enhanced chemical
kinetics mechanism. The authors studied the impact of
different exhaust gas recirculation (EGR) rates on the engine’s
combustion, performance, and emissions. Response surface
methodology (RSM) optimization revealed the most favorable
operating conditions, demonstrating lower cylinder pressure,
temperature, and NOx emissions as the EGR rates increased.3

However, along with being highly flammable, hydrogen
generation and the infrastructure required for transport and
storage raise concerns. Regardless of being most abundant, a
significant amount of energy is needed for green hydrogen
production, which does not equally balance out the energy that
can be drawn from extracted fuel. This calls for extensive
research and development to incrementally set up the demand
and supply network. Therefore, because fossil fuels have
existed for decades, the infrastructure required for producing
and operating these systems is well established. Enhancing the
existing systems with better pollution control strategies is a
wiser approach for a technologically advanced future instead of
refueling new infrastructure to develop a whole new fuel
energy structure.

With industrialization expanding across rural, urban,
suburban, and tribal areas, the exhaust gases from diesel-
driven automobiles are widespread in the atmosphere and are
absorbed into all living systems through direct or indirect
pathways. The major pollutants emitted from conventional
diesel combustion engines, such as particulate matter (PM),
carbon monoxide (CO), HC, and NOx, have been subjected to
legislative limits as a repercussion of their adverse effects on
the environment and the health of living organisms (Figure 1).
On comparing the horsepower equated to a gasoline and diesel

engine, the diesel exhaust notably resulted in greater
environmental toxicity even after considering higher amounts
of carbon monoxide emissions in gasoline-operated engines.
With every scientific advancement, an avalanche of prospective
health effects of exhaust emissions has come to light. A couple
of decades ago, lung cancer was listed as the dominant
emission related disease encountered only as an occupational
hazard. But today, a steep shift in the scenario indicates
consequential effects even on an unborn child. Once the
exhaust gas enters the lungs, the radicals formed in the exhaust
gas mixture at high temperatures, along with PM and other
minacious components, undergo particle deposition followed
by the interaction with bioreactive gases. These abruptly
induce local oxidative stress and pro-inflammatory signaling,
which pave the way for respiratory diseases such as asthma,
lung cancer, chronic obstructive pulmonary disease (COPD),
etc. These PM and other gases travel deeper across airway
channels into the circulatory system and into the bloodstream,
distributing them throughout the body. The radicals have a
potent malignant nature which is bottom-line responsible for
various cancers and other systemic health problems such as
thrombosis, strokes, accelerated aging, and heart disease.4

de Melo et al.5 aimed to verify the effects of PM inhalation
during and before pregnancy, and to do this, they exposed
Wistar rats to filtered air and air having a load of PM. On
assessing the leukocyte and blood platelet count postexposure,
an increase in the interleukin-4 cytokine levels, which is a
potent regulator of immunity, was observed in the placenta’s
fetal portion, suggesting a spontaneous inflammatory reaction.
Another control experiment following up on the consequences
of fetal exposure to diesel exhaust indicated significantly lower
numbers of daily produced sperm, spermatids, and sertoli cells
in mature rats. The effect was attributed to the nasal ingestion
of gases having ultrafine particles of size less than 0.1 μm,
which are easily absorbed through the lungs and extrapulmo-
nary tissues.6 A study by Bendtsen et al.7 compared fuel types

Figure 1. Schematic depiction of health risks and after-treatment strategies of exhaust fumes.
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and combustion conditions with their consequences on the
resulting toxicity. It was concluded that the reactive oxygen
species in the exhaust are directly correlational toward
genotoxicity in lung tissues, whereas the depositional surface
area, elemental and organic carbon, and polycyclic aromatic
hydrocarbons (PAH) correlated with neutrophil influx in a
study conducted on mice. When zeroing in on NOx, it majorly
comprises nitrous oxide (N2O), nitric oxide (NO), dinitrogen
trioxide (N2O3), nitrogen dioxide (NO2), dinitrogen tetroxide
(N2O4), and dinitrogen pentoxide (N2O5).

8 Each of these has
its environmental potency and quite easily participates in
radical formation at higher temperatures. A facile route toward

genotoxicity involves radical oxygen and nitrogen species
which cause oxidative and alkylating deoxyribonucleic acid
(DNA) damages via attack on double bonds of purine and
pyrimidine bases followed by consequent DNA strand breaks.9

To protect the environment and for the welfare of masses,
government bodies have laid down stringent emission
standards, as illustrated graphically in Figure 2. In order to
surmount these present-day emission standards, alternative
pathways such as the alternation of fuels, alternation of
combustion processes, and augmented after-treatment strat-
egies have been researched hitherto.10,11

Figure 2. Pollutant emission factors for different categories of vehicles (Source: IndiaStat.com).

Figure 3. Schematic illustrating the precedence of LTC modes and use of biodiesels over conventional systems.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.4c00705
Energy Fuels XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00705?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00705?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00705?fig=fig2&ref=pdf
http://IndiaStat.com
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00705?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00705?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00705?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00705?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00705?fig=fig3&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


After being signatories of the Paris Climate Agreement,
environmentalists have a greater responsibility toward reducing
the carbon footprint, primarily that of soot, NOx, CO, and HC,
which directly and indirectly contribute toward greenhouse
gases. Renewable fuels such as biodiesels play a crucial role by
reducing the burden on exhaustible fossil fuels and allowing the
engineering of cleaner, greener fuels with enhanced pollutant
mitigation properties.12 The use of biodiesels is advantageous
due to their convenient availability from biomass sources,
representation of a simple carbon dioxide (CO2) combustion
cycle, and socioeconomic and consumer-friendly potential.
The use of biodiesels and their emission characteristics are
further discussed in section 2.2.

Given the substantial volatility of currency exchange rates on
a global scale, it is critical to conduct a cost analysis for
biodiesel production in the country of origin to ascertain its
relative merits compared to conventional diesel fuel.13 Native
conditions comprise various elements�including climate,
technological infrastructure, and available resources�that
substantially impact production costs. The production of
biodiesel generally entails the cultivation, refining, and
distribution of feedstock.14 Due to advantageous growing
conditions and economies of scale, feedstock costs may be
reduced in regions endowed with ample agricultural resources,
such as specific areas in Southeast Asia or South America.
However, costs associated with processing and distribution can
fluctuate significantly due to labor costs, energy prices, and
regulatory frameworks.13 In contrast to diesel fuel, biodiesel
production frequently exhibits enduring cost advantages in the
face of fluctuating fossil fuel prices and increasingly stringent
environmental regulations, notwithstanding the initial invest-
ment requirements.15 Additionally, biodiesel presents the
possibility of cost savings through mitigating greenhouse gas
emissions and reducing dependence on imported fossil fuels,
bolstering its economic feasibility amidst difficulties related to
currency exchange. Hence, conducting a comprehensive cost
analysis that considers local conditions is critical to arrive at
well-informed decisions concerning the adoption of biodiesel
and its comparative analysis with conventional diesel fuel.15

Although distinguished technological advancements are in
play toward emission abatement, low-temperature combustion
(LTC) and in-cylinder reduction techniques are the bottom
line in the research and development of futuristic engine
systems (Figure 3). The objectives here are fulfilled primarily
by operating in air/fuel ratios greater than 1, i.e., a leaner
mixture or by intensifying the EGR. LTC engine modes help
diminish NOx and PM levels simultaneously but drastically
escalate HC and CO emissions. LTC modes integrate
Homogeneous Charge Compression Ignition (HCCI) com-
bustion, Premixed Charge Compression Ignition (PCCI)
combustion, and Reactivity Controlled Compression Ignition
(RCCI) combustion.16,17 Lean mixtures and high temperatures
(∼1900 K) available in conventional combustion engines
provide higher nitrogen (N2) concentrations and sufficient
activation energy for splitting the N2 triple bond, providing
nitrogen radicals for NOx formation. Combustion generated
PAHs, widely accepted as soot precursors, coagulate at
adequately elevated temperatures (∼1500 K) in rich fuel
mixture zones to form soot particles. The application of EGR
drops combustion temperatures and thereby results in a plunge
in soot oxidation rates. In LTC operational modes, therefore,
the oxidation of aromatics to CO and CO2 is a chance hit, but
the coagulation of PAHs for soot formation is quite rare in

LTC temperature ranges. Thereby allowing LTC systems to
achieve reduced soot and NOx emissions successfully, which is
a major concern when using biodiesels.18,19

Hybrid vehicles have shown great potential in replacing
diesel engines due to their ability to reduce emissions and
improve fuel efficiency. Various studies highlight the
advantages of hybrid vehicles, emphasizing their essential
contribution to reducing harmful emissions and improving fuel
efficiency, especially in city driving conditions.20 Methods such
as utilizing fuzzy logic algorithms to optimize power control
have been proposed to enhance the effectiveness and reduce
exhaust emissions of hybrid electric vehicles. This results in a
5% decrease in fuel consumption and a 50% reduction in CO
emissions.21 In addition, using green hydrogen as a fuel in
hybrid vehicles has shown an average increase in engine
efficiency of around 17% and a decrease in energy
consumption of about 15% during driving cycles. This
highlights the potential for significant improvements in
reducing emissions and increasing fuel efficiency.21 However,
unlike hybrids that require additional components, such as
batteries and electric motors, LTC engines operate solely on
internal combustion principles. This simplifies vehicle design
and reduces manufacturing complexities. As a result, despite
the importance of hybridization in reducing emissions, LTC
engines are becoming an increasingly attractive and potentially
more effective solution for tackling pollution issues in the
automotive industry.22

The long-established engines, in their exhaust mixtures, let
out HCs, which form when fuel gets trapped in nooks and
crannies of the combustion chamber during excessively rich or
lean fuel mixtures and ineffective evaporation and ignition of
fuel. During combustion of overly lean mixtures, the fuel
cannot blend homogeneously, and this inefficient propagation
of flame front and partial pyrolysis leads to the formation of
HC and CO. Moving over to overly rich fuel mixtures,
inefficient mixing of fuel with air and even in case mixing
occurs homogeneously, the fuel does not oxidize thoroughly,
again resulting in the formation of HCs and CO. Thus, the
LTC system comes with its setbacks that yearn for painstaking
attention. Reduced combustion temperature, excessively lean
mixtures, prompt ignition and combustion, and diminished
oxygen concentrations increase HC and CO levels.23,24

Literature and past research demonstrate a reduction in HC
and CO emissions using biodiesels and a simultaneous increase
in NOx emissions, which conflict with the emission features
exhibited by LTC modes. Centered on this, it could be
speculated that using biodiesels and their blends in low
temperature engine systems has the utmost potential to reduce
emissions comprehensively and, if engineered fittingly, could
be the most reliable engine and fuel system for future
applications.

Meticulous and decisive control of engine operation and fuel
type and quality can attenuate pollution emissions, but after-
treatment is essential to attain near-zero pollution emissions at
the tailpipe of the vehicle, even in LTC systems, as no
technique can independently reduce emissions to near zero
values. While LTC reduces NOx and soot, biodiesels reduce
HC and CO, which are prominent pollutants in LTC modes.
Toggling between these two allows one to find a balance to
reduce pollutants in the engine itself. Once beyond the engine,
the after-treatment pollution control involves passing the warm
engine exhaust over a catalyst or a series of catalysts based on
the requirement to increase the reaction rate of chemical
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reactions to consume the pollutant. The catalysts used should
be able to function, survive, and regenerate in exhaust gas
conditions over tens of years and a hundred thousand miles of
operation and sustain the attack by catalyst poisons. Custom-
arily, a catalyst system is composed of a substrate coated with
metals or metal oxide composites. The active material is bound
onto the substrate, providing a greater surface area to maximize
interactions. This substrate is mounted onto a metal that can
withstand vibrations and shocks and provide sufficient
insulation to the active catalytic species. The vital catalytic
mitigation systems include diesel oxidation catalysts (DOC),
selective catalytic reduction (SCR), lean NOx traps (LNT),
and diesel particulate filters (DPF).25

A number of review papers are available in the literature
(Table 1), and they concisely provide individual studies on fuel
modifications, LTC, DOC for HC and CO, SCR for NOx
along with direct NOx decomposition and LNT and finally, the
DPF for soot. However, to the best of our knowledge, there is
not a critical review analyzing which combinations of these
strategies are to be used and what are the possible
technological challenges that would be required to be
addressed to possibly achieve near zero emissions for a
sustainable transportation system in the future. To be able to
achieve the ultimate objective of nearly zero emissions (NOx,
HC, soot, CO mitigation) without compromising on engine
efficiencies, a strategic combination of advanced in-cylinder
combustion with advanced after-treatment strategies is
essential for mitigating pollutants. This review aims to
understand the working principle of each of these systems
along with their fundamentals, critically evaluate the advance-
ments being researched in these systems, and put forward
effective strategies for designing next-generation clean and
sustainable energy technologies. Optimal properties for
catalysts to prepare next-generation after-treatment systems
have also been highlighted concisely. Therefore, this review is
expected to provide students, researchers, and policymakers a
guiding platform not just to understand the intricate challenges
in existing combustion technology but also make them aware

of the possible challenges the modern technologies such as
biofuel combustion and present after-treatment modes would
bring in the future.

2. CLEAN COMBUSTION VIA FUEL MODIFICATION
STRATEGIES
2.1. Evaluating Fuel Borne Additives. Fuel borne

catalysts (FBC) serve as homogeneous combustion catalysts
that elevate peak cylinder pressure and fasten the heat release
rate (HRR), while simultaneously reducing the combustion
duration of the fuel and ignition delay. Concurrently, addition
of FBCs increased the brake thermal efficiency (BTE) and
decreased the brake specific fuel consumption (BSFC).26 They
effectively enhance the passive regeneration of DPFs, by
providing an oxygen-rich environment for PM conversion to
CO2. While active regeneration targets an increase in exhaust
temperature or, by some means, attains the soot oxidation
temperature, passive regeneration is pulled off by reducing the
ignition temperature of the soot itself. This is very well
achieved by dosing the fuel with FBCs. A FBC is expected to
reduce the oxidation temperature of soot by altering the
physicochemical properties of the fuel (Figure 4(A)).27 They
may either react with carbonaceous matter directly or react
with water vapor and form hydroxyl radicals, which are superb
soot oxidation agents, or they may alter the performance and
emissions of burners. FBCs first reduce soot formation
inherently in the fuel, and once they reach the DPF filter,
provide a homogeneous dispersion of the catalyst in the soot
bed which further hastens the oxidation process. These
nanoparticles alter engine performance characteristics such as
BSFC, BTE, exhaust gas temperature, etc.28 Several studies
have been conducted to investigate the effects of metal-based
catalysts in the form of oxides, organometallic or organo-
soluble compounds, etc. Their consequential effect on the
formation, oxidation, and mass emission of soot has been
explored, along with their repercussions on engine perform-
ance and emissions.

Figure 4. (A) Combustion of hydrocarbon rich fuel droplets in the presence of oxygen-rich air over the residence time of the fuel in the
combustion chamber. Photographic illustration of combustion with (B) neat fuel and (C) fuel doped with fuel borne catalyst. (B) and (C)
Reproduced with permission from ref 39. Copyright (2018) with permission from Elsevier.
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FBCs mainly consist of compounds containing metals,
especially alkali and alkaline earth metals and transition metals.
Their presence could potentially reduce the ignition temper-
ature of soot, thus reducing it to conventional exhaust
temperatures, which reduces activation energy required for
soot oxidation. They are also known to shorten the ignition
delay, thus accelerating the rate of combustion. The main focus
has been on Fe and Ce compounds, although others owing to
their variable oxidation states have also been radically explored.
The doping procedures usually involve weighing the required
quantity of the FBC and sonicating the catalyst in the required
fuel, producing a uniform suspension and further heat
treatment if required, followed by dilutions to achieve the
required concentrations.29,30 Zhang et al.31 methodically
scrutinized the consequences of the addition of CeO2 and
Fe(C5H5)2 (ferrocene) to ultralow sulfur diesel fuel and its
impact on the physicochemical and toxicological features of
soot. Summarily, on addition of ferrocene, the organic
components decompose at early stages owing to their low
melting points, and the metal ions left behind move into their
most stable oxidation state which in the case of iron is Fe(III)
oxide crystallizing toward hematitic α-Fe2O3. These nuclei and
nanoparticles of Fe are known to reduce soot emissions,
particularly for lighter load operations. Fe was chosen initially
due to its favorable mutual solubility in diesel. On addition of
powder additives to a fuel, a desired amount of solubilizer
needs to be added for efficient dissolution. However, this may
further deteriorate fuel quality, and thus, inevitably solvent
phase FBCs are preferred, which will not lead to any
stratification on blending.32 Fennell et al.33 contributed toward
elucidation of a mechanistic pathway wherein NOx follows a
dissociative pathway at the soot-catalyst interface. The
dissociated oxygen (O2) atoms from NOx make themselves
available for soot oxidation, while a simultaneous recombina-
tion of nitrogen atoms takes place and they diffuse out. These
reactions readily occur on the surface of Fe2O3 under an excess
of O2. Further, nanostructural studies of soot emitted
postcombustion with Fe-catalyzed fuel suggested a change in
shape of primary particles, wherein they appeared jagged and
irregular instead of spherical. Also, a higher degree of disorder
was observed in these particles, which will enhance soot
oxidation in the DPF, and a reduction could be highlighted in
the amount of total elemental carbon in the soot produced.
Conversely, the presence of these metal nanoparticles affects
soot formation by functioning as condensation nuclei for
earlier than usual soot inception and hence increasing soot
formation. Fe nanoparticles with a smaller size and greater
mobility have a greater number of soot/catalyst contact points,
thus increasing efficiency under exhaust conditions.34,35 Even
though Fe possesses an inordinately large bulk oxygen capacity,
its oxygen conducting rate is relatively low, which limits its
utilization. Grafting Fe with another metal oxide with greater
oxygen storage and release (OSR) capabilities could act as a
portal for increased oxygen transfer by Fe nanoparticles.

Now shifting the focus onto CeO2 as a fuel additive, its
nanoparticulate structure will remain unmodified and will be
unchanged under the exhaust conditions as a consequence of
its high thermal stability. CeO2 is a well-known redox catalyst
and has abundant lattice oxygen species, which can be easily
transferred to carbonaceous matter for soot oxidation, while
the metal oxide species simultaneously take up gaseous oxygen
and replenish themselves to promptly continue the mechanistic
oxygen cycle. In this regard, it could be concluded that for

CeO2, a higher surface area of the catalyst is essential toward
higher soot oxidation, and dosing with Ce also drastically
decreases the activation energy of the said oxidation reaction.
Contrarily, an increase in the concentration of Ce has a
consequential reduction in the ignition temperature, and this
ends up in a greater amount of unburnt fuel left to condense
on the soot surface leading to excessive organic carbon
emissions. Thus, even the two extensively apprehended FBCs
have competing repercussions, and further a momentary
discussion on other metals serving as FBCs is crucial.

Ce, Pt, Ce-Pt, and Fe-soot generated from their correspond-
ing FBCs were studied by Krishna and co-workers,36 of which,
Pt-Ce soot is oxidized at much lower temperatures (275−300
°C) with O2 in comparison to the other soot samples.
Although ceria by itself can show great oxidative activity, the
synergistic effect arising due to the combination of Pt with Ce
seems to enhance the reaction rates. The O2 storage and
release capacity of ceria provides active oxygen species at local
contact sites. As the CeO2 species supplies lattice oxygen to
carbonaceous soot resulting in oxygen vacancies, these are
rapidly filled by gas-phase oxygen, which is a driving force to
enhance soot oxidation. Pt catalysts do not outperform ceria
due to sintering in the absence of a catalyst support, and on
integrating Pt with Ce, the Pt crystallites seemed to stabilize,
which resulted in a higher impact on the oxidation rates. It is
often highlighted that the major drawback of DPF traps arise
from their inability to provide sulfur resistance, although in the
case of FBCs the durability in the presence of sulfur groups has
been observed to be not quite an issue in conventional
engines.37 This is the result of regeneration cycles that the
catalyst undergoes during engine operation. The catalyst is
subjected to high temperatures in the combustion chamber,
which can help desorb or decompose sulfur-containing groups.
Most catalysts used as FBCs possess high oxygen storage
capabilities (OSC) and are able to oxidize sulfur dioxide (SO2)
to less harmful sulfates which could then be carried away by
the exhaust gas. In a compression engine study carried out by
Shukla et al.,38 diesel fuel mixed with Au/CeO2 effectively
reduced NO, the number of particulate matters decreased in
nucleation mode, while an increase was observed in
accumulation mode. Gold, once assumed to be catalytically
inert, has now been widely explored and proven to have
impressive activity. The favorable activity of this FBC could be
attributed to the reversible Ce4+/Ce3+ and Au3+/Au1+

reactions.
Mixed modified Fe2O3-WO3 catalysts were synthesized and

dosed into biodiesel fuel by Bazooyar et al.39 As discussed
earlier, iron is known to produce highly reactive sites on its
oxide surface for carbon particles to condense and almost
completely oxidize during combustion. Fe compounds are also
known to increase flame peak temperatures leading to lower
activation energies for soot oxidation as discussed previously.40

Tungsten is known to be a good selective reduction catalyst
along with providing a higher tensile strength of its host and
increasing its lifetime. The peculiar stable behavior of tungsten
vaporizes it downstream of the flame compared to ferric ions,
and thus these assist in reducing a large number of free
oxidized radicals. It was also observed that the addition of the
FBCs results in a change in color of the central region of the
flame from yellow to blue, and the fuels combust with greater
intensity and luminosity as compared to neat biodiesels as
shown in Figure 4(B) and (C).41
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Organic-based Mn fuel additives were tested by Celik et al.42

by blending it with rapeseed methyl ester biodiesel. The fuel
properties such as viscosity, density, and flash point decreased,
while the calorific value increased with a corresponding
increase in fuel atomization. These enhanced fuel character-
istics resulted in a consequential decrease in CO, HC, and
smoke emissions by 25.28%, 6.64%, and 6.5% respectively,
however, with a substantial increase in NOx emissions by
25.54%. In another study, carried out on a single-cylinder
constant speed diesel engine, Mn-doped alumina were
employed as fuel additives using avocado biodiesel with a
20% blending. The brake thermal energy increased, and a
reduction in brake-specific fuel consumption was seen. This
was accompanied with reduction in CO, HC, smoke, and NOx
emissions.43 Hassan and co-workers44 blended Ni and Al
nanoparticles with a castor oil biodiesel-diesel blend and
observed an increase in torque, brake power, and brake thermal
efficiency with a corresponding decrease in brake specific fuel
consumption. This also decreased CO and NOx emissions.

Fe, Ce, and Pt are the main contenders among others (Table
2) to perform as efficient FBCs, and their modification with
various other transition metals have a similar mechanistic
pathway with differing activities. The bottom-line intention of
FBCs is the reduction in exhaust gas pollutants mainly focusing
on particulate matter, although the effect on NOx is
nonconclusive, since results differ in the literature as a
consequence of fuels, engine, and other experimental
variations. FBCs also preferentially alter engine related
properties such as BTE, BSFC, fuel atomization, etc. at the
same time enhancing the cetane number and calorific value of
the fuel. Properties such as good solubility, temperature
tolerance, small size, higher mobility along with a greater
surface area of these FBCs with the potential to easily transfer
and take up oxygen in a cyclic pathway could be highlighted
during their fabrication. However, these lead to another
environmental hazard, i.e., increased emissions of nanosized
particles as the FBC-doped fuels facilitate formation of self-
nucleated metallic nanoparticles. It was also observed that the
soot produced had a greater amount of organic carbon fraction
and water-soluble organic fraction which have greater
probabilities of binding to vital cellular sections of human
cells and other fauna leading to excessive in vitro toxicity. The
seepage of such metals in higher amounts into the lungs along
with particulate matter definitely has far worse consequences
than merits.45 The study of FBCs has been extensively carried
out by blending with diesel fuels and recent studies with
biodiesel fuels; however, these investigations need to be
extrapolated to newer hybrid engine technologies which will be
subsequently discussed in Section 3.
2.2. Key Challenges and Development in Biodiesel

Combustion. Alternative fuels such as alcohols, biodiesels,
natural gas, etc. have been tried and tested in diesel engines to
reduce pollutants and enhance cost-effectiveness. The vapor-
ization latent heat and self-ignition temperature of alcohols
possessing fewer carbon atoms are higher in comparison to
diesel, along with a lower octane number. As a prerequisite for
combustion parameters, alcohols with lower latent heat are not
preferable, and hence methanol, ethanol, etc. are favored over
other higher alcohols and are also financially viable. The use of
fuels with a low carbon number show lower soot emissions and
since alcohols tolerate higher EGR, and NOx production is also
substantially abated. Natural gas has gained appreciation due to
its low-greenhouse-gas emissions and cost-effectiveness. The T
ab
le
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fuel can be applied to the in-use engines without major
alterations, although a higher compression ratio would be
needed to be applied due to the high-octane number of this
fuel. These fuels can be used together with diesel in a dual fuel
combustion system or could also be blended with diesel using
cosolvents or emulsifiers if not readily soluble.46,47

A distinguished alternative fuel contender, biodiesel, derived
from vegetable, animal, and other waste fats has been
extensively used in heavy-duty and marine engines.48 Reasons
are a shortage in supply of fossil fuels, nonedible and waste
matter having a great potential to be converted into biodiesel,
and in the aspect of environmental protection they have
proven to be less polluting and demanding on the environ-
ment. Biodiesels also back up the Renewable Fuel Standard
(RFS) program, working toward reducing greenhouse gas
emissions and expanding the renewable fuels sector while
reducing reliability on fossil fuels.49 B100 or neat biodiesel is
not always quite favorable primarily due to its high viscosity
owing to the excess fatty acid content resulting in poorer fuel
atomization.50 Also, biodiesel does not perform well in colder
weather conditions as the viscosity of the fuel increases, further
resulting in clogged filters and gelling up of fuel,51 thereby
concluding that an optimum % proportion of biodiesel within
the biodiesel-diesel blend improves performance.52 Every
synthesized biodiesel contains fatty acid esters, and the
combination of these saturated and unsaturated fatty acids is
characteristic to a given raw material from which they have
originated. These then have their own peculiar cetane number,
density, kinematic viscosity, calorific value, etc.53 The total
fraction of fatty acids in the biodiesel corresponds to its
chemical properties, and these can be further divided based on
their dependency on the chain length and number of double
and single bonds in and out of conjugation with cis or trans
orientations.54 The fuel bound oxygen species and lack of
sulfur groups relatively improve emission quality. However,
with long-term use, serious issues arise, such as those arising
from oil thickening, injector depositions, and cold start in
winter seasons, are observed. These small variations add up to
alterations in performance and emissions of biodiesels.55,56

The higher oxygen and aromatic content in the fuel, the higher
the combustion temperature along with a high cetane number,
and viscosity, with high bulk modulus being inherent
characteristics of most biodiesels, and these just happen to
be the properties triggering NOx formation.57

While the complex reactions and combustion pathways
adopted by biodiesels in automotive engines are highly
networked due to their vast number and varied components,
surrogate or representative molecules are used to comprehend
these and devise predictive models for kinetic rate laws. The
nature of their results can be extended to develop working
principles of complex biodiesel fuels. The carbon chain
lengths,58,59 number and type of functionalities,60,61 oxygen
species,62,63 position and extent of unsaturation,64,65 and
percentage blending of representative molecules66,67 are
altered to understand their impact on the fuel. These
observations are further extended toward comprehending the
fuel as a whole. The formation of reactive intermediates, such
as stable and unstable radical species and cyclic structures,
provides insight into the initial combustion products formed,
which play a crucial role in pollutant formation. Resonance-
stabilized or cyclized molecules or radicals have a higher
lifetime and are involved in soot inception. Similarly, stabilized
molecules generated in the gas phase form a part of

hydrocarbon emissions. Therefore, such studies involving
surrogate fuels are used for laboratory optimization along
with setting up computational models for biodiesel combus-
tion.68,69 When correlating biodiesels to their sooting
tendency, Wang et al.70 compared biodiesel methyl esters
obtained from different sources using engine experiments and
simulations at differing operational conditions. Their study
systematically backed up an existential idea that a lower
sooting tendency could be observed for methyl esters with the
lowest amount of unsaturated alkyl esters. Likewise, Da Costa
et al.71 observed similar results while scrutinizing the
nanostructural characteristics and oxidative reactivity of soot
obtained from two biodiesel surrogate blended diesel fuels
wherein the surrogates differed from each other only by a
single unsaturated bond. The saturated fuel blends showed
lower sooting tendencies compared to the unsaturated diesel
fuel blends. This study was done using diffusion flame
generated soot which is a representative controlled method
to avoid interferences by metal specs, engine oils, and
lubricants.72

While focusing on pollutant emissions, certain engine related
parameters need to be highlighted. First, the BTE, which is
lowered in the case of biodiesels due to higher density and
viscosity, leads to poor atomization and reduced fuel
combustion. Also, certain biodiesels have lower calorific values,
which add up to further lowering the BTE.73 Further, the
BSFC of biodiesels is higher than neat diesel fuel, resulting in
varied exhaust gas temperatures. These temperatures are the
primary parameters in optimizing emission mitigation
strategies of a compression ignition (CI) internal combustion
engine.74 Multiple studies with different biodiesels synthesized
from waste or feedstock end up with varied exhaust gas
temperatures in biodiesel and diesel run engines depending
upon the engine running conditions and composition of the
biodiesel. Rahman and co-workers,75 from their four-stroke
engine run using biodiesel produced from water hyacinth
biomass, concluded that the exhaust temperatures substantially
increase with engine load and were even higher when the
engine was run with diesel as compared to the biodiesel blend.
A similar trend was followed in a study conducted by Rajak et
al.76 wherein the exhaust gas temperatures dropped on
increasing the biodiesel blending ratios, while Emiroǧlu et
al.77 established that diesel fuel has higher exhaust gas
temperatures than biodiesel blended diesel fuel due to longer
combustion durations observed for diesel fuels and also as a
consequence of higher oxygen content in biodiesel blended
fuels. Thus, this could be attributed to an effect of the high
viscosity, low cetane number, and reduction in volatility
leading to poor mixing, which may also lower exhaust
temperatures in the case of biodiesels. Predominantly, density
itself affects fuel atomization, cetane number, and heating
values. Not just the physiochemical properties of the fuel but
the combustion characteristics such as cylinder pressure, HRR,
etc. also play a major role in effecting exhaust emissions.
Hence, it is essential to tailor the characteristics of the fuel in
order to reduce pollutants and maximize combustion efficiency
by altering the primary properties of the fuel which
consequently effect engine performance and emissions.78,79

CO emissions are a direct consequence of incomplete
combustion and a deliberate result of local rich fuel mixtures.
In the case of biodiesels, CO emissions arise due to high
density, viscosity, and poor atomization. However, at increased
engine loads or as speed increases, a larger amount of air enters
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the combustion chamber facilitating the combustion process.80

A comparison between the performance and emission of diesel
engines using eucalyptus biodiesel blends was conducted by
Ellappan et al.81 which only further confirmed that CO
emissions decreased when using biodiesels. This feature was
explained based on excess of O2 bound within the fuel in
biodiesel, which leads to enhanced oxidation of CO to CO2 as
compared to that in neat diesel. As the discussion moves on to
CO2 emissions, with an increased amount of CO converting
into CO2 in biodiesels, it is apparent to expect a spike in the
CO2 emission values. Further, Shrivastava et al.82 also
correlated an increase in injection pressure and biodiesel
ratios to an increase in percentages of CO2 emissions. Also,
higher molecular weight compounds in biodiesels along with
their greater carbon content are said to have a greater effect on
carbon dioxide emissions. Valente et al.83 in a study indicated a
decrease in CO2 emissions on increasing engine loads in a
diesel run engine; however, the effect was contrasting when the
diesel fuel was replaced with biodiesel. Hoang,84 Krishania et
al.,85 Ogunkunle et al.,86 and many others had similar
observations and concluded that the higher amount of fuel
bound oxygen increases combustion efficiency thereby ending
up in near complete carbon oxidation and an increase in
percentage of CO2 emissions. Since burning carbonaceous
fuels will eventually result in some byproduct, a relatively less
noxious CO2 is preferential over CO, which poses greater
toxicity.

Moving over to HC in exhaust gases results out of
incomplete and inefficient combustion. Fuel or oil stuck up
in cracks, crevices, or along cylinder walls will not be
combusted uniformly. The higher oxygen content and high
exhaust gas temperatures as a consequence of biodiesel
combustion aid in ensuring near-complete combustion of the
carbonaceous components of fuel, thereby overall decreasing
HC emissions. A couple of studies also suggest minimal HC
release when the percentage of biodiesel blending is
increased.87,88 The oxygen content in biodiesels inherently
decreases formation of HC in the combustion chamber itself
and this, coupled with advanced fuel injection timing, shorter
and saturated carbon chains of the fuel, along with well-defined
combustion timing all together contribute toward HC
reduction.89 On analysis of the exhaust emissions in biodiesel
run engines it can be concluded in a nutshell that they are
greatly dependent upon the oxygen content, saturation, and
carbon chain length along with the viscosity, density, and
combustion characteristics of the biodiesel under study.

Finally, the most dangerous component of exhaust gas is
NOx; it consists of ∼90 vol % NO, ∼5 vol % NO2, and ∼5 vol
% of other nitrogen oxides.90,91 Its formation mechanism is
highly complex and is dependent on a number of parameters
such as operating points, combustion chamber design and
temperature ranges, fuel and air ratios and system designs,
oxygen concentration, etc. The difference in injection timings,
adiabatic flame temperatures, ignition delays, and heat transfers
rates in diesel and biodiesel fuels create all the changes in NOx
production rates of the two fuels.92 Sayyed et al.,93

Rajendran,94 Baweja et al.,95 and other researchers indicated
that the use of biodiesels increases NOx production and
emissions for all loads. With increasing loads and near
stoichiometric fuel-air mixtures, an increase in oxygen
percentages with corresponding increase in in-cylinder temper-
atures is observed, which consequently increases NOx
production. Sathiyamoorthi et al.96 also observed a similar

trend, and How et al.97 additionally suggested that the
reduction in radiative heat dissipation when biodiesels are
used could also be a contributing factor toward an increase in
NOx production. Mourad et al.98 concluded that NOx
emissions could be decreased by increasing the amount of
exhaust gas recirculation. As this would reduce the amount of
excess air and primarily the amount of oxygen in the
combustion chamber, there would be no sufficient oxygen in
the reaction system for NOx formation. On the other hand,
Mubarak et al.99 investigated Salvinia molesta oil biodiesel and
suggested that due to the presence of a greater number of
saturated fatty acids and lower heating value of this biodiesel,
lower combustion temperatures are observed, which decrease
NOx formation. Similar was the trend with Dunaliella tertiolecta
microalgae produced biodiesel which had a higher cetane
number than diesel, thus resulting in shorter combustion
intervals and a lesser amount of NOx produced.100 Hence, the
increase or decrease in NOx emissions with biodiesels is quite
ambiguous and is subject to experimental procedures. Hence,
until a standardized experimental model is put into play,
putting forth a conclusion would be inaccurate.

While the CO, SOx, HC, and soot content are known to
relatively decrease, the percentages of NOx and CO2 are
known to proportionally increase on combustion of biodiesels,
yet a good balance between the two must be achieved to meet
current emission norms. In order to control NOx, major
suggestions include lowering of combustion and exhaust gas
temperatures and limiting the presence of oxygen. Although
the latter is inevitable, reduction of exhaust temperatures is
achievable by increasing the number of saturated groups and
using fuels with higher cetane numbers. These properties can
be achieved by tailoring biodiesel synthesis to produce fuels of
this nature, and this could be achieved by carrying out
transesterification of triglycerides into fatty acid methyl esters
(FAME) using heterogeneous catalysts that drive the reaction
forward in the direction to produce the desired products.101,102

Although FAME comprises highly compounded mixtures, one
can aim to produce the desired products in greater proportions
to facilitate the desired combustion framework. Similarly, in
the case of CO, which is easily oxidized to CO2, due to the
apparent increase in inherent oxygen bound to the fuel, a
decrease in HC emissions is also observed due to the same
reason. As observed, there are contradictory findings in the
literature with respect to temperatures, physical properties, and
heating values associated with combustion of biodiesels and
their blends. These findings vary relative to the inherent
properties of the biodiesel fuel along with the experimental
parameters such as engine loads and functioning. It is therefore
essential to further look into the consequences of this fuel
blending with hybrid engines with a modernist approach in
order to achieve the ultimate goal of near zero emissions.103

While diesel engines struggle to find a balance between NOx
and soot trade-offs, LTC modes such as HCCI have now
emerged to overcome these fallouts. However, in the bargain,
controlling combustion phasing is a concern which simulta-
neously increases HC and CO emissions. In order to achieve a
good balance in LTC modes, Riyadi et al.104 and many others
have proposed the use of biodiesels. With alterations in inlet
air temperatures, exhaust gas ratios, and recirculation along
with injection pressures, LTC engines fuelled with biodiesels
could not only improve engine performance and increase
combustion efficiency but also be less of a burden on the
environment. The silent majority of researchers have come to
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terms with a fact that due to the higher oxygen content in
biodiesels a well-accepted reduction is observed in emissions of
CO, CO2, HC, soot, and smoke. Internal oxygen in these fuels
will inevitably lead to oxygen-rich combustion, which
optimizes the air/fuel ratios, leading to less pollutant
formation. However, the near complete combustion due to
presence of a sufficiently high amount of fuel bound oxygen
raises the in-cylinder temperature above the threshold
adiabatic temperatures, which provides sufficient activation
energy for reactions leading to NOx formation.105,106 This is
where conventional systems are subjugated by LTC modes, as
the exhaust temperatures in LTC run systems assist in reducing
NOx and soot formation. The next step in pollutant mitigation
involves alterations in the engine working and modifications
which can be altered to achieve greater control in pollutant
emissions. These are discussed in the next section.

3. CLEAN COMBUSTION VIA ENGINE
MODIFICATIONS
3.1. Brief Introduction to Conventional and LTC

Modes. Higher thermal efficiency and better fuel economy of
conventional diesel engines have made them the most
preferred prime movers in transportation.107 However,
conventional diesel combustion (CDC) poses a severe
problem regarding higher emissions of NOx and soot owing
to the higher combustion temperatures and heterogeneity in
the fuel-air mixture.108 In conventional diesel combustion,
diesel fuel is injected into the combustion chamber just before
the end of the compression stroke. The fuel-air mixture formed
during the delay period autoignites rapidly, resulting in a
premixed combustion phase followed by a predominant
mixing-controlled combustion phase. The HRRs are higher
in the premixed combustion phase due to the rapid
combustion of the charge, leading to increased local temper-
atures that favor NOx formation in near-stoichiometric
regions.104 Owing to the diffusion combustion of heteroge-
neous charge, soot formation occurs in regions with a local
equivalence ratio (ϕ) between 2 and 4 and local combustion
temperatures between 1800 and 2200 K.109 Most in-cylinder
strategies that attenuate NOx formation favor soot forma-
tion.110 Thus, despite being the most fuel-efficient engine,
conventional diesel combustion poses challenges to simulta-
neously attaining ultralow NOx and soot emissions.

Several low-temperature combustion strategies have been
investigated extensively in the past decade to eliminate the
NOx-soot trade-off and achieve ultralow values of NOx and
soot111 by decoupling the fuel-injection event from the start of
combustion.28 This approach ensures sufficient fuel-air
premixing time by maintaining a positive ignition dwell
(time elapsed between the end of fuel injection and the start
of combustion), forming a lean, homogeneous fuel-air
mixture.112 The lean and homogeneous nature of the charge
eliminates the scope for fuel-rich regions that favor soot
formation. It simultaneously reduces NOx emissions by
lowering the combustion temperatures to below 1800 K.113

The most commonly investigated LTC strategies include
HCCI, PCCI, and RCCI.114 The physical implementation of
these strategies is fundamentally different in the fuel injection
schedule. The combustion characteristics of these strategies,
including combustion phasing, rate of pressure rise, and
cylinder peak pressure, are also considerably different.115 Thus,
each LTC strategy is unique in terms of the load range
achievable and emission formation.

3.2. Challenges in LTC Modes. The HCCI strategy
generally involves port fuel injection during the intake stroke
and, thus, has a very high positive ignition dwell with a higher
degree of fuel-air premixing. The HCCI strategy is typically a
hybrid between conventional spark ignition (SI) and
compression ignition (CI) engines. A premixed fuel-air mixture
is inducted into the cylinder in the HCCI combustion mode,
which is compressed until autoignition. The resultant rapid and
premixed combustion lasts for shorter combustion durations,
lowering heat transfer losses and yielding thermal efficiency
superior to or similar to conventional combustion.116 Auto-
ignition of lean and homogeneous fuel-air mixtures helps
reduce NOx and soot emissions by more than 90%.117

However, achieving optimal combustion phasing and control
in the HCCI is challenging because it is primarily governed by
fuel molecular composition and associated chemical kinetics.
The instant of autoignition is directly controlled by fuel
injection timing in conventional CI engines and spark timing in
SI engines. Fuel injection rate controls the heat release rate in
conventional CI engines, whereas flame propagation controls it
in SI engines. In the HCCI strategy, there is no direct control
of the combustion event because the fuel injection schedule is
completely separated from the instant of autoignition and the
subsequent heat release rate.118 Consequently, the resultant
premixed combustion leads to a rapid peak pressure rise rate
(PPRR), narrowing the load range achievable with the HCCI
strategy.119

In the PCCI strategy, the fuel injection schedule and the
start of combustion are not entirely separated as in HCCI. The
fuel injection is timed during the compression stroke inside the
cylinder,120 so the duration of positive ignition dwell is
relatively lower than in HCCI. Thus, the degree of fuel-air
premixing is not as high as in HCCI. Fuel is injected early
during the compression stroke to form a homogeneous fuel-air
mixture, whose ignition is controlled by the injection timing
and the chemical kinetics.121 However, too advanced fuel
injection leads to spray wall impingement and thus
unacceptably high HC emissions.122 The PCCI strategy has
recently been implemented by prolonging the ignition delay
period using excessive charge dilution and reduced compres-
sion ratio to prepare the homogeneous fuel-air mixture with
the fuel injection event near the top dead center (TDC).123

The literature confirms the application of all these PCCI
strategies in achieving ultralow emissions of NOx and soot.124

High reactivity fuels like diesel autoignite readily well before
achieving proper fuel-air premixing, which is required to
reduce the formation of NOx and soot simultaneously. This
situation necessitates utilizing a high EGR rate to delay the
start of the combustion event. Thus, the major shortcoming of
the PCCI combustion mode is the requirement for EGR, often
higher than 50%.125 Therefore, PCCI combustion is
recommended for low-reactivity fuels like gasoline, which
provides a sufficient premixing time before the start of
combustion with relatively lower EGR rates than diesel
PCCI.111 However, the requirement of high EGR to delay
the onset of the combustion in PCCI mode, regardless of fuel
reactivity, poses challenges concerning the air-handling systems
of the engine. Additionally, high EGR affects combustion
stability, thermal efficiency, and fuel consumption.126 Reducing
oxygen concentration due to high EGR increases the unburnt
hydrocarbon and carbon monoxide emissions.127

Researchers128 have also explored alternative approaches to
achieving the PCCI strategy without requiring heavy EGR.
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This approach is a hybrid of HCCI and CDC modes. Most fuel
is premixed in this approach by using a port fuel injection
system (PFI). The remaining fuel is injected directly into the
cylinder during the early stages of the compression stroke.
Direct injection timing and premixed fuel ratio, defined as port

fuel to direct injection quantity, dictate the combustion event,
not requiring high EGR.129 Nevertheless, due to direct
injection, the homogeneity levels achieved with the PCCI
strategy are lower than those with the HCCI strategy.
Consequently, a better reduction in NOx and soot emissions

Figure 5. Comparison of cylinder pressure histories for diesel in CDC, HCCI, PCCI, and RCCI modes. Reproduced with permission from ref 117.
Copyright (2018) with permission from Elsevier.

Figure 6. Comparison of heat release rates for diesel in CDC, HCCI, PCCI, and RCCI modes. Reproduced with permission from ref 117.
Copyright (2018) with permission from Elsevier.
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is observed in HCCI than in PCCI. In addition, this approach
results in combustion duration and PPRR similar to those of
fully premixed HCCI, even with low-reactivity fuels like
gasoline. This phenomenon is attributed to very little
sensitivity of ignition delay of gasoline-like fuels to the charge
equivalence ratio, especially when lower than 0.5.130 Thus, a
narrow achievable load range remains the primary limitation,
even with a PCCI strategy. Solutions like multiple injections to
reduce the PPRR, increased boost pressure,131 high fuel
injection pressures,132 charge dilution using water vapor
induction,133 and fuel modifications using alternative fuels
such as alcohols126 are explored to extend the engine operating
load range in PCCI mode.

RCCI is a dual fuel LTC strategy in which fuel with a lower
reactivity is premixed by port fuel injection, and a higher
reactivity fuel is directly injected into the cylinder during the
compression stroke.134 The reactivity stratification attained
using fuels of opposite reactivity helps achieve lower PPRR and
broader combustion duration, thus, higher engine loads.135

Figures 5 and 6 show the cylinder pressure histories and heat
release rate characteristics for diesel in CDC, HCCI, PCCI,
and RCCI modes, wherein RCCI exhibits a slower pressure
rise rate and broader combustion.117 Similar to fully premixed
HCCI, RCCI combustion is also controlled by chemical
kinetics. The high-reactivity fuel is injected directly early in the
compression stroke so that the equivalence ratio at the onset of
combustion remains extremely low (<0.5). As a result,
autoignition occurs initially at regions of higher reactivity,
progressing toward the low reactivity, and a reactivity gradient
is set up in the engine cylinder. Literature extensively
demonstrates the applicability of the RCCI strategy in
achieving moderate to higher engine loads with numerous
low-reactivity fuels like gasoline, methanol, ethanol, butanol,
and high-reactivity fuels like diesel, dimethyl ether, and
biodiesel.136 The low reactivity and high volatility of PFI
fuels promote better fuel-air mixing and thus better premixing
without early autoignition. Autoignition of the charge and
combustion phasing may be controlled to some extent by using
one or more pilot injections of DI fuels.117

The achievable higher load limit varies with the reactivity
and heat of vaporization of the PFI fuel, which dictates the
resistance the PFI fuel offers for the autoignition of the charge.
It also depends on the injection scheduling and reactivity of
the DI fuel. This is the primary advantage of the RCCI
strategy, which facilitates modification of charge reactivity by
varying the premixed ratio and DI timing as desired to reduce
the PPRR at higher engine loads.137 Optimized injection
scheduling allows smooth operation over the entire engine load

in RCCI.138 Research suggests a change in the strategy with
the increased engine load, starting from entirely premixed
combustion at low load, followed by premixed and mixed
combustion from medium to high load, and diffusion
combustion at full load.139 Dual-fuel RCCI combustion
appears to be a promising solution for attaining clean
combustion; however, the necessity to handle two fuels with
separate fuel storage and injection systems impedes its practical
implementation.140 Some RCCI investigations have employed
a single fuel (gasoline) and a cetane improver (ethylhexyl
nitrate).141 Gasoline that is injected directly is doped with a
small tank of the additive. Gasoline that is injected through the
port is not doped with the additive. This study revealed some
encouraging findings, with emissions and efficiency levels
comparable to gasoline-diesel RCCI.141

Besides the narrow operating load range, common
limitations of LTC strategies include higher cycle-to-cycle
combustion variation142 and combustion noise than conven-
tional diesel combustion.143 Regardless of the LTC strategy,
the HC and CO emissions are significantly higher than those
of conventional diesel combustion as the in-cylinder
combustion temperatures targeted to attenuate NOx and
soot affect the HC and CO oxidation (refer to Figure 7).111

The high HC and CO emissions observed with the LTC
strategies can be reduced using after-treatment control
strategies, including a three-way catalytic converter and diesel
oxidation catalyst.111 Thus, LTC provides an affordable
approach to achieving ultralow emissions and high-efficiency
combustion.
3.3. Homogeneous Charge Compression Ignition.

LTC strategies such as HCCI benefit from the increasing
popularity of cutting-edge technologies used in the production
of diesel engines, such as variable valve timing, in terms of
practicality. The HCCI concept can be categorized in many
ways based on the method of premixed charge preparation.
The fuel can be injected into the intake manifold using a
suitable fuel injector to form a homogeneous mixture during
suction and compression strokes. In this port fuel-injected
homogeneous charge compression ignition (PFI-HCCI)
strategy, fuel evaporation is an associated problem with low
volatile fuels, along with common shortcomings such as narrow
load range and higher HC and CO emissions.144 The fuel can
be injected directly into the cylinder during the early stages of
compression strokes, providing sufficient time for premixing
the fuel and air. This early in-cylinder fuel injection helps to
attain the HCCI type of combustion. However, it results in
issues such as fuel spray wall wetting.145 The other category of
HCCI combustion is the late in-cylinder injection of fuel, in

Figure 7. Comparison of (A) HC and (B) CO emissions for diesel in CDC, HCCI, PCCI, and RCCI modes. Reproduced with permission from ref
117. Copyright (2018) with permission from Elsevier.
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which fuel is injected after the top dead center to extend the
delay period due to the downward motion of the piston and
associated volumetric expansion that decreases the pressure
and temperature inside the combustion chamber. Nevertheless,
the mixture prepared in PFI-HCCI would have the highest
degree of homogeneity compared with the other two methods.
The typical injection strategy followed to achieve the above-
said types of HCCI combustion is shown in Figure 8.
3.4. Homogeneous Charge Compression Ignition −

Challenges. 3.4.1. No Direct Control over the Combustion
Phasing. Since the fuel injection schedule is separated from
the instant of autoignition and the subsequent heat release rate,
there is no direct control over the start and progress of the
combustion event in the HCCI strategy.104 PFI-HCCI
presents a worst-case scenario regarding combustion control,
wherein the fuel is injected outside the engine cylinder during
the intake stroke. Diesel and biodiesel are high-reactivity fuels
and ignite well-advanced during the compression stroke.
Advanced autoignition of the charge in the compression
stroke increases the negative work, affecting the overall
efficiency.115 Too advanced autoignition of the charge followed
by a high heat release rate before the piston reaches TDC
contributes to the high rate of pressure rise, leading to engine
knock and limiting the higher load achievable.119 The high
peak pressure rise rate can lead to unacceptably high cylinder
wall temperatures, head gasket failure, and mechanical damage
to the engine. Due to the dependency on in-cylinder
temperatures, HC and CO emissions are also affected by the
instant the autoignition that occurs.146 Therefore, it is essential
to delay the start of combustion and control the heat release
rate as required for a wider operating load range, higher power
output, and overall efficiency.
3.4.2. Narrow Load Range of Operation. The limited

operating range of HCCI engines is a significant impediment
to their widespread commercialization. The low temperature
and lean mixtures do not favor the combustion at low loads;
thus, the charge misfires. The high peak pressure rise rate at
high loads leads to knocking combustion. Therefore, HCCI
operation is limited to a narrow intermediate load range below
which the engine misfires and beyond which it knocks.17

Gowrishankar et al.147 and Bukkarapu and Krishnasamy148

could achieve only 20% of the full load with neat biodiesel in
HCCI operation, attributing it to the high reactivity of the
biodiesel. Extending the operating range is critical for reaping
the full benefits of HCCI engines.
3.4.3. High HC and CO Emissions. Lack of oxygen

availability and low gas temperatures hinder CO oxidation in
the CDC, paving the way for incomplete combustion of the

fuel. In conventional CI engines, several factors contribute to
HC emissions due to the heterogeneous nature of combustion.
These include under- and overmixing fuel and air, spray wall
wetting, and poor fuel atomization. The factors contributing to
HC emissions in conventional SI engines include flame
quenching in cold regions and crevices, incomplete fuel
vaporization inside the cylinder, fuel leakage through exhaust
valves, and misfired combustion.149 Since the HCCI strategy
combines the features of conventional SI and CI engines, HC
formation can occur through any of these sources. Lean
operation and lower combustion temperatures result in higher
HC and CO emissions in HCCI engines than those in
conventional CI and SI engines. Other sources of HC
emissions in HCCI engines are crevices and liquid fuel due
to improper vaporization and poor premixing. In the case of
early DI-type HCCI engines, spray wall-wetting also
contributes to high HC emissions.17

3.4.4. Homogeneous Mixture Preparation. In HCCI
engines, lean and homogeneous fuel-air mixture must be
prepared to bypass NOx and soot favorable conditions.
However, preparing the desired homogeneous fuel-air mixture
is challenging as the thermodynamic cycle time in an internal
combustion engine is too short. The effects of poor mixture
preparation are oil dilution and wall wetting, thereby increasing
HC emissions and fuel consumption.150 Allowing more time
for mixture preparation results in greater homogeneity of the
fuel-air mixture. On that note, PFI-HCCI is better than other
types of HCCI mixture preparation strategies.151 However,
mixture preparation remains a difficult task in the case of low-
volatility fuels like diesel and biodiesel.146

3.4.5. Cold-Start Operation. In geographically cold regions,
the fuel-air mixture in an HCCI engine cools due to the cold
combustion chamber walls and intake conditions. Low-charge
temperatures do not favor the initiation of autoignition,
resulting in an engine misfire. Thus, it is challenging to achieve
cold-start operation in HCCI engines.104

3.5. Engine Design Modifications and Thermal
Management Strategies to Overcome Limitations of
HCCI. The successful operation of the HCCI engines requires
delaying the autoignition and controlling the subsequent heat
release event. It emphasizes maintaining the peak pressure rise
rate below acceptable levels for extended load ranges in HCCI
engines. Delaying the start of combustion also helps to provide
more time for the preparation of a fuel-air mixture with a
higher degree of homogeneity. Though there is no direct
control over the start of combustion, combustion phasing can
be controlled by using suitable strategies to achieve HCCI
combustion. These control strategies are based on engine

Figure 8. Classification of the HCCI strategy.
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design modifications and the adoption of suitable thermal
management strategies, which will be discussed next.
3.5.1. Strategies to Control the Combustion Phasing.

3.5.1.1. Engine Design Modifications - Compression Ratio
Modifications. Autoignition of the charge depends on fuel
reactivity and the in-cylinder conditions. The evolution of the
in-cylinder temperature and pressure relies on the engine
geometry, viz., the compression ratio. Lowering the compres-
sion ratio of a diesel engine reduces the in-cylinder
temperatures, delaying the preflame oxidation and low-
temperature pathways and, thereby, delaying the start of
combustion. Also, the peak pressure rise rate can be reduced
by lowering the compression ratio, which helps extend the load
range. Reportedly, the HCCI operation cannot be achieved
beyond 20% of the load range for a diesel engine of 4.4 kW
rated power at a compression ratio of 17.5:1 with 47-cetane
diesel fuel. Lowering the compression ratio to 15:1 could
extend the load range to 40%.117 Ryan et al.152 investigated the
effects of reducing the compression ratio on the HCCI
operation with 47-cetane diesel fuel. Reducing the compres-
sion ratio from 12:1 to 8:1 delayed the start of combustion
remarkably, as illustrated in Figure 9. The authors152

concluded that the range of the compression ratio to achieve
HCCI combustion in the case of a single cylinder four stroke
water cooled diesel engine is 8:1 to 14:1. Several studies
conducted using biodiesel-diesel blends and neat biodiesel also

confirm the necessity of compression ratio modification to
achieve stable HCCI combustion.153 Using methyl decanoate
as a representative of biodiesel to understand its combustion in
HCCI mode, Xu et al.154 reported an optimal compression
ratio between 7:1 and 13:1. Bunting et al.155 reduced the
compression ratio from 20 to 10.5 to ensure the desired
combustion phasing in their attempts to optimize the
biodiesel-diesel blends chemistry for HCCI combustion.
Similarly, Bukkarapu and Krishnasamy148 reduced the
compression ratio from 17.5:1 to 15:1 to achieve higher
engine loads with neat biodiesel in an HCCI engine.

In the case of conventional SI engines that needed to be
converted to HCCI engines, increasing the compression ratio
is suggested to achieve HCCI combustion with low-reactivity
fuels. Variable compression ratio (VCR) and variable valve
timing (VVT) techniques can modify the geometric and
effective compression ratio, as required, based on the fuel
reactivity. Different blends of low-reactivity (gasoline) and
high-reactivity (diesel) fuels were tested by Christensen et
al.,156 varying the compression ratio from 9.6:1 to 22.5:1 using
a variable compression ratio engine. The authors156 confirmed
the multifuel potential of an HCCI engine with the VCR
technique. Similar studies with natural gas157 and gasoline of
varying octane numbers158 confirmed the applicability of VCR-
HCCI engines to extend the operating range. Thus,
compression ratio modifications provide fuel flexibility with
extended load range operation of HCCI engines.159

3.5.2. Thermal Management Strategies − Intake Charge
Temperature. Intake charge temperature in the case of
external mixture preparation-based HCCI (PFI-HCCI) and
intake air temperature in early and late DI-type HCCI engines
provide additional control over the onset of combustion. A
higher intake temperature advances the start of combustion
during the compression stroke, causing significant negative
work penalties and affecting the engine’s thermal efficiency.160

Due to advanced combustion, the heat release rate accelerates,
resulting in a high peak pressure rise rate, limiting the load
range. Thus, lowering the intake temperature is inevitable to
delay the start of combustion.161 However, it cannot be
reduced to an extent where the engine misfires. Gray et al.116

varied the intake charge temperature between 130 and 205 °C
and achieved controlled HCCI combustion. The authors116

suggest lower intake charge temperatures of 130 °C to atomize
diesel fuel and finely prepare the required homogeneous
mixture. Reducing the intake charge temperatures below 130

Figure 9. Effect of compression ratio on the start of combustion.
Reproduced with permission from ref 152. Copyright (1996) with
permission from SAE International.

Figure 10. (A) Effect of intake temperature on combustion phasing and (B) CO emissions. Reproduced with permission from ref 163. Copyright
(2007) with permission from SAE International.
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°C results in wall-wetting, increasing HC emissions, and fuel
consumption.116

Bunting et al.162 successfully achieved controlled HCCI
combustion with neat diesel and biodiesel-diesel blends in a
diesel engine modified to operate in HCCI mode. Figure
10(A)163 shows the effect of intake temperature on
combustion phasing, crank angle at 50% cumulative heat
release (CA50) of neat diesel (B0exp and B0sim), and biodiesel-
diesel blends (B10exp, B50exp, B10sim, and B50sim). The suffix
“exp” and “sim” correspond to experimental and simulated
results, respectively. The authors conclude that there is a delay
in combustion phasing with reduced intake temperatures.
Singh et al.164 confirm lower in-cylinder pressures, delayed
start of combustion, lower heat release rate, lower cumulative
heat release, and retarded combustion phasing with reduced
intake charge temperatures in the case of biodiesel-diesel
HCCI. Other studies165 also confirm the same and suggest
lower intake temperatures to avoid excessive knocking in the
case of HCCI combustion with biodiesel-diesel blends.
Though lower intake temperatures retard the combustion
phasing, HC and CO emissions increase due to relatively lower
combustion temperatures. The increase in CO emissions with
decreasing intake temperatures for neat diesel and biodiesel-
diesel blends is shown in Figure 10(B).163 The trade-off
between combustion phasing and HC and CO emissions is
confirmed by Szybist et al.163 and Reader et al.166

3.5.3. Thermal Management Strategies − Charge
Dilution. Charge dilution is a promising technique to delay
the onset of autoignition and reduce the heat release rate in an
HCCI engine. Diluting the intake charge with appropriate
diluents alters its reactivity and oxygen intake concentration,
facilitating load extension. Primarily, charge dilution has three
effects: thermal, dilution, and chemical effects. The heat
capacity of the charge increases with the inducted diluent,
reducing the temperatures during compression and combus-
tion, which is the thermal effect of charge dilution. The diluent
replaces the oxygen concentration in the charge. As a result,
the combustion/burn rate slows, which is considered the
dilution effect. The variation in the oxygen concentration with
the increasing EGR rate is shown in Figure 11. The
dissociation of the inducted charge diluent affects the
combustion process, which is the chemical effect.152

Recirculated exhaust gas is the most explored charge diluent

in HCCI research, while water vapor induction also has the
scope to be used as a charge diluent.

Exhaust gas recirculation is categorized into external and
internal EGR. In external EGR, high levels of the exhaust are
added into the intake system, whereas the exhaust is trapped
inside the combustion chamber in internal EGR. The in-
cylinder temperatures are higher in the case of internal EGR
than externally circulated cold EGR. Thus, external cold EGR
is preferred the most to control HCCI engines.167 The EGR
temperature can be reduced by using a shell and tube heat
exchanger incorporated in the exhaust gas recirculation loop.
Hot EGR advances autoignition, while cold EGR retards it.
Increasing the EGR rate reduces the peak pressure, peak
pressure rise rate, HRR, cumulative heat release, and
combustion duration.168 As discussed, this phenomenon can
be attributed to the dilution and thermal effects of EGR, which
help delay the start of combustion (SOC), and hence, EGR
can be used to control the combustion in HCCI.169 The
potential of EGR to extend the load range in HCCI engines
has been extensively studied and confirmed by many studies
using fuels such as gasoline,170 natural gas,171 diesel,172

biodiesel-diesel blends,164 and neat biodiesel.148 However,
high levels of EGR affect the volumetric efficiency and increase
soot emissions.173 Ganesh et al.174 confirm higher HC
emissions with higher levels of EGR in HCCI mode due to
reduced combustion temperatures. Concisely, charge dilution
using EGR is an excellent strategy to achieve controlled HCCI
combustion.

Ladommatos et al.175 studied the effects of water vapor on
the autoignition of diesel in CDC. Diluting intake air with
water vapor increases the ignition delay.175 Though
Ladommatos et al.175 confine the study to the effect of water
vapor on ignition delay in CDC, the efficacy of thermal,
dilution, and chemical effects of water vapor are established.
Most recently, Gowrishankar et al.147 could extend the
achievable load from 20% of the full load to 30% using
biodiesel-water emulsion instead of biodiesel. Yuan et al.176

demonstrate the potential of water vapor in delaying the
autoignition and reducing the combustion temperatures to
alleviate knocking combustion in hydrogen-fuelled HCCI
engines. A recent study compared the benefits of charge
dilution using EGR and water vapor and concluded that water
vapor is better than EGR.148 The maximum load achieved with
neat biodiesel in an HCCI engine was limited to 20%, whereas
using EGR increased it to 40%. However, charge dilution using
water vapor helped to achieve 46% of the rated load. Besides
achieving higher maximum loads, charge dilution using water
vapor exhibited better thermal efficiency, fuel economy, and
lower HC emission than its counterpart, EGR.148 Thus,
although less explored, water vapor can also be a potential
charge diluent to control HCCI engines.
3.5.4. Strategies for Homogeneous Mixture Preparation.

In the case of early and late DI-type HCCI engines, several
strategies proved successful in improving the homogeneity of
the fuel-air mixture. These include employing high injection
pressure and a microhole nozzle, which improves fuel
atomization, avoiding spray wall-wetting inside the combustion
chamber. Utilizing a high swirl ratio for air can also enhance
the mixing rate in the combustion chamber. Fuel-air mixing in
early DI-type HCCI engines can be improved using multistage
fuel injection during the early compression stroke.177 Mixture
preparation is challenging for PFI-HCCI engines with low-
volatility fuels like diesel and biodiesel. Poor fuel volatility

Figure 11. Variation in the intake oxygen concentration with the EGR
rate. Reproduced with permission from ref 152. Copyright (1996)
with permission from SAE International.
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demand using a fuel heater/vaporizer and air heaters is
inevitable, reducing overall efficiency and leading to energy
penalties. For better and quick vaporization of diesel and
biodiesel, the fuel vaporizer temperature needs to be set to
their boiling range, 190 and 380 °C, respectively.117 As a result,
the charge temperature increases significantly, resulting in an
undesirable advanced autoignition. Despite high vaporizer
temperatures, the high injection pressures lead to spray wall-
wetting inside the vaporizer, affecting fuel consumption and
thermal efficiency.147 Therefore, mixture preparation remains a
difficult task in the case of PFI-HCCI engines, especially with
low-volatile fuels.

Little research has been done on improving the functionality
of neat biodiesel in HCCI engines owing to the complexity
involved in mixture preparation with such poor volatility and
high reactivity fuels. The limited research in the literature is
confined to biodiesel-diesel blends, whose key outcomes are
presented in Table 3. Conclusively, conventional diesel engines
cannot achieve ultralow emissions because of their combustion
characteristics, resulting in higher emissions of NOx and soot.
Implementing LTC strategies decouples fuel injection timing
from combustion initiation, allowing for sufficient time for fuel-
air premixing. This results in forming a lean and homogeneous
mixture, leading to a substantial reduction in NOx and soot
emissions. Nevertheless, there are still some obstacles to
overcome in this field. These include the need to regulate
combustion timing, the limited range of operating loads, high
HC and CO emissions, and the challenges of preparing a
homogeneous mixture, especially when using low-volatility
fuels such as diesel and biodiesel. Methods to address these
obstacles include changing the engine design parameters, such
as the compression ratio, implementing thermal management
strategies like controlling the intake charge temperature and
charge dilution, and employing techniques to enhance the
preparation of a homogeneous mixture. The existing state-of-
the-art highlights the complexity of successful HCCI operation
with diesel-like fuels and the significance of engine
modifications and thermal management in achieving clean
combustion in the HCCI mode.

4. CATALYTIC POSTCOMBUSTION POLLUTANT
MITIGATION STRATEGIES
4.1. Advancements in Diesel Oxidation Catalyst.

Catalytic oxidation has been around for several hundred
years, and it was sooner than later that metal catalysts were

being used to mitigate harmful components generated within
our ecosystem. These catalysts were initially used in industrial
processes and eventually were considered for the removal of
HC and CO when it became necessary to control these
emissions from automobiles. The gaseous fraction of
emissions, about 98−99%, consists of nontoxic gases such as
nitrogen, oxygen, and water vapor. Still, the remaining fraction
accommodates highly toxic gases such as NOx, CO, CO2, and
soluble organic fractions. The three-way catalytic convertor
(TWC) was first launched in the 1980s with more focus on
NOx reduction in which CO and HC acted as NOx reducing
agents. However, this required the air-fuel stoichiometric ratio
to be closest to unity and was favored for gasoline fuelled
automobiles. In LTC systems, evidently the air-fuel ratio
deviates toward leaner mixtures, and hence the use of a TWC
is not preferable in LTC modes just as it was not favorable for
diesel engine exhaust systems, considering that running these
engines at 1:1 stoichiometric conditions is not mechanically
and economically viable.178 Additionally, the lean operation
modes in CI diesel run engines is what contributes toward a
higher fuel economy and lower CO2 emissions compared to
gasoline run SI engines. The lean burn mode also lowers
combustion temperatures reducing NOx, HC, and CO
emissions compared to SI engines.

In order to convert CO and HCs to benign products, the
DOC was introduced in the 1970s for industrial applications
and eventually found their way into automobile exhaust
treatment systems. It simultaneously catalyzes soluble organic
fractions (SOFs) and volatile organic fractions (VOCs)
thereby reducing the mass fraction of adsorbates on particulate
matter, which in the case of vehicular exhausts is referred to as
soot. Furthermore, CO and HC oxidation reactions are
particularly exothermic and indirectly aid in filter regeneration
due to higher temperature of exhaust gas entering the
DPF.179,180 Postpyrolysis, the remnants and products of fuel
combustion, enters the DOC as it is typically the first exhaust
treatment component in diesel engine run systems. It is
structurally composed of a honeycomb-like monolith generally
made up of cordierite ceramic and geometrically a parallel
channeled flow-through rather rounded rectangle shaped
structure. A material such as α-alumina, silica, titania, etc.
possessing an exceptional surface area is coated on the
monolith surface and is called a wash-coat within which the
metal catalyst is then dispersed. These were similar to wall flow
DPF systems, which aided to avoid soot plugging problems

Table 3. Biodiesel-Diesel HCCI Research and Key Outcomes

Reference Fuel Key features The outcome of the study

Singh et al.300 Diesel, B20, and B40 A dedicated vaporizer was employed. Premix formation was easier in the case of diesel than biodiesel blends.
Bunting et al.155 Diesel and a variety of

biodiesel-diesel
blends

The influence of various blend properties on
HCCI combustion was analyzed.

Among cetane number, boiling point (T50), oxygen content, lower heating
value, and carbon number, the first two significantly influence HCCI
combustion.

Szybist et al.163 Diesel, B10, and B50 of
soybean biodiesel

The effect of intake temperature was studied. The combustion phasing is delayed by reducing the intake temperatures.

Gowthaman et
al.301

Biodiesel-diesel blend The effect of charge temperature on HCCI
engine emission characteristics was studied.

HC and CO emissions increase with decreasing charge temperatures.

Xu et al.154 Methyl decanoate as
simulation fuel

The effect of compression ratio on
formaldehyde emissions of an HCCI engine
was studied.

To reduce formaldehyde emissions, best: CR: 7−13, Lambda: 1.9−2.3, Higher
EGR

Singh et al.164 B20 The effect of charge temperature and EGR was
investigated.

EGR is more effective at higher loads and higher Tcharge.

Gowrishankar et
al.147

B100 Biodiesel-water emulsion for load range
extension

The maximum load range achieved with neat biodiesel is 20% of the rated load,
whereas it could be extended to 30% using biodiesel-water emulsion.

Bukkarapu and
Krishnasamy148

B100 The effect of charge dilution was investigated. Water vapor is a better charge diluent than EGR.
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and facilitated regeneration. These systems as a whole are
designed to rapidly catalytically oxidize SOFs and VOFs and
simultaneously reduce dry carbon components along with
other oxidative functions.181

Conventionally and commercially, noble metals have been
widely used for catalytic oxidation reactions. Even today, Pt/
Al2O3 or Pt/Pd/Al2O3 DOCs are commercially marketed,
which ironically is a reason for a number of automobile thefts
due to the rising prices and scarcity of noble metals. Pd-Pt
catalysts are susceptible to strong poisoning by sulfur
containing components such as SO2, hydrogen sulfide (H2S),
etc. which find their way in through lubricants, additives, or the
fuel itself. However, SO2 is also a constituent of exhaust gas
which readily gets converted into sulfur trioxide (SO3) in the
presence of Pt at higher temperatures. This SO3 further in the
presence of water vapor transforms into sulfuric acid which has
higher environmental toxicological effects than its precursor.
Additionally, they bind and deactivate the catalyst forming
species such as PdSO4.

182 Hamzehlouyan et al.183 on
examining the SO2 storage and release from Pt/γ-Al2O3
concluded that Pt promotes surface sulfate formation and its
spill over into the alumina support. SO2 weakly adsorbs
molecularly on coordinately unsaturated Al, i.e., Lewis acid
sites, whereas it gets chemisorbed on exposed electron
deficient oxygen sites, i.e., Lewis base sites. Traditionally
DOCs only used Pt metal, but modern systems have Pt-Pd
bimetallic systems. Although Pd is less reactive toward the
oxidation of HC and NOx, it is highly effective toward CO

oxidation while simultaneously exhibiting a higher resistance
toward sintering and sulfur poisoning.184 Thus, a selective,
cost-effective catalyst needs to be employed so that it not only
efficiently carries out oxidative catalysis but also selectively
oxidizes only desirable components.

To support the claim, Ho et al.185 discriminated the
activities of Pd/Al2O3, Pt/Al2O3, Pd-Pt/Al2O3, and reasoned
that although the Pd based catalyst shows higher CO and HC
oxidative activity, the Pt catalyst has a higher efficiency toward
NO oxidation. Arguably, a combination of the two, i.e. Pd-Pt/
Al2O3 showed additionally advanced activity toward oxidation
of all the exhaust components due to the formation of a Pt-Pd
alloy, which maintained Pd in a reduced phase, and the
alloying exhibited higher oxidation resistance than the
monometallic species. The bimetallic catalyst exhibited
superior activity at temperatures as low as 200 °C with a
great stability toward NO oxidation. SO2 in the reaction
environment was observed to adsorb onto the alumina support
and enhance the oxidation of C3H8 particularly. The higher
storage capacity of alumina prolonged the lifetime of the
catalyst but simultaneously led to a demanding regenerative
process. Moden et al.186 proposed the use of Zeolite Beta
(BEA), ZSM-5, etc. for use as DOCs. Meanwhile, Ho et al.187

in one such study concluded that beta zeolites with high silica-
alumina ratios enhance performance. Further in their
subsequent study, they combined Pt and Pd on a highly
silicious zeolite and tested it for DOC applications. The
bimetallic alloy showed significantly enhanced CO and HC

Figure 12. Pt-Pd/BEA bimetallic catalysts for DOC applications. (A) Effect of Pt/Pd variation ratios on the conversion of CO, C3H6, NO, and
C3H8. Catalytical oxidation performance toward (B) CO and (C) C3H8 on H-BEA and metal modified H-BEA support samples. (D) Schematic
showing the regenerative trapping mechanism of the Pt-Pd interaction. (A) Adapted with permission from ref 188. Copyright (2022) with
permission from Elsevier, (B) and (C) ref 190. Copyright (2019) with permission from Elsevier. (D) ref 189. Copyright (2017) with permission
from Elsevier.
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oxidation along with HC assisted reduction of NO to N2O and
N2 at lower temperatures and the unfavorable oxidation of NO
to NO2 in the presence of O2 at higher temperatures as seen in
Figure 12(A). A schematic of the regenerative trapping
mechanism is depicted in Figure 12(D). This additionally
delayed the deactivation time by SO2 poisoning and also
retained activity performance during the poisoning peri-
od.188,189

Noble metals being rare and expensive, development of
noble-non-noble metal-based catalysts could be a promising,
long-term, and sustainable solution for exhaust after-treatment.
Zhou et al.190 modified hierarchically porous beta zeolites
(BEA) containing 0.8 wt % Pt using ion-exchange followed by
a deposition-reduction process. This PtFeMg/H-BEA catalyst
is highly suitable for LTC conditions showing a T90 as low as
95 and 225 °C in CO and C3H8 oxidation, along with high

Figure 13. Pt/CeO2 nanoarray based monolith catalysts for DOC applications (A) Schematic illustration of structural growth of Ce-Si-Al-O
nanoflake arrays during the hydrothermal growth process. Temperature dependent catalytic oxidation conversions of (B) propylene, (C) propane,
(D) CO, and (E) NO over Pt/CeO2 nanoarray catalysts. (A), (B), (C), (D), and (E) Adapted with permission from ref 192. Copyright (2019)
with permission from Elsevier.
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water and sulfur resistance. This catalyst is highly cost-effective
in comparison to use of noble metals alone and could be
conveniently incorporated into commercial DOC cordierite
monoliths, and its activity is as illustrated in Figure 12(B) and
(C). In a similar study by Li et al.191 Pt/Fe coloaded
mesoporous zeolite beta (Pt/Fe-mBeta) catalysts were
synthesized by an ion exchange and ethylene glycol reduction
method. The catalyst has potential to practically meet the
requirements of a DOC under LTC conditions, as it exhibits
complete CO conversion at 90 °C and also exhibits good
durability and high-water resistance. Tang et al.192 decorated
Pt nanoparticles on CeO2-based nanoflakes forming a Pt/CeO2
nanoarray-based monolithic catalyst. Despite the reduction in
the amount of active metal, good catalytic activity was
observed with an over 90% conversion rate for propylene,
propane, and CO and NO oxidation below 200 °C. NO
oxidation is reasoned to be essential for increase in the NO2/
NOx ratio, which further enhances the NO2 reduction by the
SCR catalyst. The results were verified under diesel run LTC
modes developed by US DRIVE, and the CO and HC
oxidation temperatures were noted to be as low as 180 °C
(Figure 13).

Furthermore, Shukla et al.193 established a low cost Co3O4-
CeO2 mixed metal catalyst and tested it on a four-cylinder
diesel engine along with comparison of the results based on the
use of diesel and 20% Karanja biodiesel blended diesel. The
Co-Ce-based metal catalysts were impregnated on a cylindrical
cordierite ceramic substrate. It was observed that prepared
DOC showed higher efficiency toward oxidation of biodiesel
particulates compared to the diesel produced particulates.
Overall, the organic carbon emissions decreased significantly
along with the potential to be used in agricultural, on-road, and
stationary engines. It is well established that catalysts require a
minimum temperature to get activated, and once they attain
this equivalent activation energy, they accelerate reaction
kinetics toward completion of the desired reaction. Hence, it
can be realized that a catalyst not only has to possess great
conversion activity but also needs to show significantly great
activity at lower temperatures as could be observed in LTC
systems.194

Gu et al.195 fabricated a novel Al2O3-LaAlO3-ZrO2-TiO2
mixed oxide which exhibited exceptional low temperature
catalytic activity with 90% CO, 75% NO, and total HC
conversion at 196, 200, and 200 °C respectively. Use of
mesoporous base catalyst materials such as γ-Al2O3 exhibits
exceptional properties such as a well-developed pore structure,
substantial number of hydroxyl groups, and high specific
surface area, which are among the suitably expected properties

for a catalyst support. However, these materials collapse at high
temperatures due to sintering and get deactivated. AlLaZrTiOx
mixed oxides enhance the thermal stability of γ-Al2O3 along
with providing good support for DOC applications. A CeO2-
SmMn2O5 catalyst with high steam resistance and thermal
stability was synthesized using a selective dissolution technique
by Yang et al.196 Characterization revealed that surface Sm
cations are scarce on the surface, while Mn4+ and Ce3+ have
greater surface abundance and presence of catalytically active
oxygen species. The catalyst exhibits good low temperature
catalytic oxidation activity with 100% CO and C3H6
conversion at 250 °C when compared with a Pt-based catalyst
exhibiting a similar conversion at 310 °C.

In LTC modes, the exhaust temperatures fall below ∼150
°C, and although the above-discussed catalytic modes have
high efficiency at the considered temperatures, which are
comparatively low for normal diesel engine operation modes,
these temperature ranges are still quite high for LTC operation
modes.197 CO oxidation reactions conventionally follow the
Eley−Rideal (E-R), Mars−van Krevelen (MvK), and/or the
Langmuir−Hinshelwood (L-H) mechanism, diagrammatically
represented in Figure 14. Wang et al.198 synthesized a Fe−Co
nonoxide/hydroxide in which dual-metal single sites are
atomically dispersed on N-doped carbon support. 100% CO
conversion could be achieved at temperatures as low as −73
°C via the L-H mechanism with O2 adsorption occurring at Fe
sites and CO adsorption on Co sites. This reaction was
reported for the very first time in the absence of supports, such
as oxygen vacancies and surface hydroxyl groups. A detailed
study by Cai et al.199 outlines the synthesis of ultrathin,
polycrystalline, 2-D Co3O4 nanoflowers which exhibited 100%
CO conversion at ∼130 °C, while at 150 °C 100% conversion
was maintained for more than 40 h at a stretch indicating
higher stability of the material. Similarly, a number of other
studies using Co3O4 showed excellent activity, and it was
attributed mainly toward the (1 1 2) surface plane having a
greater number of surface and subsurface Co3+ active sites with
adjacent labile O2− sites. This along with the strain at the grain
boundaries due to oxygen vacancies makes this catalyst
favorable for the given catalytic system.200,201

Ceria, owing to its excellent oxygen storage release
properties, has been extensively used for CO oxidation
applications. However, due to its ineffective thermal stability
at higher temperatures, it is usually used alongside noble or
rare metals. A couple of reports such as that by Kerkar and co-
workers202 highlight use of a CeO2-CuO composite prepared
via physical grinding which showed 100% conversion at ∼95
°C. It was also reported that the trend for CO conversion

Figure 14. Diagrammatic representation of prominent mechanisms observed in catalytic after-treatment strategies.
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decreased in the order of CeO2-CuO > CuO > CeO2.
Furthermore, their following study,203 involved multidoping
Ce with Mn, Cu, and Ag, and it significantly enhanced activity
due to great adsorption and oxygen mobility with a conversion
temperature of 95 °C.

The primary goal is now not only to enhance stable activity
but also to find alternatives to noble metal catalysts. As
discussed above and also tabulated in Table 4, researchers have
identified a number of catalyst combinations with and without
noble metals which could effectively ensure good DOC
activity. However, minimal to no commercial trials have been
carried out on nonprecious metals as DOCs, and at the same
time most of these studies are laboratory based which lack an
encounter with stumbling blocks present in a real exhaust gas
scenario. Considering biodiesel combustion, the nature of the
emissions is quite different from traditional petroleum fuels.
The DOCs need to be evaluated under such conditions along
with biodiesel compatible engine conditions and hybrid LTC
engine modes. Although sulfur poisoning is often highlighted,
phosphorus based deactivation is also a major drawback of
existing DOCs. Although catalysts subjected to sulfation can be
regenerated under reducing conditions, the S residues left
behind permanently affect the active sites. Thus, an in-depth
study, preferably a theoretical one, is needed to ascertain the
reaction mechanism of sulfur poisoning and along with the
changes it can probably cause in the nature of active sites and
morphology of the catalyst.

For a DOC, the classical interaction between oxygen and the
catalyst is of the utmost importance along with the dissociative
adsorption and desorption kinetic processes. The cyclic
formation of oxides is primarily decisive of the catalytic
activity portrayed by a given catalyst, especially under lean,
oxygen-rich conditions. It is also evident that along with
oxygen vacancies and interaction, the uniform dispersion of
active sites is imperative along with the reducibility of active
materials, which also plays a vital role since these further
facilitate facile oxygen exchange and transfer. A catalyst with
greater thermal and hydrothermal stability, along with greater
specific surface area and smaller particle size, provides greater
conversion activity at lower temperatures. Additionally, catalyst
supports such as alumina, silica, etc. are beneficial due to their
higher surface area and pore structures; however, they are
deactivated and collapse at high temperatures. Mixed-oxides
such as Fe, titania, etc. provide thermal stability to these
supports should they be used in conventional engines,
although, for LTC applications, in lower engine exhaust
temperatures, the stability of these alumina-silicates can be
anticipated. As discussed earlier, replacing fossil derived
petroleum diesel with biodiesel is known to drastically decrease
HC and CO emissions. Hence, suitable catalysts such as the
ones discussed above, incorporated into the DOC along with a
switch to biodiesels, can be instrumental toward decreasing
emission levels of HC and CO at lower working temperatures
such as that observed in LTC modes.
4.2. NOx Control and Conversion Tactics. NOx

emissions result in environmental shortcomings including
acid rain, photochemical smog, and respiratory defects. Thus,
finding cleaner, efficient methods to mitigate this pollutant is a
critical issue in modern society. The TWC used in gasoline, SI
engines is effective toward NOx conversion with almost 99%
efficiency and has been in use for nearly 5 decades. Here, CO
and HC reduce NOx upon a rhodium catalyst in nearly oxygen
deficient environments. EGR is a common engine management

strategy used moreover in LTC modes to control NOx
emissions. In this approach, a fraction of the exhaust gas
consisting of CO2, H2O, O2, and N2 is recirculated back into
the combustion chamber. Consequently, this results in a lower
temperature increase when the energy is released after fuel
combustion. This occurs due to the superior heat capacity
associated with CO2, which is ∼25% higher than that of O2
and N2. The lower exhaust temperatures resist NOx formation;
however, this does not suffice to meet stringent NOx emission
regulations. With this perspective, several De-NOx proposi-
tions have been scrutinized such as SCR using ammonia/urea,
HC, etc., direct NOx decomposition, and NOx storage-
reduction (NSR). Several catalysts such as noble metals,
metal and mixed-metal oxides, perovskites, zeolites, etc. have
been scrutinized extensively for low-temperature direct
decomposition of NOx. The typical commercially used NOx
conversion catalyst for vehicular exhaust after-treatment is
V2O5-WO3(MoO3)/TiO2; having a narrow effective working
window of 350−400 °C, it displays low N2 selectivity, SO2
oxidation at higher temperatures, and biological toxicity, thus
bringing about undesirability in its use. Due to the short-
comings observed in this existing catalytic method, alternative
approaches have been investigated.

Catalytic reduction of NOx has been investigated employing
urea/ammonia, hydrocarbons, etc., and is known as ammonia
SCR (NH3-SCR) (Figure 15(A)) and HC-SCR respectively.

Another technique being used to mitigate NOx is LNT (Figure
15(B)), also known as NOx adsorber catalyst (NAC), De-NOx
traps (DNT), etc. These are incorporated into the catalyst
wash-coat on a suitable high surface support. NOx is hoarded
onto the LNT during lean fuel conditions and is reduced to N2
when the fuel-air mixture is rich.
4.2.1. Novel Materials for Selective Catalytic Reduction

(SCR) of NOX. 4.2.1.1. NH3-SCR. NOx reduction using
ammonia/urea has been used not only in the automobile
sector but also in power plants, boilers, and other industrial
sectors. Ammonia has been commercially used as a reductant
for generations, and the safest method of NH3 storage is in the
form of a solution of urea or a hydrous form of NH3. The
preference is based on the safety protocols and economic
viability of the process. The overall literature suggests that

Figure 15. Working principle of (A) NH3/urea SCR, (B) lean NOx
traps (LNT).
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NH3-SCR displays an efficiency of 70−98%, and therefore this
is one of the most preferred methods for NOx abatement and
is already being used in passenger vehicles. The SCR process
involves the chemical reduction of the NOx molecule using
ammonia, and the system employs a metal-based catalyst with
active sites to increase the rate of reduction reactions. The
catalysts comprise an active metal or ceramic possessing highly
porous structures, and within these pores lie the acidic active
sites on which the reduction occurs. NOx conversion catalysis
has been revolving around V2O5, Fe2O3, and MnOx. A number
of SCR catalysts have shown good low-temperature activity
due to the performance characteristics of these metal oxides.204

Among these MnOx has been extensively studied because of its
suitable properties; however, it gets easily deactivated by
SO2.

205,206 In recent studies, metal-exchanged zeolites have
also particularly displayed higher activities within a broader
temperature window, along with greater thermal and chemical
stability. Among the transition metals Fe, Cu, and Mn among
others have been proven to be representatives of outstanding
activities via metal exchange zeolites for catalytic NOx
reduction.207

The reactions for NH3-SCR have been illustrated coherently
in Figure 15(A). Ammonia being the reducing agent is
generated onboard through urea hydrolysis, reaction E1, or in

some cases is available as such. The selectivity of the reactions
taking place is dependent upon the NO/NO2 ratio flowing into
the SCR catalytic converter, of which reaction E2 corresponds
to standard SCR, reaction E3 and E4 to NO2 SCR and fast
SCR correspondingly. Reactions E5, i.e., ammonia oxidation,
and reaction E6 being NO oxidation/NO2 decomposition may
also occur as side reactions at temperatures >400 °C. At
temperatures <200 °C, ammonia nitrate formation, resulting in
N2O formation, may also take place.208,209 Typically, this
reaction occurs via an E-R or L-H mechanism in which urea
gets hydrolyzed and gets adsorbed onto acidic sites on the
catalyst surface. In the E-R mechanism, the gaseous NH3 loses
a proton, and e− and gets converted into NH2 on the acidic
catalyst surface, which further reacts with NOx from the
gaseous phase and forms N2 and H2O, while the L-H
mechanism proceeds by adsorption on NH3 on acidic sites
followed by its conversion to NH4+, which further reacts with
NO2 forming NH4NO2. The complex then reduces itself on
the catalyst surface, forming N2 and H2O.

AdBlue or diesel exhaust fluid is used commercially in
automobiles with SCR technology to minimize the release of
harmful gases, such as NOx into the atmosphere. It comprises a
clear 32.5% w/w mixture of demineralized water and highly
pure synthetically manufactured urea. Joseph et al.210

Figure 16. NO conversion (A) and N2 selectivity (B) in NH3-SCR conversion reactions using CeSi2 and MoαCeSi2 catalysts. (C) Proposed
illustration of mechanistic pathway of NH3-SCR over Mn-Co-F catalyst. (A) and (B) Reproduced with permission from ref 213. Copyright (2022)
with permission from Elsevier. (C) Reproduced with permission from ref 221. Copyright (2021) with permission from Elsevier.
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experimented by replacing AdBlue injection in SCR with
gaseous ammonia injection which was generated on heating
solid ammonia precursors. This is preferable for low temper-
ature exhaust systems as ruea begins to decompose into
isocyanic acid and ammonia only at temperatures >200 °C.211

They also replaced commercially available copper zeolite
(CuZ) catalyst with MnCeZrOx catalyst and observed a 90%
increase in NOx conversion at exhaust temperatures of 100 °C
and 80% increase at 150 °C when compared to a standard of
AdBlue-CuZ SCR system for diesel fuel. When tested with
biodiesel Jatropha B20 (20% by Volume Biodiesel in Diesel)
fuel, more than 80% NOx conversion was observed between
100 and 150 °C, and a maximum conversion of 93% was
observed in peak loads. Present day studies focus upon the use
of promoters to tailor characteristics such as thermal durability,
enhanced hydrothermal stability, resistance to poisons, and
better comprehension of reaction mechanisms. Rare earth
modified catalysts have gained popularity in this regard. Lei et
al.212 on reviewing the performance of CeO2 for NH3-SCR
reported high performance within a broader temperature range
of 100−500 °C. They also highlighted that CeO2 possesses
higher oxygen storage capacity along with its high redox
capabilities and ability to disperse and interact with various
other metal atoms increasing active sites. Finally, it was also
observed that ceria forms solid solutions or rather is deposited
on phase boundaries improving hydrothermal stability. Tan et
al.213 in their study developed a CeO2-SiO2 mixed-oxide SCR
catalyst with exceptional SO2 resistibility, and they further
doped this catalyst with Mo forming Mo0.1CeSi2 displaying
80% NOx conversion and superior N2 selectivity along with
resistance to SO2/H2O all at 200 °C exemplified in Figure
16(A) and (B). In another similar study, the properties of Mn
and Ce were explored by Ni et al.214 by using citrate method to
synthesize Mn-Ce bioxide on three-dimensional (3D)
monolithic nickel foam, the 17 wt % MnCeOx/NF catalyst
showed a NOx conversion of 98.7% at 175 °C and 90%
conversion in the presence of 10 vol % water. The catalyst
preparation is low-cost, with the advantage of high efficiency.

Now considering transition metal oxides, Mn-based catalysts
are known to decompose NO and oxidize CO and organic
volatiles, all simultaneously due to its rich metallization
valences. They are known to show good low temperature
activity, owing to high lattice oxygen mobility and multivalent
states. Higher oxidation states of Mn show better redox
properties, especially Mn in the 4+ state. Zhu et al.215

synthesized a Fe-V-Ti oxide catalyst via coprecipitation
method and observed good conversion rates. Although the
temperature of conversion was as high as 250 °C, the reaction
mechanism resulting from the combination of these 3
transition metal oxide composites gave a better understanding
of the requirements for NH3-SCR reactions. Studies revealed
the presence of both Lewis and Bronsted acid sites on the
catalyst surface, and the reaction proceeded via the E-R
mechanistic pathway. Here, gaseous NOx species could directly
react with active NH3 preadsorbed species. Since NOx did not
directly have to adsorb on the catalyst surface, it showed higher
durability toward SO2. The reaction was initiated via gaseous
ammonia adsorption on acid sites followed by its activation by
V5+ species. The gaseous NO reacts with -NH2 forming N2 and
H2O, while simultaneously a strong inductive effect between
Fe3+ and V4+ initiates a thermodynamically feasible redox
reaction, regenerating the oxidation states for the consequent
reduction cycles. In order to further validate these redox

systems for NOx reductions, Shi et al.216 prepared a series of
Mn-Ce-Fe-Co-Ox/P84 (polyimide) catalytic filter materials to
investigate the low-temperature catalytic activity of NOx, under
mixed atmospheric conditions with water and sulfur. Activity
of Mn-Ce-Fe-Co-Ox in molar ratios of 4:5:1.25:1 achieved 81%
NOx conversion at 170 °C. Electron transfer reactions between
Mn, Ce, and Fe increase the high ratio of Mn4+/(Mn4+ +
Mn3+) and Ce3+/(Ce3+ + Ce4+) which may be involved in
sulfur and water resistance of the catalyst material, while Xie et
al.217 synthesized a novel 0.3Mn−FeV catalyst through a one-
pot synthesis method which exhibited 100% NOx conversion
rate at 225 °C. The doping of Mn was conducive to the
activation of NH3 in NH3-SCR, and alongside FeVO4 it
improved the crystal size, acidity, and redox states of the
catalyst system and increased its BET surface area, and it also
helped maintain vanadium in its higher valence state.

Liu et al.218 observed the change in NOx conversion
properties of MnFe/Ti and MnFeW/Ti oxides as a function of
temperature. MnFe/Ti attained a maximum conversion of 90%
at 200 °C and over 80% conversion at 140−250 °C. However,
the conversion rate decreased significantly above 200 °C, and
to overcome this the catalyst was modified with W, and the
resulting MnFeW/Ti catalyst showed a 92% conversion at 150
°C and 96% at 300 °C, while Jiang et al.219 studied the
synergistic effect of codoping FeOx and CeOx in the low-
temperature NH3-SCR of Mn-Fe-Ce/ACN catalyst exhibiting
superior catalytic activity, N2 selectivity, and SO2 tolerance.
MnOx catalyst loaded on modified activated carbon on which
FeOx and CeOx were codoped by impregnation in the ratio
Mn-Fe(0.4)-Ce(0.4)/CAN, exhibited NOx conversion higher
than 95% in 100−250 °C range and dropped to ∼91% after 32
h in the presence of 100 ppm of SO2 and 10 vol % H2O at 175
°C. The codoping enhanced redox properties and surface
chemisorbed oxygen promoted NH3-SCR, and the stronger
surface acidity inhibited the adsorption of SO2. While Bronsted
acid sites dominate the catalyst surface, they simultaneously
resisted adsorption of acidic SO2 species, which impedes
catalyst deactivation.220

A water-resistant hierarchical flower-like Mn-Co-F (1:1)
synthesized by Zhu et al.221 through solvothermal procedures
showed notable 15 vol % water resistance alongside 99% NOx
conversion and >80% N2 selectivity within 60−320 °C. The
catalyst was curiously found to follow the L-H mechanism
below 200 °C and E-R mechanism above 200 °C (Figure
16(C)). Tang et al.222 combined the SCR and SO2 resistance
properties of Mn-Ce-Co using phosphotungstic acid (HPW)
modification to explore enhanced catalytic effects of these
metals in combination. The HPW-Mn-Ce-Co catalyst shows
∼100% conversion within 100−200 °C and N2 selectivity
>80% at 50−350 °C. The remarkable activity can be attributed
to the greater number of oxygen vacancies, greater surface
acidity, and redox ability of these metals in unification.

In another study, Peng et al.223 prepared a highly crystalline
novel hierarchical porous Cu-zeolite termed Cu-SSZ-13-HP
with an improved mesoporous structure prepared via a dual-
template method. The catalyst exhibited boosted low-temper-
ature activity of 90% conversion in the temperature ranges of
175 and 500 °C, also displaying remarkable hydrothermal
stability and SO2 tolerance when exposed to 100 ppm of SO2
for 4 h. In another similar study carried out by Liang et al.,224

Cu-SSZ-13-Meso zeolite was prepared containing both small
micro- and mesopores by adding carbon black as a template
and showed 86% NOx conversion at 160 °C. The catalyst also
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exhibited hydrothermal stability and superior water and sulfur
resistance. From these two studies, it was comprehended that
since the molecular size of NOx compounds is proportionate
with the size of micropores in zeolites, mass transportation is
limited, and this obstacle reduces catalytic performances. In
order to overcome this, mesoporous compounds could be used
such as in this case, which not only facilitates movement but
also provides an enhanced surface for better catalytic
performance.225

A major problem associated with catalytic systems involves
deactivation by water vapor and other moisture sources. To
overcome this demerit, now days, hydrophobic materials have
been used in catalyst technologies such as SCRs. This
hydrophobicity can be achieved by drastically reducing the
surface energy of the substrate226 or by providing a
hydrophobic coating to the substrate or supporting material
using hydrophobic surfactants such as montmorillonite227 or
phenyltrimethoxysilane.228 Moving onto zeolites, which serve
as great catalyst supports, they are prone to water attack
through hydrogen bonding and dipole field interaction.
Engineering materials with higher Si/Al ratios decreases the
number of cations required to balance the surface charges
which in turn increases the hydrophobicity of the materi-
al.229,230 Small pore 3-D cage-like 8 membered zeolites with
pore sizes of 0.3−0.5 nm makes it resilient to even
hydrocarbons. These combinations of small pore-large cage
structures have the ability to maintain their structure even after
repetitive exposure to extreme hydrothermal conditions and
maintain their catalytic stability.231

On assimilation of the discussion on selected catalysts and
their properties, it can be concluded that a high surface acidity
assists in NH3 adsorption as well as inhibits adsorption of SO2,
while redox abilities such as those by metals possessing higher
valence states like Mn, V, Mo, W, etc. are preferable. At the
same time Cu and Fe have in recent studies exhibited good low
temperature activity. Especially Cu in zeolitic frameworks has
shown excellent conversion over larger temperature ranges.
These also simultaneously exhibit defect sites and acid−base
characteristics which can be fine-tuned to serve the require-
ments. The valency and homogeneous dispersion of the
catalyst active sites directly correlate to the oxygen activation
ability of the catalyst which corresponds to catalyst perform-
ance. The anchoring of hydroxyl groups on the catalyst
supports increases or decreases the hydrothermal activity of the
active catalyst along with influencing its dispersibility, valency,
and particle size. From Table 5 it can also be established that
catalysts with oxygen storage capabilities are desired along with
a catalyst promoter which invariably boosts thermodynamically
favorable redox reactions to regenerate the required oxidation
states suitable for NH3-SCR catalysts. Acid sites are of utmost
importance and can be induced with the formation of lattice
defects in solid solutions. W and Mo oxide addition to solid
solutions are known to increase surface acidity along with the
creation of defect sites which further increase oxygen
vacancies. Further, in order to promote higher catalytic
transformations, catalysts and their substrates with mesopores
are preferential since microporous compounds would as
discussed hinder the movement of NOx molecules. Nonethe-
less, the active temperature ranges of most of these catalysts is
still quite high for LTC operation modes, and further enhanced
activity is essential toward further decrease in active temper-
ature windows.

4.2.1.2. HC-SCR. Initially introduced by Iwamoto et al.232

and Held et al.,233 SCR using HC for NOx reduction has been
extensively studied for a large number of catalysts individually
and in combination to achieve high stability, greater
reproducibility, durability, and essentially greater activity.
This technique exhibits practicability and cost-effectiveness,
although the catalyst used must exhibit high sulfur tolerance,
stability under exhaust conditions, a wider operation temper-
ature range, and resistance to sintering and should decidedly
be cost-effective. In this catalytic system, hydrogen gas and/or
hydrocarbons such as methane, propane, butane, propylene,
etc. are used as reductants, and the reaction is as follows (E1),

+ + + +HC NO O N CO H2 2 2 2 (E1)

The performance of the system varies with the nature of the
catalyst and the hydrocarbon being used. Since diesel exhaust
in itself contains reducing agents such as unburnt hydro-
carbons, utilization of these would provide the most ideal
process. But undeniably the inappropriate side-reactions limit
the De-NOx capabilities of these processes.

In a study carried out by Serhan et al.234 using Ag/Al2O3 for
de-NOx treatment it was concluded that in order to enhance
low-temperature NOx conversion, injections of hydrogen (H2)
would be required. Consequently, Theinnoi et al.235

investigated the effect of a Diesel-Biodiesel-Ethanol fuel
blend on a passive mode of SCR to reduce NOx emissions
using Ag/Al2O3 under real engine conditions using H2 to assist
the SCR. It was found that HC and CO increased but NOx
decreased with an increase in ethanol quantity, and the
hydrogen gas improved the activity of the catalyst to achieve
74% conversion at low engine load with an ethanol content of
50 vol % and 10000 ppm of H2 added. Lee et al.236 combined
CuSn/ZSM-5 to the exiting Ag/Al2O3 catalyst for NOx
reduction by H2-assisted C3H6. Lower Ag loading percentages
are preferable owing to the reduced agglomeration of Ag onto
its support material. The catalyst could reduce NOx over a
wide temperature range of 300−600 °C, where NOx was just
about completely converted into N2 with negligible traces of
N2O, NH3, and fulminic acid (HCNO). However, these
temperature ranges are far beyond LTC operational temper-
atures.

Xu et al.237 synthesized a series of rare earth metals LayCez
codoped Mn-based microporous zeolite ZSM-5 by the
co impregna t ion method . I t was observed tha t
Mn0.2La0.07Ce0.05/ZSM-5 presented high activity and a broad
temperature window for HC-SCR of NOx with propene
(C3H6) because of the strong synergistic interactions of the 3
metal ions. La and Ce enhance the low denitrification effects of
Mn to display greater than 90% conversion within 180−270
°C. Xu et al.238 has also reviewed the use of copper-based
zeolites with low-temperature activity for HC-SCR based on
the structure−activity relationship, design strategies, and
reaction mechanisms. They concluded that an increase in Cu
content and selection of appropriate reducing gas and zeolites
with a superior zeolite framework with appropriate Si/Al ratios
all contribute together to enhance the low-temperature de-
NOx conversion performance. Although these catalysts still
reveal greater performance at higher temperatures, it was
inferred that active catalysts should have acidic sites, an active
phase, and basically have elements such as Ag or mixed metals.
In order to avoid deactivation of the catalyst and to enhance
recyclability, noble metals such as Pt, Rh, etc. could be
incorporated. Catalyst supports such as zeolites are highly
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favored in this mode. Nevertheless, in real-engine applications,
addition of HCs may further increase the complexity of side-
reactions and contribute to higher degree pollutants, and also
the HCs could promote simultaneous soot formation.
4.2.1.3. H2/CO-SCR. Urea SCR technologies have been

profoundly explored and are being implemented in passenger
vehicles. However, leakage of ammoniated solutions or gases
cause grave concerns, and in recent years the SCR of NOx with
H2 in the presence of O2, i.e., H2-SCR, is in the spotlight
attributable to the cascading decrease in noxious byprod-
ucts.239 In a study by Patel et al.,240 a Pd/ZrO2-CeO2 mixed
oxide synthesized by coprecipitation followed by impregnation
of palladium displayed a 92% NO reduction within a wide
temperature window of 150−400 °C when examined for SCR
of NO with H2 in the presence of excess oxygen (6% O2).

Another interesting category of SCR is CO-SCR in which a
contaminant arising from the combustion process has a
practical application. In this technique, NOx and CO can
simultaneously be reduced and oxidized to N2 and CO2
respectively. Additionally, CO being cheaper and easily
available is very ideal for such an application. After many
examinations of CO-SCR in the presence and absence of O2, it
was concluded that O2 acts as an inhibitor in this process due
to the competition reaction of CO between O2 and NOx.

241,242

Formerly, Ir was known to be the only active metal catalyst for
this system, but its activity was gravely affected by the nature of
its support and other additives.243 You et al.244 showed the
synergistic effect between Ir and Ru showing excellent catalytic
activity and properties suitable for NOx reduction by CO
under lean conditions such as those in LTC modes. Ir-Ru/
Al2O3 showed an excellent NOx conversion of 91% at 175 °C
along with superb N2 selectivity. Sun et al.245 showed that the
synergy between Cu and Ce led to a greater number Cu-Ce
interfaces, and a Cu:Ce-1:3 catalyst showed superior NO
conversion with over 90% N2 selectivity and no amount of
N2O byproduct in the temperature range of 50−200 °C. The
catalyst also exhibited water and sulfur resistance. Wang et
al.246 studied a Cu-Ni-Ce/activated carbon low-temperature
denitrification, in which the catalyst was prepared using an
ultrasonic equal volume coimpregnation method. The oxide
catalyst 6Cu-4Ni-5Ce/activated carbon was conceived to be a
superb catalyst reaching 99.8% at a denitration temperature of
150 °C in the presence of 5% O2.

The acidity or basicity of the support material is crucial
toward the determination of the activity for NO reduction to
N2 and N2O. Highly acidic surfaces are known to enhance
selectivity toward N2 formation as these provide an additional
route toward NH3 formation via reduction of NO by hydrogen
on the catalyst surfaces. This is also accompanied by NH4

+

storage on acidic sites and may proceed with NH3-SCR
catalysis. H2-SCR seems like a promising approach toward
NOx mitigation in lean-burn systems and at lower temper-
atures. It can be easily produced from hydrocarbon fuel
reformations and could be recognized as an efficient technique
in next generation hydrogen fuelled vehicles. CO on the other
hand is more practical as its already present in the vehicular
exhaust; however, these reactions require relatively oxygen
deficient conditions to function. Also, CO produced during
combustion may not be available or sufficient to carry out
quantitative de-NOx reactions in conventional engines.
However, in LTC modes, since CO emissions are found to
be higher than normal diesel engine operations, this emitted
CO can be effectively channelled toward the CO-SCR of NOx.T
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4.2.2. Direct Catalytic Decomposition of NOX. Ammonia
selective catalytic reduction intermittently suffers from
concerns such as high operating temperatures and urea or
NH3 leakages. In order to surmount these drawbacks, direct
catalytic decomposition of NOx using novel metal-SCR
catalysts are desirable. Such catalysts displaying low-temper-
ature catalytic performance in the absence of NH3 are crucially
required. Among the metal oxide catalysts, Mn-based catalysts
have displayed magnificent low-temperature SCR activity due
to their variable valence states, bountiful surface reactive
oxygen species, enhanced number of surface Lewis sites, and
strong redox property. However, due to low N2 selectivity and
sulfur poisoning, Mn catalysts need to be fine-tuned to
enhance the surface area, oxidative capacities, surface
morphologies, and crystal structures to develop better novel
Mn-based SCR catalysts that can selectively carry out NOx
conversion at lower temperatures.

Cheng et al.247 proposed an ammonia-free SCR of NOx at
low operating temperatures on melamine impregnated MnOx-
CeO2/carbon aerogels. The aerogels displayed rich surface
chemistry and pore structure that not only facilitate
homogeneous dispersion of the metal oxide but also accelerate
the diffusion of gas molecules. Using impregnated melamine
instead of NH3 reduces the formation of byproducts such as
NH3, N2O, etc., and a 15 wt % melamine loading exhibits
optimal activity of 100% steady conversion for 7 h at 185 °C.
NOx can be selectively catalyzed to N2 using chabazite
structured Cu-zeolites (CHA, Cu-SSZ-13); however, diffusion
limits and micropore blocking at low temperatures inhibits
their use in practical applications.

The N−O bond has a sufficiently high binding energy, and
breaking this bond involves a reaction involving a very high
activation energy. Thus, it is essential to develop a catalytic
composite material that can reversibly absorb and desorb
oxygen and readily regenerate catalytic sites. NO is acidic, and
its adsorption is significantly dependent upon the basicity of
the catalyst, while at the same time for NH3-SCR, the reactivity
is dependent upon the Bronsted acidity of the catalyst for
adsorption of NH3. Fine-tuning catalytic pathways is thus
dependent on the mechanistic pathway that the reaction
follows. The adsorption of acidic or basic reactants determines
the nature of the required adsorption sites. Concurrently, the
pore structure and diffusion limits of these pores are distinctly
dependent upon the size, shape, and reactivity of the starting
reactants. For direct NOx conversion, the catalyst should
possess higher solid basicity along with a mesoporous surface,
considering the size of NO molecules which will face some
cutbacks in the case of microporous compounds. This property
is likely to be found in alkali and alkaline earth metals, typically
in Ba which is extensively used in LNT as will be subsequently
discussed. On the other hand, the basicity of catalyst also
facilitates CO adsorption which can further poison the catalyst
surface. Hence, the difficulty lies not only with synthesis of a
catalyst with the appropriate morphology, pore structure, and
surface sites but also in overcoming the hurdle involving
resistance to certain other species which could poison the
catalyst.
4.2.3. Lean NOx Traps. The increase in NOx emissions as a

result of the gradual transition to renewable biofuels has been
now substantiated in a motor bench.248,249 Although SCR
technologies considerably lower NOx emissions, coupling of
NOx storage and reduction (NSR) with SCR technologies is
arguably the most effective technique to reduce NOx emissions

from vehicles in recent years. This NSR technology is
implemented using LNT, wherein NOx reduction occurs via
a cyclic process, which is discussed subsequently. Since SCR
processes are based on the mineralization of NOx to N2 and
H2O in the presence of urea or HC, this process requires an
external reducing agent. The oxidizing atmosphere of lean burn
engines calls for specialized after-treatment catalysts for NOx
removal from the exhaust gas, and LNT provides such leverage.
When both the systems, i.e., LNT and SCR, are coupled such
that the SCR system is placed downstream in the catalytic
treatment process, it was observed that the NOx conversion
values increased, and there was a decrease in the ammonia-slip,
enhanced catalyst durability, and a wider operating temper-
ature window was recognized. It could also be noted that a
decrease in HC production could be expected in LNT-SCR
processes as expressed in Figure 15(B).250,251

Customarily, the LNT catalyst contains a storage material
such as BaO(CO3), CeO2, etc., a support material such as
Al2O3, and a platinum group metal (PGM), i.e., Pt/Pd and Rh
to oxidize and reduce NOx respectively. These storage and
redox sites are placed in close proximity to increase the
efficiency. The reaction mechanism of LNT technology is
fundamentally dependent on the oxygen concentration, i.e.,
lean phase and rich phase. During the lean phase which
extends to a few minutes and O2 is in excess, NOx is adsorbed
on the storage sites in the form of nitrates and nitrites. The rich
phase is prompted once these sites are saturated and is now in
operation where the fuel is in excess, and this lasts for a couple
of seconds. The stored NOx is now released, bulk of which is
converted to N2 with traces of N2O and NH3 being left behind.
The catalyst is now regenerated to store more NOx, and the
cycle thus repeats itself.252,253

The following reactions (E2−E5) occur when Ba is used as a
storage catalyst:

+ +BaO 3NO Ba(NO ) NO2 3 2 (E2)

+ + +NBa(NO ) 8H 2 H BaO 5H3 2 2 3 2 (E3)

+ + +Ba(NO ) 5H N BaO 5H O3 2 2 2 2 (E4)

+ + +Ba(NO ) 10NH 8N 3BaO 15H O3 2 3 2 2 (E5)

+NO 1/2O NO2 2 (E6)

The NSR capacity of the catalyst is dependent on the
concentration of Ba around the Pt atoms. Since PGMs are not
cost-effective and due to the competing HC-SCR at the Pt
sites, undesirable formation of N2O is observed in the lean
operation mode. A number of alternatives have been proposed,
such as perovskites. Ecker et al.254,255 synthesized a platinized
p e r o v s k i t e - b a s e d i n fi l t r a t i o n c omp o s i t e P t /
La0.5Sr0.5Fe0.5Ti0.5O3/Al2O3, but it was observed that at lower
temperatures the competing reactions with C3H6-SCR resulted
in a dramatic increase in N2O. This catalyst was further coated
with Rh, and this led to an increase in NOx storage capacity
(NSC), although no decrease in N2O emissions was observed
within a temperature range of 300−450 °C. They further
replaced 20% of the LNT with an oxidation catalyst, i.e., 2 wt
% Pd/20 wt % CeO2/Al2O3, and a 13−60% N2O emission
reduction was observed along with NSC up to 176 μmol/g at
200 °C inferring that oxidation of propylene is one of the most
effective ways to reduce N2O formation.
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Albaladejo-Fuentes et al.256 studied the BaTi0.8Cu0.2O3
catalyst and observed that BaO generated on the catalyst by
decomposition of Ba2TiO4 is essential in the NOx storage
process. At temperatures <350 °C, NO adsorption leads to
formation of nitrites on the catalyst, and at temperatures >350
°C, NO oxidation occurs and promotes NO2 generation and
nitrate formation. The characterization affirmed that the
introduction of Cu into the perovskite lattice initiates a
pseudodistortion of the structure which segregates the Ba2TiO4
and BaCO3 phases aiding in NOx storage capacities. Chen et
al.257 observed the crystal size effect on the NOx adsorption
and desorption over Pd/SSZ-13 passive NOx adsorbers and
concluded that 0.4 μm Pd/SSZ-13 showed highest NOx
storage capacity and hydrothermal stability. They also noted
that variation in distribution of acidic sites varies the intrinsic
nature of the catalyst, and the availability of surface acidic sites
determines the difficulty of Pdn+ ion diffusion. Higher NOx
storage is observed for smaller crystal-sized SSZ-13 as these
render more valid Pdn+ adsorption sites. LNTs are known to
have restricted performance at low temperatures and are
customarily deactivated upon hydrothermal aging. Kim et al.258

employed a reduced γ-Al2O3 support with unsaturated penta-
coordinated Al3+ sites which can hasten the catalytic process.
Pt-BaO-CeO2 and Cu-CeO2 were tested by deposition on the
reduced support and meagrely any degradation was observed
after hydrothermal treatment at 750 °C. This was also
concluded by Kim et al.259 in their study based on Cu-Ba/γ
Al2O3. Although LNTs facilitate NOx reduction and assist the
SCR process, HCs interfere with the catalysts and result in
HC-SCR conditions which further result in the formation of
undesirable products. In such instances, it is only appropriate
to treat HCs prior to subjecting the exhaust mixture into the
LNT. Furthermore, they have relatively higher working
temperatures and require lean and rich engine operation
modes for their smooth functioning. Such conditions are not
quite feasible in diesel engine modes let alone be used in LTC
systems. A potential solution to this could be an electrified
NSR technological strategy conceptualized by Mei et al.,260

wherein Pt and K cosupported Sb doped Sn oxides were
employed using C3H6 as a reductant. The lattice oxygen release
assists in NO adsorption−desorption and finally reduction for
improvement in NSR activity at temperatures almost 100 °C
lower than those of temperature dependent methods. The
catalysts used in LNT modes can also be tested for their
activity in SCR modes, which are already well developed and

direct decomposition reactions in order to enhance presently
reported activities.
4.3. Catalytically Augmented High-Performance Die-

sel Particulate Filters. Diesel exhaust gas, being a major
anthropogenic pollutant, has been thoroughly investigated
unveiling that it is made up of gaseous and solid fractions.
Solid fraction mainly consists of PM responsible for the
blackish appearance of unfiltered diesel exhaust. These are
primarily formed due to pyrolyzation of unburnt fuel,
lubrication oil, etc. followed by polymerization reactions and
ring cleavage. Further, stacking results in the formation of PAH
binding together to form primary soot particles.261 DPFs are
designed to trap particulate matter and soot before they could
be released into the atmosphere. The exhaust gases are allowed
to pass through the permeable wall of the DPF, trapping the
solid fraction into the channels (Figure 17(A) and (B)), and
this particle accumulation further increases the pressure drop
consequently decreasing the efficiency of the engine. In order
to avoid this sort of filter blocking, the DPF is wash coated
with a catalyst which is an advanced and effective regeneration
system, out of which the prevalent commercially available
technology encompasses a Pt-based catalyst. However, due to
the extravagant pricing and limited availability of this noble
metal, there is a need to look into cheaper active phase
substitutes that would provide good results within the low-
temperature regime.262

Catalytic soot oxidation is predominantly dependent on the
structure and superficial characteristics of the catalyst. While a
number of favorable catalysts have been proposed since the
1950s for soot elimination, it is indispensable to develop
catalysts with a greater number of contact areas and enhanced
reactivity to show impressive catalytic soot oxidation features.
The combination of a DPF with an oxidation catalyst known as
continuously regenerating trap (CRT) is one of the best
abatement systems, and hence, catalysts such as spinels,
perovskites, alkali doped catalysts, ceria-based compounds, and
single and mixed metal catalysts have been proposed.
However, they are still in need of further advancement to be
commercially viable particularly at lower exhaust temper-
atures.263,264

As highlighted previously, Pt is used commercially, and this
is due to its high activity and durability; however, due to its
high cost, cheaper alternatives such as ceria are used. Although
it shows good activity and is sufficiently durable to a
considerable extent, its use is not favorable at higher

Figure 17. (A) Soot-cake build-up on bare DPF channel surface. (B) CeO2 fibers deposited on alumina wash-coat and calcined in situ on the DPF
channel surface. (A) and (B) ref 280. Copyright (2012) with permission from Elsevier.
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temperatures and is easily attacked by catalyst poisons. Thus,
ceria has to be modified, and the key refinements need to be
explored.265 A rundown of selected perovskites, alkali-doped
catalysts, ceria-based catalysts, and single and mixed metal
catalysts has been encapsulated in Table 6. On scrutinizing the
catalysts, it can be comprehended that the presence of NO
shows lower oxidation temperatures in comparison to
oxidation in the absence of NO. Additionally, it is also
observed that the addition of dopants in differing compositions
varies the activities of the catalysts in accordance with the
number of defects or oxygen vacancies which can be formed
correspondingly. Higher surface areas with 0-D or 1-D
morphologies and macro- or mesopores are preferable as
these typically provide a higher number of surface-active sites
and allow easy mass transfer and heat dissipation. Thus, the
particle size, porosity, and surface-active metallic oxide species
contribute toward an increase or decrease in catalytic activity.
Overall, exploring various normalities and abnormalities in
catalyst properties is highly influential toward mitigation of a
certain pollutant.266

In a recent study on spinels, by Fedyna et al.267

cryptomelane catalysts comprising transition metals (M/K-
OMS-2, M = Cu, Ni, Co, Cr and Fe) were synthesized and
tested for soot oxidation under various conditions such as O2,
O2 + NO, O2 + SO2, and O2 + NO + SO2. It was observed that
doping with transition metal cations with varied electronic
configurations enhanced the comprehension of the complex
mechanistic nature of soot oxidation studies. The fundamental
performance of the cryptomelane catalysts depends upon the
average oxidation state of the ion, potassium release from the
surface, and in situ NO2 formation ability. A cobalt-manganese
spinel-based catalyst was noted to be the most efficient of the
lot, and increased doping of the cryptomelane matrix is known
to enhance sulfur resistance.

In a path breaking work by Xiong et al.268 a 3D ordered
meso-macroporous (3DOMM) Ce0.2Zr0.8O2 was synthesized
by a combination of evaporation-induced interfacial self-
assembly and colloidal crystal templates, followed by
supporting spinel-type PdxCo3‑xO4 nanoparticles on this
3DOMM by gas bubbling assisted coprecipitation. This
novel catalyst displayed admirable catalytic performance of
(temperature of 10% conversion) T10, (temperature of 50%
conversion) T50, and (temperature of 90% conversion) T90 at
313, 367, and 404 °C under loose contact mode, the
mechanism of which is illustrated in Figure 18(A). Zhou and
co-workers269 synthesized a TiO2 and spinel Cu1.5Mn1.5O4
comodified hierarchically porous beta zeolite, i.e., Ti/
Cu1.5Mn1.5O4-HBeta with a 3D interpenetrating micromeso-
porosity. The catalyst showed great soot oxidation activity of
T50 = 390 °C and T90 = 450 °C, even in the presence of O2/
NO/N2 owing to the rich moderate intensity acidic sites and
chemisorbed oxygen species. It also exhibited substantial
sulfur-resistance as sulfates easily decomposed after surface
adsorption.270 Zhao et al.271 prepared a ceria modified
MgAl2O3 spinel and used it as a support for Ag nanoparticles.
The initial reaction temperature and temperature of the
maximum reaction rate were 236 and 359 °C respectively. It
was established that the presence of ceria significantly enriched
peroxide and superoxide formation and also established strong
interactions with Ag, thereby allowing high Ag metal
dispersion with distinguished thermal stability, promoting
catalytic performance in soot oxidation.

A toxic pollutant such as NOx can also be utilized in the soot
oxidation process due to its admirable oxidative properties.
NO oxidization to NO2 gets accelerated in the vicinity of Pt
containing catalysts present on the surface of the CRT. Since
Ag/CeO2 has been widely used in scrutinizing soot oxidation
properties, Lee et al.272 introduced Mn into this catalyst and
performed NOx assisted soot oxidation studies. The Ag/
2MnOx−1CeO2 catalyst improved the T50 to 391 °C in
comparison to Ag/CeO2 having a T50 of 400 °C. The catalyst
exhibited not only low-temperature NO oxidation but also NO
desorption at a fair temperature. Thus, we conclude that not
only NO oxidation but also NOx adsorption characteristics are
essential in NOx assisted soot oxidation. A model NOx assisted
reaction pathway has been diagrammatically shown in Figure
18(C).273 Zhao and co-workers274 synthesized a 3D ordered
macroporous nickel−cobalt based spinel catalyst for NOx
assisted soot oxidation, and under a loose contact mode its
T50 and TOF values corresponded to 379 °C and 1.36 × 10−3

s−1 respectively. The doping of Ni into Co3O4 induces
structural distortion, thus increasing oxygen vacancies and
enhancing lattice oxygen mobility. The catalyst also
encouraged a vacancy-mediated NO oxidation strategy.

Liu et al.275 adopted a nonthermal plasma (NTP) strategy
using La1−xAgxMn1−yCoyO3‑δ perovskites under diesel exhaust
gas conditions. The catalyst hardly showed any effect on soot
oxidation at 200 °C in the absence of NTP, but the synergy
between the NTP-La0.5Ag0.5Mn0.8Co0.2O3‑δ hybrid showed soot
conversion and CO2 selectivity of 86% and 94% respectively at
200 °C. In yet another study by Fu et al.276 MnO(0.4)-CeO2
was researched for soot oxidation with a pulse dielectric barrier
discharge (DBD), and it was found that the initial light-off
temperature (Ti) decreased from 240.8 to 216.4 °C on
increasing the pulse of the DBD frequencies from 50 to 400
Hz. Surface species formed such as O2−, O−, and Mn4+ were
responsible for the enhanced soot oxidation. Recently the focus
has turned to electrically powered programmed oxidation of
soot, wherein an electrified catalytic strategy drastically
decreases soot ignition temperatures much more than expected
in traditional thermal catalytic soot combustion. This
technology facilitates the rapid release of lattice oxygen from
a conductive catalyst, thereby reducing the soot ignition
temperature. Simultaneously the soot-catalyst contact effi-
ciency improves due to electrostatic fluidization of the catalyst-
soot interfaces.277 Mei et al.278 reported such an electrification
strategy aiming for a T50 of <75 °C using conductive oxide
catalysts such as K supported Sb−Sn oxides. The implementa-
tion of this technology into LTC engine modes could reduce
soot emissions to a great extent. However, such a study is not
yet realized.

From the above literature evidence, it can be deduced that
mesoporous ordered frameworks coupled with metal oxides
having pronounced redox properties accelerate soot oxidation
kinetics. Surface irregularities time and again substantiate an
increase in reactivity by increases in vacancies and oxygen
mobility. At the same time, in NOx-assisted catalytic reaction
conditions, it is paramount to consider the pore sizes of the
catalyst to achieve maximum utilization of the catalyst exposed
areas, due to the relatively bulky size of NOx molecules.
Composites of metal oxides along with spinels or perovskites,
in most cases decorated with noble metals, exhibit very good
activity. In recent studies, it was observed that certain p-block
elements especially in the later periods show considerable
redox activity supporting a MvK mechanism for CO2 selective
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oxidation of soot. Moderately acidic sites can prevent the
adsorption of sulfur compounds and assist in avoiding sulfur
poisoning and consequent catalyst deactivation. A catalyst
providing the possibility of producing peroxides and super-
oxide species or even the presence of oxygen radicals in the
reaction atmosphere could hasten reaction kinetics. Moreover,
addition of value-added impurity ions into the lattice of solid
solutions creates additional oxygen vacancies which is the
fundamental catalytic requirement for soot oxidation.279

Complete soot oxidation is not feasible at temperatures suited
for the LTC combustion modes. However, the amount of soot
produced in LTC is already negligible; hence, existing methods
with some refinements could suffice.

5. CHALLENGES AND PERSPECTIVES
After review of the three main subdivisions in developing
vehicular exhaust pollutant mitigation systems, the first
impression suggests that none can single-handedly bring
down emissions below the expected levels. It is, therefore,
significant that a sustainable combination of varied methods
can progressively lower pollutant emissions. Further enhancing
existing technologies to reduce pollutants to near-zero levels is
a pressing priority. Despite the complexities of the system, the
modification of single pieces of technology, bit by bit, can, as a
whole, have a transformative effect on the emissions.

• Vehicular emission norms laid down by government
organizations are getting stringent as we speak, and since
transportation is largely dependent on the automobile
industry with its roots into fossil fuels a potential
solution to curb emissions is a pressing priority.

• FBCs are effective in enhancing passive regeneration of
DPFs and have a nearly positive effect on engine
performance. However, postcombustion these metal
nanoparticles may travel along with the exhaust gas
and result in nanoparticle build-up, thereby clogging the
honeycomb structure of the DPF. The soot will combust
catalytically and escape in the form of CO/CO2. But
metallic particle build-up over a long period of time will
urge a replacement of the exhaust treatment system.
With prolonged use these may even settle down at the
bottom of the fuel tank and result in clogging of the fuel
injection system. A good compatible surfactant or
emulsifier is required to avoid this issue along with
smaller particles with a higher surface area to increase
the number of active sites.

• A greener revolutionary fuel additive includes using
biodiesels, which are beneficial for reducing pollutants
and providing a solution to recycling certain waste
products. The BTE and BSFC rise with increasing %
blending of biodiesels, a consequential limitation of
increased density and viscosity in biodiesels. These, on a
whole reduce CO, HC, and soot, increasing the amount
of NOx and CO2. The viscosity and density could be
balanced out by employing hybrid biodiesel formula-
tions, blending small percentages of alcohols or lower
viscosity solvents with appropriate cetane numbers and
calorific values.

• Another dilemma associated with potential solutions to
biodiesel related issues involves nonstandard testing
protocols followed by researchers. With the emergence
of LTC engine operational modes, the effect of varied
biodiesel compositions and blending modes along withT
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their resultant pollutant forming mechanistic pathways
needs to be defined. Theoretical or computational model
fitting studies prior to laboratory experiments have a
wide scope in this area to facilitate the development and
design of industrial scale prototypes.

• HCCI combustion of neat biodiesel has not been
explored sufficiently due to its low volatility, which
presents challenges in homogeneous mixture prepara-
tion. Thus, novel approaches must be explored to
vaporize the neat biodiesel fuel with a reduced energy
input. Another major shortcoming of biodiesel in HCCI
operation is its high reactivity, which does not allow for
the extension of the load range. Charge dilution using
EGR helps in extending the load range but not
remarkably. Also, mixture preparation is challenging for
PFI-HCCI engines with low-volatile fuels like diesel and
biodiesel, which need immediate attention.

• An optimal VVT and charge dilution combination can
help achieve higher loads with biodiesel-fuelled HCCI
engines. Monitoring and managing engine parameters in
real-time using closed-loop control systems to gauge
engine conditions and tune engine calibration settings
could improve the performance of biodiesel-fuelled
HCCI engines.

• Commercial DOCs practically depend on noble metals
such as Pd and Pt, and the use of these in the present
and future is impractical. Although various laboratory
models exist for transition and rare earth metals, no
commercial development has progressed for these.
Current DOCs research is on the lines of current diesel
engine setups but have insufficient insight into futuristic

biodiesel-based hybrid engines. At the same time with
hybrid fuels and engines, the nature of the pollutants
may vary, and a catalyst that can take-up and convert
such pollutants to benign products needs to be explored.

• Addition of metal ions displaying higher valence states
such as W, Mo, Mn, etc. due to their size induces defects
in solid solution catalysts, thus increasing oxygen
vacancies and simultaneously increasing surface acidity.
This feature could greatly benefit NH3-SCR, as acid sites
would readily adsorb NH3 and oxygen vacancies could
facilitate NOx reduction. A simultaneous exchange of the
picked-up oxygen species with the carbonaceous soot
present in the exhaust gas could simultaneously
accelerate soot oxidation, thus forming a codependent
catalytic cycle eliminating two pollutants simultaneously.

• For direct NOx conversions, catalysts with basic sites are
favored. This is to allow direct adsorption of acidic NOx
species on the catalyst surface. Addition of rare earth
metals, alkali, and alkaline earth metals is known to
increase surface alkalinity, and considering the molecular
size of NO, microporous compounds do not suffice, and
mesoporous catalysts are preferred.

• Soot oxidation has shown better activity with mixed
oxide catalysts and even spinels and perovskites. Lower
dimension morphologies are preferred as they have a
higher number of exposed surface-active sites. The
oxidative catalysts used in HC and CO oxidation also
usually have a narrow operating window, and to
overcome this, there is a need to develop a catalyst
that not only activates O2 but can also activate NOx,
since it is an even better oxidizer. This would allow

Figure 18. (A) Mechanistical illustration of 3DOMM Pd-Co bimetallic oxide catalysts for soot combustion. (B) The soot conversion temperatures
of catalyzed and uncatalyzed soot of SrMnO3(SM), SrMn0.98Cu0.02O3(SMCu), and SrMn0.98Co0.02O3(SMCo), with insets of the corresponding
EDS analysis. (C) Probable mechanism for soot combustion over MnCuCeZrO2−δ mixed oxides, (D) soot oxidation scheme over Bidoped CeO2.
(A) Adapted with permission from ref 268. Copyright (2018) with permission from American Chemical Society. (B) ref 281. Copyright (2020)
with permission from Elsevier. (C) ref 273. Copyright (2018) with permission from Elsevier. (D) ref 282. Copyright (2021) with permission from
Elsevier.
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simultaneous NOx reduction along with HC, CO, and
PM oxidation. Activation of NOx would also enhance its
reactivity with the SCR system present thereby allowing
nearly zero emissions of this malignant pollutant. The
perspective basically involves enhancing activities by
performing assisted oxidations or reductions with NOx
or H2 respectively.

• Present research into electrically driven pollutant
mitigation is progressing. However, these systems need
to be incorporated into existing and futuristic engines to
understand their outcomes. These systems would
require upgrading of existing after-treatment system
setups rather than mere replacement by higher efficiency
catalysts.

• The excellent redox properties of metal oxide catalysts
are quite favorable for DOC, SCR, and DPF applications
although each has a certain stumbling block which in
some cases could be overcome by forming composites,
spinels or other hybrid structures. In low temperature
combustion systems, although the metal oxide catalysts
would not gravely have to face the effects of sintering as
the combustion occurs at relatively lower temperature
ranges, the catalysts are still attacked by catalyst poisons
such as sulfur, phosphorus, moisture, and other lubricant
and fuel derived deactivating substances.

• With the emergence of hydrophobic materials, a coating
or association of these on the catalyst substrate could
protect the catalyst from moisture attack. Additionally,
small-pore zeolites now emerge with their resilience to
deactivation even after exposure to extreme hydro-
thermal conditions. PtFeMg, AlLaZrTiO2, etc. have been
proven to show great sulfur and moisture resistance
along with these mixtures of metals complementing each
other further providing thermal stability to the catalyst
support. NOx conversion can be achieved via varied
routes, and since the LTC mode primarily ensures a
reduction in NOx conversions, an active catalyst can
completely eliminate its release into the atmosphere
from automobiles.

• In order to enhance the productivity of catalysts in the
sustainable direction, it is essential to further replace the
existing noble catalysts with non-noble metals which
itself act as highly active catalysts. In the case of HC and
CO treatment, noble metals combined with transition
elements on zeolite supports show activity favorable in
LTC temperature ranges. The catalyst necessarily should
have structural stability as well as the ability to undergo
cyclic regeneration of its active sites under hydrothermal
exhaust gas conditions.

• Another essential requirement in these catalysts is the
turnover number or the number of catalytic cycles the
catalyst can endure before it is rendered ineffectual. The
combined use of essentially the DOC and DPF
combined with the HCCI fuelled biodiesel engine in
the discussed mitigation systems have tremendous
advantages such as greater conversion levels, optimized
management of catalyst supporters etc., and improved
fuel-saving and management with better combustion,
and in the long run can also prove to be cost-effective.

6. CONCLUSION
Existent automobile pollution mitigation strategies do not
meet the stringent pollution control norms laid down by
government bodies. In order to satisfy the needs of the present
and future, hybrid modernist catalytic systems and engines
need to be evaluated for practical large-scale commercial
implementation. In this review, clean combustion via fuel and
engine modifications has been discussed. Evaluating fuel borne
catalysts and biodiesels concluded a decrease in pollutant
emissions; however, while certain engine properties seemed to
improve under set conditions, these alterations of the fuel have
been tested either in laboratory scale models or engine
conditions preferential to the research team. These results thus
have contradictory conclusions when compared and lack a
basis for commercialization. Primarily a lot of ambiguities are
noticed with respect to NOx emissions, where some studies
showed an increasing trend, while others showed a downward
one. Addition of FBCs preferentially modify the BTE, BSFC,
cetane number, and calorific values of fuel under combustion.
These properties undergo alterations when biodiesels are used
and, to some extent, can be balanced out by the use of FBCs,
while HCCI combustion control is primarily influenced by fuel
molecular composition and associated chemical kinetics.
Ultralow NOx and soot emissions can be achieved in HCCI
combustion without a significant penalty on the thermal
efficiency compared to conventional diesel combustion. The
significant limitations associated with HCCI engines include
no direct control over the combustion phasing, a narrow load
range of operation, high HC and CO emissions, and difficulty
in homogeneous mixture preparation. Lowering the compres-
sion ratio of a diesel engine delays the start of combustion and
reduces the peak pressure rise rate, which helps extend the load
range. By preventing the cylinder charge from igniting too
early, the EGR can effectively delay the onset of combustion,
leading to better thermal efficiency windows. Controlled intake
charge temperature, in combination with compression ratio
modifications and charge dilution, can help attain delayed
autoignition and smooth combustion, thereby extending the
load range. Further to achieve near zero emissions, catalytic
after-treatment strategies such as DOC, NH3, CO, and H2-
SCR, direct NOx conversions, LNTs and DPFs were discussed.
A HCCI-biodiesel blended diesel system as discussed largely
reduces soot and NOx and their emission control requires a
combination preferably of a DOC (Pt/Pd with Ce or Cu) and
DPF (3DOMM with metal oxides having high OSR) to take
care of the populating CO and HC produced during biodiesel
combustion.
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