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Abstract

The high concentration of sulfur dioxide (SOz2) in the air that contributes to increasing health and environmental
issues has caught the attention of all countries. Numerous tactics to regulate and lower the SO: levels in the envi-
ronment that have been applied through regulations and promising technology, progress has been obtained to de-
crease the SOz concentration. Among methods for SOz removal, one of the promising techniques used is the cata-
lytic oxidation of SOz to SOs, which not only reduces the SOz concentration in the environment but also produces
sulfuric acid (H2SO4). Thus, the performance of the catalysts that can promote the catalytic oxidation of SOz to SOs
for environmental sustainability is reviewed in this study. The types of catalysts evaluated in this study are car-
bon-based materials and metal oxides. Worth noting that these catalysts are feasible to catalytically converting
SO2 hazardous material to resources, viz. SO3 and H2SO4 for industrial use. The findings of this study can serve as
a foundation for devising an innovative method for SOz mitigation through catalytic oxidation.
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1. Introduction technology for removing harmful gases [1-4], as
well as the development of alternative clean en-
ergy sources [5—8]. Even though many wealthy
countries have made significant progress in
managing air pollution in recent decades; none-
theless, the approximately 28,704 kilotons of
SOz emission in 2019 shows that the air pollu-
tion levels remain very high [9,10].

SOz is a prominent source of air pollution in
urban areas as it is produced chiefly by the com-
bustion of fossil fuels in vehicles, fuels of marine

Until now, the world still highly depends on
the fossil fuels regardless the emerging of re-
newable energy sources. Large-scale usage of
the coal, oil, and natural gas is frequently asso-
ciated with major environmental challenges, es-
pecially gaseous pollution in the atmosphere.
Air quality control is one of the most pressing
health and environmental issues today. This
has prompted substantial research into effective

vessels, and industrial processing. The combus-
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sources emits many tons of SOz into the atmos-
phere every year. In addition to these anthro-
pogenic sources, the natural sources, such as
volcano eruption and landscape fire, also con-
tribute to the SOz emission. A high amount of
SOz emissions is correlated to a variety of
health issues, including respiratory sickness
and breathing difficulties, as well as environ-
mental consequences, such as acid rain genera-
tion that is harmful to forests [11,12].

In this context, the abatement of SOz from
the atmosphere is in accordance with UN's plan
to deal with consumption and production pat-
terns (SDG Goal 12) and life on land (SDG Goal
15). Following the United Nations Sustainable
Development Goal (SDG) 12 to ensure sustain-
able consumption and production patterns, the
target is to recover the generated pollutants,
such as SOg, from fossil fuels to valuable com-
modities, such as CaSO4 and H2SO4. The reduc-
tion in SOz produced is in accordance with the
SDG indicator 12.4 and 12.5 to manage respon-
sibly and decrease the generation of hazardous
waste [13]. On the other hand, following the
UN SDG 15 to sustainably manage forests and
halt biodiversity loss, the target is to reduce
the occurrence of acid rain that may be harmful
to the forest ecosystems. Complying to the SDG
indicator 15.1 and 15.2, the removal of SO2 pro-
duced may conserve the ecosystems and protect
forests from deforestation [14].

Various strategies to control and reduce SO2
levels in the environment have been proposed
through policies or promising technologies to
achieve the UN’s SDGs. The National Ambient
Air Quality Standard (NAAQS) has regulated
the average SO2 emission over a specified peri-
od, such as a 1-h standard for 75 ppb SO2 con-
centration and a 24-h standard for 140 ppb SOz
concentration. This aims to provide increased
protection for at-risk group, such as people
with asthma, and other potentially at-risk pop-
ulations against a variety of adverse respirato-
ry effects [15]. The maximum standard was de-
rived based on the quantitative analyses re-
garding SOz exposures to people with asthma
ranging from 5- to 10- minutes, whereas the
standard is considered to be adequate to pro-
vide public health protection with a sufficient
margin of safety. A stringent rule has been en-
acted by International Maritime Organization
(IMO). The rule, referred to as "IMO 2020,"
lowers the previous limit of 3.5% to a maximum
of 0.50% m/m (mass by mass) for fuel oil used
on ships operating outside specified emission
control areas [16]. In order to comply with the
new limit, ships that typically run-on heavy oil
- a higher sulphur-content byproduct of crude

oil distillation - are now required to use very
low sulphur fuel oil (VLSFO). This is a signifi-
cant development for improving air quality,
preserving the environment, and safeguarding
human health [17]. In regards to one of the
most contributing industries to the SOz emis-
sion, the petroleum industry set for the allowa-
ble sulfur content of fuel oils at 1 wt.% to limit
the amount of SOz emission produced from the
combustion equipment. Moreover, the API
gravity (ratio of the mass of a given volume of
oil at 60 °F to the mass of the same volume of
water at 60 °F) was set to 33° API in 2035 by
the World Oil Outlook [18]. Fortunately, the
upcoming Industry 4.0 promotes sustainable
development through the realization of the dig-
italization, automation, and integration in all
processes. Less negative effects and more bene-
ficial effects on the usage of resources, includ-
ing materials, energy, information, and high-
quality products would result from its imple-
mentation. At the early stage, the production of
the infrastructure to enable the operation of
Industry 4.0 is highly expensive and induce
high pollution and waste in result. Nonethe-
less, the benefits of Industry 4.0 outweigh the
drawbacks, as the efficient production process
enables the reduction of energy consumed by
30% through the implementation of Internet of
things (IoT) and effective use of raw materials
and energy [19]. Hence, we believe that syner-
gize Industry 4.0 and catalytic SOz oxidation
could effectively reduce the industrial pro-
cessing, energy consumption, and production
costs.

The oxidation of fuel oil using hydrogen per-
oxide and iron oxyhydroxide, followed by ex-
traction of oxidized sulfur compounds with
aqueous acetonitrile is one of the most ad-
vanced methods of removing sulfur directly
from fuel oil [20]. Another method is through
reducing SOz production and release from flue
gas, which can be resolved using many cata-
lysts. Wu et al. [21] proposed the usage of *OH
from catalytic decomposition of gas-phase H202
over solid-phase Fe2(SO4)3 which can reach
99.8% SOz removal at 140 °C. Oxidative absor-
bents like NaClO2 and CaOz also can be used
to remove SOz in wet conditions [22], moreover,
CaO that can be obtained from coconut shell
char was proved to be a good eco-friendly cata-
lyst for SOz removal [23].

Among the methods devised for SOz remov-
al, the catalytic oxidation of SOz to SOs is criti-
cal because it not only removes hazardous SOz
but also provides a mechanism for producing
SOs, which i1s an important reaction in the in-
dustry for preparing sulfuric acid (H2SOg).
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Thus, the removal of SO2 from the atmosphere
will not only beneficial to comply with UN’s
SDGs 12 and 15 but also promoting waste-to-
resources action by producing useful H2SOjs.
The industrial compound, H2SO4, is widely in
fertilizer manufacturing, particularly phos-
phate fertilizers made from wet-process phos-
phoric acid. In 2018, the global H2SO4 market
was valued at 266.2 million tons, and it is pre-
dicted to grow at a CAGR of 2.3 percent from
2019 to 2027, and is expected to exceed 324.1
million tons by 2027 [24]. As a result, through-
out the last few decades, significant research
[25—29] have been devoted to developing low-
cost and effective catalysts for the oxidation of
SOz to SOs. It should also be noted that this
treatment does not entail the transfer of con-
taminants from one medium to another, such
as from air to water. Instead of changing the
pollutants' medium, SO2 is transformed to
H2S04, which can be used to make beneficial
fertilizers and chemicals.

The importance to find the most suitable
catalyst to remove SOz from the air is shown
through the number of researches completed
relating to SOz oxidation. The growing trend of
published research papers in the field of SO2
oxidation is illustrated statistically in Figure 1.
In the last ten years, about 4805 papers related
to SOz oxidation have been published on Web of
Science with the keyword of SOz oxidation. The
number of publications has increased dramati-
cally from 248 publications in 2013 to 606 pub-
lications in 2021, the number of citations also
spike up to 21483 in year 2022.

Even though numerous researches have
been conducted on SOz oxidation into SOs, no

700

comprehensive review has been carried out to
investigate the catalytic SOz oxidation over
carbonaceous materials and metal oxides.
Herein, we conduct a systematic study to dis-
cuss these catalysts, ranging from materials
engineering and structure-property relation-
ships to catalytic efficiency. The fundamental
knowledge of SOz catalytic oxidation is depict-
ed with mechanistic pathways; meanwhile, the
intensifying catalytic process 1is scrutinized
with influencing factors. The findings of this
study help establish an innovative path for fu-
ture SO2 removal prospects, considering the
cost and effectiveness. This research could be
beneficial to the human environment's cleanup
and to maintain the longevity of the earth it-
self.

2. Fundamentals of SOz Catalytic Oxida-
tion

The basic principle of SOz catalytic oxida-
tion follows the elementary reaction mecha-
nism of:

SOz + % 02 — SOs3 (Eq. 1) x2
2 S0z + 02 —» 2 SO3 AH =-197.8 kd/mol;
AG =-371.7 kd/mol

whereas, the SOz reacts with Oz that acts as
the oxidant to obtain SOs in return. Moreover,
with the presence of water the SOs is hydro-
lyzed and H2SOy4 is formed from the reaction
(Eq. 2) [25]:
SOs+ H20 —» H2S04 (Eq. 2)

AH =-227.1 kd/mol

AG =-302.1 kd/mol
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Figure 1. The number of published and cited articles related to SO2 oxidation per year from 2013 to

2023 (as of 12 October 2023, Web of Science)
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Equations (1) and (2) show negative values
for both standard enthalpy changes (-AH) and
standard Gibbs free energy changes (-AG), indi-
cating the reactions are exothermic, thermody-
namically favorable and proceeds spontaneous-
ly in the forward direction at a given standard
conditions (25 °C and 1 atm). However, the dif-
ferent catalysts used leads to different non-
elementary reactions. The differences can be
from the types of adsorptions that occur, the
side or non-elementary reactions, and the inter-
mediates.

For the carbonaceous materials catalysts
(Figure 2), the SOz is adsorbed into the surface
of the catalysts, while the Oz may also be ad-
sorbed (for carbon-doped boron nitride) or not
(for activated carbon), following the Eley-Rideal
mechanism [25,27]. Similarly, the metal oxides,
such as Pt, Ag, Au, VO./SiO2, MnO,/Si02, and
CuO«/Si0z, provide the required active sites for
catalytic oxidation of SOz [31]. Note that SOs
and O2 are chemisorbed in several metal ox-
ides, for example, in Pt (Figure 3) and Ag [32].

3. Types of Catalysts
3.1 Carbonaceous Materials
3.1.1. Activated carbon

Activated carbon (AC) has been identified as
an effective adsorbent and catalyst to clean
stack gases, especially in SO2 removal [34]. The
highly-porous structure of activated carbon
supports SOz removal as it is effective for not
only adsorbing SOz but also storing the H2S04
produced after SOz oxidation. The removal of
SO2 by using activated carbon was divided into
two parts. First, the SOz was extracted from
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the flue gas by adsorption into the activated
carbon due to the basic surface chemistry of
the highly-porous activated carbon. Then, the
adsorbed SO:2 was catalytically oxidized into
sulfuric acid in the presence of oxygen and wa-
ter vapour, and stored in the activated carbon
pores subsequently [25]. Note that the SOz con-
version processes occur in the micropores of po-
rous carbon materials due to their necessity for
spatial confinement, specialized chemical func-
tionalities, and sufficient specific surface areas
[35].

The reaction mechanism of SOz removal by
activated carbon with the presence of Oz and
H20 is shown in Eqgs. 1-5:

SOs2(gas) + AC — SO2q) (Eq. 3)
H20@as) + AC — H20¢q) (Eq. 4)
SO2ad) + ¥ O2(gas) — SO3a) (Eq. 1)
SO3s(ad) + H20@a) — H2S04(aq) (Eq. 2)
H2SO4q) + H2Oq — HaSO4q) (Eq. 5)

where, AC is for activated carbon, (g) is for gas
phase, (ad) as the adsorption state, and (1) is
for liquid phase [25]. Based on the reaction
mechanism, the reaction follows the Eley-
rideal mechanism, whereas a molecule (SO3)
adsorbs onto the surface (activated carbon) and
another molecule (O2) interacts with the ad-
sorbed one until a product (SOs) is formed and
desorbs from the surface (after attaching with
water).

One enhancement on the use of activated
carbon in SOz removal is the use of a tailored
activated carbon fiber (ACF) which has a spe-
cific tailored micro-mesoporous structure [36].
Diez et al. [36] found that with the presence of
micropores and large mesopores in the Co-
ACF, higher catalytic activity in the activated
carbon can be achieved. The tailored Co-ACF
was obtained by catalytic steam activation of
the Cobalt naphthanete-doped coal-based car-
bon fibers, and continued with impregnation
with KOH to induce basicity to the ACF sur-
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Figure 2. Mechanism of SO2 removal using car-
bonaceous material catalysts [30]

Figure 3. Mechanism of SO2 removal using metal
oxides (Pt) [33]
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face that assists in the catalytic activity. The
difference in the surface structure of the ACF
and Co-ACF is shown in Figure 4. The activa-
tion process was done in a quartz crucible
where the Co-ACF was half-burnt at 850 °C
with the flow of water vapor. The half-burnt
condition is crucial as the burnt area provides
mesopores and the unburnt portion produces
micropores. This tailored Co-ACF shows a
higher catalytic activity of 105 pmol.min-l. g1 in
15 min, as compared to the non-doped ACF
with only half of the catalytic activity in 28
min. The combination of micropores and meso-
pores enhances the diffusion for the adsorption
and desorption of the substances involved in
SOz removal, resulting in significantly in-
creased oxidation rates - as the O-enriched
ACF (mesopores) is comparatively active with
the N-enriched ACF (micropores). Therefore,
using cobalt naphthenate as cobalt nanoparti-
cle precursor not only leads to tailored porous
activated carbon with enhanced effectiveness,
but also provides higher catalytic activity com-
pared to other non-doped ACF. In addition, the
use of cobalt naphthenate also covers up the
low catalytic activity of activated carbon to-
wards SO2 removal, and caters to good absorba-
bility of the carbon.

An alternative metal precursor, Vanadium
Pentoxide (V205), could also be embedded in
the ACF, as the catalyst still maintain its cata-
Iytic activity towards SOzoxidation after the
formation of Vanadium Sulfate (V203(SO4)2)
[37]. In fact, several catalysts that can be used
to assist the activated carbon in removing SO2
from flue gas, however, most of them require
high temperatures to operate. At lower temper-
atures (100-250 °C), the active components, i.e.
metal oxides, is deactivated to form metal sul-
fates under SOz that impedes the removal. Jing
et al. [34] also add that V205 is promising as it
shows strong SOz adsorption at stack tempera-
tures (120-200 °C) and improves the reaction
process with the presence of oxygen. The two
steps on how the Vanadium used in the SOz re-
moval process, were then expressed by Guo et

Figure 4. Surfaces of (A) ACF and (B) Co-ACF
obtained from a Scanning Electron Microscopy
(SEM) [36]

al. [38] and can be seen in Figure 5. First, the
reaction between V205 with SO:zduring oxida-
tion formed a vanadium sulfate, V203(SO4)2,
which trapped SOzin the catalyst. Neverthe-
less, unlike many metal oxides, such as CuO,
Fe20s3, and MnOx, that deactivates in their sul-
fates form [38], the vanadium sulfate does not
deactivate but can act as a stable active compo-
nent to catalyze SO2 oxidation into H2SO4 [38].
Whereas, the activity of Vanadium Sulfate is
proved by the existence of characteristic bands
at 1011 ecm ! due to w(V=0), 535 cm-! due to
v(S-0-V), and 750 cm-! due to v(V-O-V) [37]. In
addition, the vanadia species is more active to-
wards SO2 removal due to the basicity that
emerges after carbon interacts with the vana-
dia species and increases the electron density
of the species.

Guo et al. [38] also emphasized the activat-
ed carbon pores that is also occupied with the
vanadium sulfate would reduce the H2SOq4
formed due to the lack of storage. An experi-
ment conducted by Jing et al. [37] supports this
finding shown by a decrease in BET surface ar-
ea and total pore volume of the activated car-
bon. Therefore, the quantity of V205 needs to
be maintained at below 5 wt.% to ensure a high
H2SO4 formation instead of the vanadium sul-
fate in the activated carbon pores [38]. Jing et
al. [37] further supported with the results from
another experiment that Vanadium catalyst
with a content of 5 wt.% shows high activity
and selectivity at low temperatures that pro-
mote SOz removal. Thus, the amount of 5 wt.%
of V205 is determined to be the effective
amount for SOz removal, and can be used in
further experiments.

The presence of Oz and H20, reaction tem-
perature, and a higher initial SOgconcentra-
tion have a drastic effect on the adsorption of
SO2. In an experiment done by Li & Ma [25],
the time to achieve saturated SOgzadsorption
increases as Oz and H20 are introduced to the
system. They found that O2 and H20 promote

@ Vo, @ V,04S0,), e H,S0,

!I\ - /,,/'\'\“ W AC support
A ol
I

= ~
SO,(ads) l SO,/H,Oinds) E
0,(8) l I 0,(g) : i

S0, +1/20, + H,0 = H,S0,

|
)
1 o
1

V,05 + 280, + 0, = V,0,(80,),

Figure 5. Schematic illustration on the mecha-
nism of SO2-to-H2SO4 over the V205/AC catalyst
[38]
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the removal of SOzby converting SOz into sul-
furic acid. The claim that the addition of H20
boosta the SOz removal is also approved by
Jing et al. [37] that in the presence of water va-
por, the peak intensity of sulfate species is 40
times more than in the absence of water when
observed using IR spectra. Another experiment
done by Li & Ma [25] shows that both the SO2
adsorption rate and capacity reduce as the re-
action temperature increases from 65°C. Not
only does reaction temperature influence SOq
adsorption onto activated carbon, but it also in-
fluences SO2 catalytic oxidation into H2SOu.
Since the adsorption process is instant and exo-
thermic, an increase in the reaction tempera-
ture is not benefit SOz adsorption, as a specific
temperature is required for the catalytic oxida-
tion of SOz2. In addition, the activation energy is
-16.344 kd/mol, which indicates that the SO2
adsorption rate decreases with increasing reac-
tion temperature [25]. The last experiment
done by Li & Ma [25] shows that an increase in
the initial SOzconcentration increases the ini-
tial SOz adsorption rate, as a higher initial SO2
concentration gives more driving force for the

SOz2 to be adsorbed.

3.1.2 Carbon nanotubes

Similar to activated carbon, carbon nano-
tubes are also porous carbon-based catalysts.
One of its widely used types is the N-doped sin-
gle-walled carbon nanotubes (SWCNTs) which
have a low energy barrier for Oz dissociation of
0.3 eV that causes SO: oxidation to be thermo-
dynamically favorable and kinetically attaina-
ble [39]. N doping promotes catalytic desul-
phurization through the interaction between
the lone pair electrons of nitrogen dopant and
the n-bonds of carbon materials, which then af-
fect the properties of the materials due to the
difference in electronegativity. Specifically,
graphite N doping can enhance the dissociation
of O2, as the reaction energies and barriers are
lower than the counterparts of pyridine N
doped SWCNTSs [39]. Moreover, it is found that
to maximize the activity for the dissociation of
02, Gr2N-SWCNT (dual nitrogen atoms doped
graphite in SWCNTSs) gave a smaller diameter
compared to GrN-SWCNT (singe nitrogen do-
pant), can be used. However, it is important to
note that as a smaller diameter SWCNT is
used, even though it enhances Oz activation, a
strong covalent interaction between SOs; and
the carbon nanotubes is formed; hence, imped-
ing SOs desorption for catalytic loop recovery
[39]. Moreover, it is found that the presence of
water inhibits SOs desorption due to the con-

version of tridentate sulfate to the more stable
bidentate sulfate [40].

Other than the diameter of the pores, the
curvature of the pores is also found to affect
SOz oxidation. With the increase of the curva-
ture (Figure 6), the adsorption energy on SO:
increases in a negative value, indicating an ex-
othermic process that is thermodynamically fa-
vored. According to the population analysis us-
ing the Bader method, there is a monotonic in-
crease of electron transfer to the adsorbed SO2
or SO3 molecule as the curvature increases, in-
dicating stronger electrostatic interaction for
adsorption. Moreover, the SOz oxidation using
SWCNT is found to have a positive energy bar-
rier and negative reaction energy (exothermic
reaction). By increasing the curvature, the en-
ergy barrier decreases, and the oxidation reac-
tion energy increases in a negative value. The
increase in oxidation activity due to increased
curvature i1s proved through the increase in en-
ergy at maximum projected density of states
(PDOS) in the highest occupied molecular or-
bital (HOMO) for both the circumferential
(from —-3.02 eV to —2.18 eV) and axial (from
—2.40 eV to —2.18 eV) case. Moreover, in re-
gards to the energy barrier, increasing SWCNT
curvature promotes electron transfer to achieve
charge compensation that results in a reduced
energy barrier [41].

Another type of carbon nanotubes is the
multi-walled carbon nanotubes (MWCNTs).
Red mud (RM) is a solid waste produced in the
process of extracting alumina and combined
with the MWCNT to produce hybrid RM-CNTs.
The use of this hybrid material is to further re-
duce waste and look at how RM as an adsor-
bent could activate H2O2 for SO2 removal. The
removal process is based on a dual-loop desul-
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SWCNTSs [41]
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furization absorption system in which primary-
absorber is used to scrub SOz by RM slurry,
then the SOz residual can be oxidized by the
vaporized H202/catalysts in the catalytic sys-
tem (Figure 7) [42]. Note that the multi-walled
carbon nanotubes made by red mud did not
show a higher efficiency than SWCNTs; howev-
er, it provides a low-cost and environmentally
friendly route in producing the catalysts, which
reduces the disposal of waste-solid. Moreover,
the modification of the carbon nanotubes by us-
ing phosphoric acid could retain the FeOx as
much as possible, increasing the active sites
and the overall removal efficiency by 6% [42].

3.1.3 Graphene oxide

Graphene is also a widely known 2D carbon
nanomaterial to be used in SOzremoval at low
temperatures (150 °C) [43]. The benefit of using
graphene is its convenience in grafting hydrox-
yl and epoxy groups on its surface to produce
graphene oxides (GO). The hydroxyl group in
the surfaces of these graphene oxides induces a
strong hydrogen-bonding interaction with SO -
SOz is a polar molecule. Moreover, there is also
van der Waals intermolecular forces between
the electrophilic SOz (and SO3) molecules and
the metallic graphene-like surface that increas-
es SOz adsorption into the graphene oxides. Re-
garding SOz removal, the several kinds of gra-
phene oxides formed after the grafting have dif-
ferent oxidation degrees following GP < HO_GP
< O_GP < HO_OGP, with HO_OGP having the

highest oxidation degree. The increasing ad-
sorption energy follows a similar trend as in
the oxidation degrees with SO2/GP (—0.25 eV) <
S02/0_GP (-0.30 eV) < SOs/HO_GP (-0.38 eV)
< S0O2/HO_OGP (-0.40 eV), except for the intro-
duction of OH group, that increases the adsorp-
tion energy of SO2/HO_GP, even though the ox-
idation degree of SO2/O_GP is higher. Moreo-
ver, the oxidation barrier for SOz2on HO_GP is
0.12 eV which is lower as compared to SOzon
O_GP with 0.21 eV, thus implying that the hy-
droxyl group promotes SO:zoxidation kinetical-
ly (Figures 8 and 9). The lower oxidation barri-
er is achieved as the transition state is
achieved faster on HO_OGP leading to a re-
duced oxidation barrier compared to O_GP
[44]. Overall, the addition of hydroxyl groups
on the surface of graphene oxides acts as an
SO2 hunter to enhance adsorption and an
epoxy activator to decrease the oxidation barri-
er [44]. Moreover, in terms of SOz oxidation by
Og, it is found that the O dissociation energy
barrier is reduced from 1.53 to 1.25 eV with the
presence of hydroxyl groups nearby, hence pro-
moting Oz activation [45].

Another research was performed to further
understand the role of the hydroxyl group in
SOz2removal by the addition of a second hy-
droxyl group into the graphene oxide, forming
2HO_OGP. The addition of a new hydroxyl
group increases the adsorption energy of
SO2/2HO_OGP 1is increased to -0.58 eV, while
the oxidation barrier is reduced to 0.06 eV,
both promoting the SO2 removal. Two hydro-

Figure 7. Mechanism of SOz removal by MWCNT [42]
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gen bonds are formed between each of the two
hydroxyl groups and the two oxygen atoms of
the adsorbed SO: molecule, forming charge
transfer channels to transfer electrons from the
hydroxyl group into the SOz, and in turn to the
epoxy group. Wherein, the charge transfer will
promote the pre—activation of the epoxy group
in the initial adsorption configuration for fur-
ther oxidation. Furthermore, the epoxy group
also receives a substantial charge from SO:
during the reaching of the transition state,
which helps reducing the oxidation barrier. It
is thus can be affirmed that the introduction of
more hydroxyl groups enhances the adsorption
and oxidation of SOz as more charge transfer
channels are formed [43]. The reaction mecha-
nism is shown in Eqgs. 6-7 and Figure 10:

S0 + 2HO_OGP — SO»/2HO_OGP  (Eg. 6)
S02/2HO_OGP — SO5/2HO_GP (Eq. 7)

The effect of water in the early stages of SO2
removal using graphene oxides is also found to
be very crucial, as H20 is not only used in the
hydration of SOs to form H2SO4. In the early
stages of SO2 removal, water molecules are dis-
sociated into hydroxyl groups that promote SO2
removal, by enhancing the Oz dissociation and
stimulating SOz oxidation. Even though the re-
action of splitting water into hydroxyl groups is
endothermic (0.44 eV) with a high energy barri-
er (0.90 eV), but with the existence of two hy-
droxyl groups near the water (in graphene ox-
1des surface), a lower energy barrier (0.50 eV)
can be achieved [45]. Another research also
found that the SO2 can be hydrated to form bi-
sulfite, which is readily oxidized to form H2SO4;
hence, proposing another pathway of SO2 cata-
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Figure 8. Oxidation of SO2 with graphene oxide

on O_GP [44]

Iytic oxidation. The addition of water may also
make the transition state of SOz oxidation sta-
ble due to the asymmetric spin density out of
the plane, which decreases the energy barrier
and increases reaction energy. Moreover, the
hydroxyls that were formed from H20 dissocia-
tion can be recovered and used in another reac-
tion [46].

3.1.4 Carbon-doped boron nitride

Akin to graphene oxide (GO) that has a sin-
gle layer of carbon atoms, carbon-doped hexag-
onal-boron nitride nanosheets (h-BNNS) re-
cently also received quite an attention for their
oxidation ability in SOz removal. Their alter-
nating boron and nitrogen atoms give them a
high thermal and mechanical stability, which
will provide the required electrical and chemi-
cal properties for SO2 removal. Moreover, the
presence of partially ionic B-N bonds makes h-
BNNS have higher thermal stability as com-
pared to graphene. The introduction of carbon
into h-BNNS can alter the electron density dis-
tribution of h-BNNS, which forms a new local-
ized state above the Fermi level, resulting in a
decrease in the band gap of the pristine h-
BNNS. Thus, it can be concluded that the C-
doping enhances the surface reactivity of h-
BNNS required for SOz removal through the
charge-transfer effects [47]. Moreover, two
types of C-embedded h-BNNSs that can be pro-
duced, Cgand Cx, in which a boron and a nitro-
gen atom of BN sheet is substituted with a C
atom, respectively (Figure 11). The C atom,
which is present in both Cp and Ck, is situated
on the vacancy site and creates three chemical
interactions with nearby boron or nitrogen at-
oms. The introduction of a carbon atom alters
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Figure 9. Oxidation of SO2 with graphene oxide
on HO_OGP [44]
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the electron distribution of h-BNNS. Due to the
C atom has one less valence electron than N,
the C atom in Cg possesses an electron acceptor
property when surrounded by N. On the other
hand, the C atom has one more valence elec-
tron than B, which grants the electron donor
property to the C atom in Cx when surrounded
by B [47].

In regards to the SO: oxidation, the process
starts from the co-adsorption of SOz and Og
molecules to the surface of C-doped h-BNNS.
Next, one oxygen atom in the adsorbed O2 ap-
proaches the S atom of SO2 to reach the transi-
tion state and forms SOs. In contrast to the
Eley-Rideal mechanism that occurs when acti-
vated carbon is used, by using the C-doped Bo-
ron nitride, the reaction follows the Langmuir-
Hinshelwood mechanism. The mechanism hap-
pens when two molecules (SO2 and Ogz) adsorb
onto the surface and diffuse and interact with
each other until a product is formed and de-
sorbs from the surface. However, SO2 oxidation
can only occur on the boron substituted C atom
in the h-BNN sheet surface, and is unable to
occur in the nitrogen substituted C atom. As
large adsorption energy between the formed
SOs3 with the C atom makes the process in the
nitrogen substituted C atom cannot proceed to
the next step.

As the process was performed at ambient
conditions (25 °C, 1 atm), the enthalpy change
for the SOz oxidation reaction is negative, indi-
cating exothermic processes; and the Gibbs free
energy 1s also negative, indicating that the oxi-

h-BNNS
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Figure 11. The structure (left), electron density
map (middle), and DOS or PDOS plots of pris-
tine and C-doped BNNSs for different Carbon-
doped Boron Nitride structures. Note that the
dashed line in the PDOS charts represents the
Fermi level, which is set to zero [47]

dation of SO2 is thermodynamically favored at
normal condition. In relation to the effect of
water for the other carbon sources, C-doped h-
BNNS also show an increase in SO2 oxidation
with the presence of water, which is shown
from the increase in the absolute values of
Gibbs free energy and enthalpy changes of
each reaction step. Nonetheless, even with the
presence of water, SOs is still the final product
of SO oxidation, as the activation energy for
the oxidation of H2SOs is quite large — indicat-
ing that the process cannot proceed at normal
temperature [47].

Another type of boron nitride that has also
been attracted attention is the carbon-doped
fullerene-like boron-nitride nanocages (B11N12C
and Bi2N1:1C). The structures of B11N12C and
B12N1:C are shown in Figure 12. Overall, it has
similar properties as the nanosheets, however,
N30 is required during the oxidation of SOz as
an oxidant. The C-doping replaced a B and N
atom of B12N12 with a C atom to obtain B11N12C
and B12N11C nanoclusters, respectively. Upon
replacing the B atom with a C atom, the atomic
charges associated with the three neighboring
N atoms become more negative, losing elec-
tronic charge, suggesting large surface reactivi-
ty. In comparison to the nanosheets, the calcu-
lated adsorption energy of SO2 to the nanocag-
es is —24.4 kcal/mol, which is smaller (less neg-
ative) than that of the SO2 adsorption over the
nanotubes. In regards to the SOz oxidation, it
involves a two-stepwise reaction mechanism;
which starts with the decomposition of N20O in-
to an activated oxygen atom (O*) and N2 mole-
cule, and followed by the oxidation of SOz by
the O* species forming SOs. It 1s also found
that the existence of a C atom increases the
catalytic activity of the BN nanocages for the
decomposition of N20. Moreover, the adsorp-
tion energy of SO3 on B1:1N12C is calculated to
be —8.2 kcal/mol, which means that SOs can be
easily released from the B11N12C surface and,
hence, the catalyst may be renewed for the oxi-
dation of another SOz molecule. Overall,
B11N12C is better than B12N11C, as the formed
SO3 would poison the Bi2N11C nanocage and
thus prevents the oxidation of the second SO2
molecule over the surface [26]. A summary of
carbonaceous materials for catalytic SOz oxida-
tion is enumerated in Table 1.

3.2 Metal Oxides

Metal oxides play an important role in the
field of catalysis. They are widely used as the
main catalyst, co-catalyst, and support. The
main content of metal oxide catalysis is the oxi-
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dation reaction of catalysts composed of various
metal oxides. The catalysts used in industry
are mostly composed of a variety of metal ox-
ides, among which transition metal oxides are
the most common. This section uses the cata-
lyst with metal oxide as the main catalytic ac-
tive component to oxidize SOz. Starting from
metal oxides, such as V20s5/TiO2, Pt/Pt alloys
nanoparticle, Pt/y-Al2Os, Fe203, a-Fe203/SiOq,
Pt/Pd, the influences of different catalysts on
the oxidation reaction of SOz are explored.

3.2.1 V205/TiOz catalyst

In the early 20th century, vanadium pentox-
ide was used in the sulfuric acid industry as a
metal oxide catalyst for the oxidation of SO2 to
SOs. The V20s-based catalysts are commercial
catalysts currently used in SCR processes [50].
Supported V205/TiO2 catalysts are widely used
in catalytic reactions because of their excellent
thermal stability and low oxidation activity. In
this section, V205/TiOz is selected as the cata-

‘&;
states/eV

lyst to explore the influence of this catalyst on
the SOz oxidation reaction.

In the preparation of supported vanadium
catalysts, the main synthesis methods include
non-aqueous impregnation of vanadium alcohol
and vanadium acetate, gas phase grafting of
VOCIs, aqueous impregnation of vanadium ox-
alate, dry impregnation of crystalline V205 [51]
and thermal diffusion of crystalline V205 [52].
Vanadium oxalate water impregnation method
is usually used in commercial preparations,
which is mainly through TiO2 powder and
NH4VO3 aqueous solution in oxalate impreg-
nated after drying, calcination, and other pro-
cesses to prepare and obtain different content
of catalysts [53]. Xiong et al. [54] also used cat-
alyst preparation. As early as 1999, Dunn et al.
[61] found that catalysts prepared by different
initial synthesis methods all contained the
same surface vanadium material due to the
high mobility of V205 and the driving force of
the system.
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Figure 12. The structure (left), DOS plots (middle), and spin density isosurfaces of B12N12, B11N12C, and
B12N11C nanoclusters [48]. (Blue = N, Brown = B, Gray = C)
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Table 1. Summary of carbonaceous materials for catalytic SOz oxidation

Catalysts Oxidants Synthesis Reaction Products Adsorpt‘ion Ref.
Method Temp. (°C) SO; H.SO. Mechanism
Activated Carbon
Activated Carbon 02 (Non- Commercial 65 N Eley-Rideal [25,49]
dissociated) at-
tached to SO2
V205/AC 02 (Non- Impregnation 100-250 N Eley-Rideal [37]
dissociated)
Microporous acti- O3z (Dissociated) Doping and Car- N Eley-Rideal [36]
vated carbon fiber bonization
(ACF) and a
microporous—
mesoporous activat-
ed carbon fiber (Co-
ACPF),
V205/AC Oz (Non- Impregnation N Eley-Rideal [34]
dissociated) and Calcination
Activated Carbon 0Oz (Non- Demineraliza- R Langmuir- [35]
dissociated) as the tion Hinshelwood
oxidant shows a
lower energy barri-
er to form SO3
V205/AC O3z (Dissociated) Impregnation 120 N Eley-Rideal [38]
and Calcination
Carbon Nanotubes
N-doped single- O3z (Dissociated) is Graphene Sheet N Eley-Rideal [39]
walled carbon nano-  absorbed to the Bending
tubes (SWCNTS), outer surface of the
i.e. (6, 6)- and (8, 8)-  carbon nanotubes
SWCNTSs
N-doped single- O3z (Dissociated) is Graphene Sheet RN Mars-van [41]
walled carbon nano-  absorbed to the Bending Krevelen
tubes (SWCNTSs), outer surface of the
i.e. (6, 6)- and (8, 8)-  carbon nanotubes
SWCNTSs
Red mud carbon 02 (Dissociated) is Pyrolysis 140 v [42]
nanotubes (RM- absorbed to the
CNTs) outer surface of the
carbon nanotubes
Graphene Oxides
Graphene Oxides Oz (Dissociated) Impregnation R Mars-van [43]
(HO_OGP and Krevelen
2HO_OGP)
Graphene Oxides 02 (Dissociated) Impregnation 20 -150 v Mars-van [44]
(GP, HO_GP, OGP, Krevelen
and HO_OGP)
Graphene Oxides Oz (Dissociated) Combustion and v Mars-van [45]
(Soot) Atmospheric Krevelen
Photochemical
Aging
Pyridinic nitrogen PyN Substitu- 20 -150 [46]
(PyN)-doped gra- tion
phene (GP)
Carbon-doped Boron Nitride
Carbon-doped Activated Oxygen Carbon Substitu- 25 (Room v Langmuir- [48]
fullrene-like boron atom (O”) from N2O  tion Tempera- Hinshelwood
nitride nanocages ture)
(B11N12C and
B12N1:C)
Carbon-doped hex- Activated Oxygen Carbon Substitu- RN Langmuir- [47]
agonal boron nitride  atom (O*) from Oz tion Hinshelwood

nanosheets (h-
BNNSs)
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To fully understand the factors affecting
supported vanadium catalysts, various charac-
terization techniques were used to find that the
surface structure and oxidation state of vanadi-
um on various supports are dynamic and
strongly dependent on the specific environment
[561]. When exploring the supported vanadium
catalyst, it was found that the surface vanadi-
um material has the properties of both Lewis
and Brensted acids, and the ratio of Breonsted
and Lewis acids increases with the increasing
of the surface vanadium coverage rate [51]. The
Bronsted acid site is conducive to the adsorp-
tion of SOz [50]. However, the total number of
acid centers on the surface was not related to
the coverage of metal oxides on the surface
[62]. Topsee et al. [55] found that the Breonsted
acid center is the active center of catalysis.
Subsequent studies [53,55] found that the V-
OH group was responsible for the acidity of the
V205/TiOz catalyst Bronsted by means of infra-
red spectroscopy (DRIFT).

Metal oxide additives are divided into non-
interacting additives and interacting additives.
The former can indirectly affect the molecular
structure of vanadium through lateral action,
while the latter can affect the length of the V-O
bond in the molecular structure of the catalyst
or the formation of crystallization of mixed
metal oxidation relative to the catalyst [51].

Water affects the activity of the catalyst. By
changing the temperature conditions, it is
pointed out that the surface vanadium material
can still retain its structure above 300 °C, while
at about 200 °C and below, the water adsorbed
on a single layer is exist on the V205/TiO2 cata-
lyst and widely dissolve the surface vanadium
material [51]. This also confirms that the pres-
ence of water vapor could affect the surface va-
nadium of the V205/TiO2 catalyst. In the study
on the influence of water on the catalyst, it was
mentioned that the interaction between water
and catalyst surface changed the distribution of
active sites and Lewis and Brensted acid sites
on the catalyst surface. Especially for sulfated
V205/T102, the presence of water will also in-
crease the number of Brensted acid centers on
the surface [56].

Under the background of selective reduction
(SCR), the experiments of ammonia and NO on
the surface and the FTIR studies show that
NHs is easily adsorbed on V205/TiO2 catalyst
and exists in the form of NHs* and NH4** on
the surface Lewis acid site and Brensted acid
site, respectively [3]. Water significantly con-
verts surface NHs* species to surface NHs**
species by hydrolyzing vanadium sites on the

surface and at high temperatures (> 250 °C).
He et al. [67] also found the same situation
with V205-5%WOs3/TiO: as a catalyst. However,
the adsorption of NO on the V205/Ti02 catalyst
is weak or even non-adsorption, the main rea-
son is that surface ammonia ions hinder the
adsorption of NO, so NO has little influence on
the catalyst [56].

The Redox performance of TiOs-supported
metal oxide catalyst was studied by partial oxi-
dation of methanol to formaldehyde. The trend
shows that V205/TiO2 has surface redox sites,
so the SOz oxidation reaction can be effectively
catalyzed [51]. There are few studies on the ox-
idation of SO2 on supported vanadium cata-
lysts from the perspective of molecular struc-
ture and reactivity. The research by Dunn et
al. [51] mainly focuses on the influence of vari-
ous bonds existing in molecules on reactions. In
particular, he mentioned that the bridging V-
O-V bond and the terminal V=0 bond do not
play a key role in the overall kinetics of SO2 ox-
idation. Primary Raman studies have shown
that an increase in the surface coverage range
of surface vanadium does not increase the oxi-
dation conversion frequency (TOF) of SOq,
which means that only one surface vanadium
site is required for SOz oxidation. The signifi-
cant relationship between SO oxidation and
the V-O-M bridge bond is demonstrated by
changing the ligand of a specific oxide carrier
to change the turnover frequency by more than
an order of magnitude. The more basic the
bridging V-O-M bond is (the lower the electro-
negativity of the oxide carrier), the higher the
activity of SOz adsorption and subsequent oxi-
dation of acidic SO2 molecules. Otherwise, it in-
hibits the adsorption and oxidation of SO2 [51].

The properties of metal oxide additives are
the key factors affecting the supported vanadi-
um catalyst. It has been reported in the litera-
ture that interacting additives negatively affect
the conversion frequency of SOz oxidation on
V205/T102 catalysts [51]. Non-interacting addi-
tives provide additional surface sites for SOq
oxidation, this effect can be sustained only
when the total surface coverage of the additive
is less than that of the monolayer and the oxi-
dation activity of the additive is greater than
that of the supporting oxide covered by it [51].

Under the condition of dehydration, the sur-
face sulfate on the sub-monolayer vanadium
catalyst preferentially coordinates with the ox-
ide support and participate in the redox cycle,
which can promote the oxidation of SOz at high
temperature, but the surface sulfate might
evaporate with the increase of temperature.
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However, at lower temperatures (< 400 °C), the
rate at which sulfates undergo redox cycles is
not obvious [51].

Through the analysis of SOz and its product
SOs, it is found that SOz and SOs compete to
adsorb on the surface vanadium and SOz will
be preferentially adsorbed, resulting in a
stronger binding between SOs and the surface
vanadium. Under this premise, it can be con-
sidered that the partial pressure dependence of
rate on SOz and SOs is of the first order and
negative order respectively [51]. Lai et al. [56]
also mentioned the zero-order dependence of O3
on this basis.

Dunn et al. [51] mentioned in the literature
that when the change of Oz partial pressure ex-
ceeds 1 vol.%, the reaction rate is independent
of the gas-phase oxygen partial pressure. Xiong
et al. [54] also concluded that the reaction order
is about 0. When the O: partial pressure is 0.1—
1 vol.%, the oxidation rate depends on the gas
phase oxygen partial pressure by about half an
order of magnitude. Similarly, the research on
the influence of oxygen-oxygen atoms in V205
also participated in the oxidation of SOz [54]. It
is worth mentioning that Oz did not directly
participate in the formation of SOs, but promot-
ed the formation of intermediate products
(VOSO4 and HSO4 ) and indirectly accelerated
the reaction [58]. As Oz concentration increas-
es, SOs concentration also increases.

The possible location of SOz adsorption on
the VOx/TiO2 catalyst was explored. Loading
vanadium on TiO2 significantly weakens the
adsorption of SOz [50], owing to the enhanced
acidity on the surface of loaded vanadium hin-
ders the adsorption of acidic SOz. In addition,
the reaction of SOz with vanadium monomer
and vanadium dimer was discussed [50]. Based
on the calculation of periodicity and cluster, it
is found that sulfation is the preferred way for
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SO2 oxidation on vanadium monomer. The en-
ergy distribution shown in Figure 13 (a) and (b)
proves that Ti-OH can promote the reaction
with SO2. For vanadium dimers, there is al-
most no active oxidized SOz in either the V-O-V
or V-O-Ti structure. However, it is worth men-
tioning that SOz can be oxidized on vanadium
dimer through sulfation, although this method
is not as easy as SOz oxidation on vanadium
monomer [50].

It is necessary to study the effect of water
vapor on the reaction. Adding water to the re-
action mixture (containing SOz, SOs, and Og2)
can observe that the conversion of SOz on the
V205/TiO2 catalyst decreases, and the inhibi-
tion effect of water may be greater at a higher
temperature. Dunn and his collaborators [51]
speculated that the inhibition of water might
be related to the adsorption of SOs or the re-
versible site blockage of the oxidized surface
vanadium active site, which was confirmed
[54]. There is competitive adsorption between
H20 and SOs, which can be confirmed by add-
ing H20 to the reaction. The concentration of
SOs increases rapidly from 11 ppm to 23 ppm
and then decreases gradually to 8.5 ppm. When
H20 stops adding to the reaction, the concen-
tration of SOs rapidly drops to nearly 0, then
returns to 12 ppm and remains constant. The
reason is that more active centers are released
by desorption. At this time, more SOs is ad-
sorbed, so the concentration of SOs decreases
[64]. In 2018, it was reported that water im-
proved SCR selectivity by reducing the for-
mation of N20 in the V205/TiOz catalyst. How-
ever, the role of water in SCR is still unknown
[56].

The research on catalyst oxidation of SO2 is
often carried out around the denitration appli-
cation of SCR. A series of related studies have
mentioned the influence of nitrogen-containing
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Figure 13 The sulfation pathway of SOz interacts with vanadia oxo-site [50] (a), or vanadia dimer [50]
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substances on SOz oxidation reactions. Svachu-
la et al. [569] conducted a detailed study on NHs
and NO. The results showed that low concen-
tration NHs (~100 ppm) was added to the reac-
tion stream to form ammonia and strongly in-
hibited the oxidation of SOz at 330 °C. For this
result, it is hypothesized that NHs or H2O had
no significant effect on SOz oxidation and gave
the same explanation as water inhibition [54].
There is also competitive adsorption between
NHs; and SOs to inhibit the desorption of SOs
and promote the adsorption of SO2. Among
them, NHs inhibits the formation of SOs more
significantly than H20 [54]. Although NO has
no obvious effect on the SOz oxidation activity
of the catalyst [51], the addition of NO and NH3
provides oxygen for the catalyst surface, which
is conducive to the oxidation of SOz [58]. In ad-
dition, the investigation found that NOx can
significantly promote SOz oxidation by acting
on the catalyst surface, and the effect of NOx on
vanadium valence is generally more significant
than NHs and H20 [54].

Although the oxidation of Oz is an exother-
mic reaction, the temperature increase is con-
ducive to the formation of SO3 [54]. Analysis of
the rate and temperature image as shown in
Figure 14 (a) and (b) shows that under various
V205 loads, the oxidation rate of SOz increases
with the increase of temperature, and reaches
saturation at high values [53]. Qing et al. [58]
believes it is related to the increase of V5 and
V4+ conversion. Temperature can affect reac-
tions in other ways, too. At temperatures above
200 °C and in the presence of O2, SOs substanc-
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es exist in the form of SO4 substances with
more thermodynamic stability through conver-
sion. On the contrary, in the absence of O2, SO2
adsorbs on TiO2 by physical adsorption (SO2) or
chemical adsorption (SOs), and the ratio of sur-
face material forms depends on the adsorption
temperature [56].

Under actual industrial SCR conditions, va-
nadium can be deposited directly on the cata-
lyst surface if the fuel contains vanadium com-
pounds. With the increase of V205 loading on
the surface of the catalyst, the oxidation rate of
SOz may also increase. However, once the bulk
structure of the catalyst is formed (greater
than 5.7 wt.%), the oxidation rate of SO2 reach-
es saturation with the further increase of vana-
dium concentration. The saturation oxidation
rate measured at 733 K is about 1x10-3
pmol.m-=2.s-1 [53].

3.2.2 Other catalysts (Pt and Pt alloys nano-
particles, FeaOs, Pt/y-Al2Os, a-Fe203/Si0g, and
Pt/Pd)

The use conditions of V205 catalyst should
meet the requirements under high tempera-
ture conditions, and research showed that va-
nadium pentoxide is a carcinogen [60]. Before
the introduction of vanadium-based catalysts,
platinum was the main catalytic unit in the
SO2 conversion process. Now, to reduce the pol-
lution of SOz to the environment, researchers
have started to study platinum-based cata-
lysts, especially platinum-based catalysts con-
taining rhodium [61] and Pd-Pt/Al2Os3 catalysts
[33]. Although noble metal catalysts can avoid
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Figure 14. (a) Change of SO2 oxidation rate under different V205 loads and changing temperature [53];
(b) Dependence of oxidation rate on V205 load at 733 K [53]
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the problem of vanadium pentoxide, they are
expensive and easy to be polluted, thus re-
searchers began to look for low-temperature ac-
tive, environmentally friendly, and cheap cata-
lysts, such as iron oxide and related catalysts.
As with vanadium-based catalysts, platinum
catalysts and controlled pore glass silica (CPG)-
supported pure palladium and rhodium sam-
ples [61], Pd—Pt/Al2Os catalyst, a-Fe203/SiOs
and Co304-CeO2-a-Fe203/Si02  nanocatalyst
were synthesized by wet impregnation [62].

The catalytic oxidation strength of metal ox-
ides is related to specific surface area, surface
porosity, particle size and performance [63].
Highly active catalysts often have good disper-
sion and small particle size as demonstrated by
Koutsopoulos et al. [61]. Notably, they also
found that the presence of dopants (palladium
and rhodium) in the catalyst samples have sig-
nificantly enhanced the activity of the catalyst.
The characterization of Fe20s showed that both
micro-scale and nano-scale Fe2Os have hexago-
nal structures [60]. Based on the Fe20s cata-
lyst, promoters such as rare earth metals, tran-
sition metals, and lanthanide metals are added
to the Fe203 catalyst to improve the efficiency
of SO2 oxidation. In particular, the cerium ele-
ment provides stability for the catalyst and re-
duces the activation energy [62]. In 1979, re-
searchers found that bimetallic catalysts were
more active than single metals in the oxidation
of SO2 and the formation of SOs [15].

The Fe20s3 catalyst was tested in the tem-
perature range of 100-1000 °C [60]. It was
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Figure 15. Effect of temperature on the oxidation
efficiency of SO catalyzed by micron and na-

nometer FesO3 [60]

found that its activity increased with tempera-
ture, significantly enhanced the oxidation of
SOz and nanoscale Fe203 was more effective
than microscale Fe20s. Similarly, the maxi-
mum catalytic activity of the platinum catalyst
is observed in the temperature range of 250—
700 °C, and the activity will decrease with the
further increase in temperature, which may be
due to the sintering of active particles [61].
Koutsopoulos et al. [61] also mentioned the
possibility of the influence of thermodynamic
equilibrium limitation. Different from the plat-
inum catalysts (the maximum activity temper-
ature is 510 °C), the maximum activity temper-
ature of pure palladium (Pd/CPG) and rhodium
(Rh/CPG) catalysts is higher, and both are 650
°C.

At given flow rates of 30, 40, 50, 60, and 70
ml/min, it was found that the oxidation effi-
ciency of SOz with nanoscale and microscale
Fes03 catalysts was not affected by flow rate,
although their specific surface areas were quite
different [65]. The experimental investigation
found that the catalytic activity of all the pre-
pared catalysts (a-Fe203/SiOz2 and Co304-CeOs-
a-Fe203/Si02) can be enhanced with the in-
crease of SOz concentration until the concen-
tration of SO:z is greater than a certain volume,
and the activity of the catalyst is stable [65].

The reduction of catalyst sample size could
prompt to the oxidation of SO2 [62]. It was
found that micro-scale FesOs with a specific
surface area of 4.0 m2/g and nanoscale Fe2O3
powder with a specific surface area of 240.0
m?2/g could promote SO2 conversion. Comparing
the effects of microscale and nano-scale Fe203
on SOz oxidation rate in the temperature range
of 100-1000 °C, it is found (Figure 15) that
nano-scale Fe203 can almost completely oxidize
SO2 at 450 °C, while the oxidation efficiency of
micro-scale Fe203 at higher temperatures (650
°C) 1s still lower than that of nanoscale Fe20s.
This shows that nano Fe203 can better reduce
the activation energy. In other words, a high
specific surface area is conducive to the reac-
tion [60].

The conversion rate of SO2 oxidation is de-
pendent on the reaction temperature, which 1is
affected by factors such as gas flow rate and
catalyst loading of the active phase [61]. In the
study of SOz oxidation on Pt/y-Al2Os catalyst,
researchers mainly focus on the influence of
temperature. At temperatures below 300 °C,
SO: is sensitive to adsorption, desorption, and
surface reaction [66]. With the increase in tem-
perature, the coverage rate of SO3 decreases,
and the adsorption, desorption, and reverse
surface reactions of Oz are faster, and O: is
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dominant on the surface of Pt. However, when
the temperature is higher than 500 °C, the oxy-
gen coverage rate decreases due to the increase
in vacancy density [66]. It can be directly ob-
served in Figure 16 that the conversion of SO2
increases with temperature, ranging from 380
to 700 °C. It is worth noting that the conversion
rate decreases with a further increase in tem-
perature when the temperature reaches above
500 °C [62]. Yan et al. [62] speculated that this
may be due to the limitation in thermodynamic
equilibrium and the sintering of nano-Fe20s3 at
high temperatures.

SOs inhibits SO2 oxidation by occupying the
active site of oxygen adsorption, and the inhibi-
tion effect is not linear [66]. It is worth paying
special attention that when SOs is present in
the feed and the temperature is lower than 300
°C, SOs occupies most of the active sites, which
inhibits the oxidation of SO2, and the inhibition
degree does not change significantly with the
increase of SOs. On the contrary, when there is
no SOs in the feed, its inhibition is small [66].
The evaluation experiment was conducted with
SOs containing 125 ppm concentration
(excessive) and SOz containing 50 ppm concen-
tration, and it was concluded that excessive
SO3 product would inhibit the oxidation of SO2
[33].

The effect of changing the oxygen concentra-
tion on the oxidation of SOz over the single
metal catalyst was evaluated. The results show
that changing the oxygen concentration does
not significantly affect the reaction of Pt and
Pd catalysts [33]. However, for bimetallic cata-
lysts, the raw material containing Oz can en-
hance the oxidation of SO2. In another test, the
concentration of O2 is set as a constant value,
and the temperature varies in the range of
150-450 °C. Increasing the concentration of
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Figure 16. Effect of various cobalt and cerium
promoters on SOz conversion at different temper-

atures from 380 °C to 700 °C [62]

SO2 leads to an increase in the SO2 conversion
rate of Pt/Al:0s and Pd/Al:Os, and the conver-
sion frequency of Pt/Al20s is higher than that
of Pd/Al203 under the same conditions. For ex-
ample, at 50 ppm Pt and 50 ppm Pd, the TOF
of Pt/Al2Os is about 20 s'!, while the TOF of
Pd/Al20s is about 2.2 s-1. In other words, Pt is
more active in oxidizing SOz [33].

X-ray diffraction analysis of a-Fe203 cata-
lysts with different Co and Ce ratios showed
that the 12CoCe catalyst showed better crys-
tallinity of a-Fe20s, which means that it can
enhance the stability of the catalyst and pro-
mote the oxidation of SO2 [62]. Containing Co
and CeO:z promoters a-Fe203/Si02 catalyst just
meets the above-mentioned goal of promoting
SOz oxidation to SOs. The pure a-Fe20s3 could
only function well at a higher temperature of
580 °C, with less than 59.5% SOz conversion.
By adding the cobalt and cerium with the ratio
of 12, the temperature was successfully low-
ered down to 500 °C with 71.6% SOz conversion
[62].

What is different is that Liu et al. [63]
found that fly ash can catalyze the formation of
SOs3 or absorb SOs, depending on the tempera-
ture and alkalinity of fly ash. The presence of
copper smelting dust affects the conversion of
SOz on Fe203 and CuO catalysts. FesO3 cata-
lyst has been mentioned many times in the lit-
erature [63]. For example, Fe203 has a strong
effect on SOz oxidation.

4. Process Engineering Design and prac-
tice

The selection of the reactors used for SO:2
oxidation is as critical as the selection of cata-
lysts. The reactor was coupled with an electric
heating device to maintain a constant tempera-
ture and connected to the FT-IR gas analyzer
to determine the composition of gas leaving the
reactor. The whole experiment apparatus for
the SOz removal included the gas cylinders,
valves, mass flow controllers, and a gas mixer
(as shown in Figure 17 (a)) [25,67]. The flue
gas analyzer is also added to some of the sys-
tems for measuring the change in SOz concen-
tration [34,37], and one of the apparatuses is
shown in Figure 17 (b) [38].

The present study concerns the design of
the reactor for the commercialization of a novel
process. Although a quartz reactor has been
considered for this purpose, its implementation
on a large scale would be prohibitively expen-
sive. As an alternative, the use of stainless
steel has been proposed. However, the use of
stainless steel could cause corrosion due to the
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production of sulfuric acid resulting from the
oxidation of SO2. Scientific community is still
finding effective solutions for this hurdle. It is
worth noting that the addition of a pH-
balancing substance, such as NaOH, is a com-
mon industry practice when acid is produced
during a reaction. However, since the H2SO4
produced during SO oxidation is proposed to
be extracted and utilized, the addition of a pH-
balancing substance may require additional
processing, resulting in increased costs.

The effectiveness of the currently applied
lab-scale fixed bed reactor with a single cata-
lyst bed would decrease as the size increases.

(a)

Moreover, the use of a fixed bed reactor sug-
gests several drawbacks that could reduce the
SOz removal efficiency. The application of a
fixed bed could lead to hot spots in the reactor,
lowering the reaction efficiency. Thus, a multi-
parallel stainless-steel tube with multiple hori-
zontal catalyst beds is suggested to enhance
the efficiency of the processing system. The oc-
currence of hot spots could be reduced by filling
the catalyst in varied ratios inside the multiple
horizontal beds. The bed closest to the air inlet
should have the lowest concentration of cata-
lyst, and increase the concentration in each bed
as the air flows throughout the reactor. Thus,

(o)
[e=)

Gas cylinder; (2) Valve; (3) Mass flow controller, (4) Water; (5) Gas mixer; (6) Water
bath; (7) Reactor; (8) Electric heating device; (9) FT-IR gas analyzer

(b)
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(1) and (2) mass flow controller; (3) rotameter; (4) cooling water; (5) sample chamber of the FTIR spectrometer; (6)
high pressure/high temperature chamber of the diffuse reflectance accessory; (7) sweep gas analysis meter; (8)

temperature controller; (9) water pump

Figure 17. (a) SOz removal experiment apparatus [25,67], (b) SO2 removal experiment apparatus with

flue gas analyzer [38]
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an isothermal condition across the height of the
reactor could be maintained. Moreover, the
pressure drops throughout the reactor can
cause channeling which will also reduce the
SOz removal efficiency. Maintaining an identi-
cal pressure drop across the reactor is vital to
achieve the desired conversion of SOz and avoid
hot spots in certain parts of the reactor. The
most optimal solution to these problems is by
using a real-time digital data analysis which
could alternate the reactor parameters to
achieve the maximum conversion. Thus, a sta-
ble reactor operation can be achieved as well as
reducing the possibility of reaction runaway
through predictive modeling of the reaction
process [68].

The application of a better reactor design
could further improve the reaction efficiency
and ease the scale-up process of the lab-scale
reactors. The fluidized bed reactor is one of the
reactors that can be considered due to its sever-
al advantages over the traditional fixed bed re-
actor (Table 2). Constant catalyst fluidization
increases the mass and heat transfer of the
process, improving the reaction rate. Moreover,
the most concerning disadvantages of the fixed
bed reactor, such as its high-pressure drop,
channeling, and the occurrence of hotspots, can
be eliminated by using the fluidized bed reac-
tor. Even though the catalysts' constant fluidi-
zation will reduce the catalysts' retention and

Table 2. Comparison of fixed bed reactors and flu-
1dized bed reactors [69—72]

Fixed Bed Reac- Fluidized Bed
Parameters
tor Reactor
Catalyst Loading Catalysts remain  Catalysts continu-
stationary ously fluidized
throughout the and circulated
reaction process throughout the
reaction

Air Flow Regime Laminar One- Turbulent Circu-

Way lation
Mixing Worse Better
Mass and Heat Worse Better
Transfer Efficiency
Pressure Drop Significant Insignificant
Reaction Rate Slower Faster
Catalyst Retention Better Worse
Hotspots Occur- Likely Unlikely
rence
Temperature Con- Difficult Easy
trol
Channeling Occur Do not occur
Maintenance Minimal Frequent
Scale-up Easy Difficult
Catalyst Regenera- Difficult Easy

tion

leads to frequent maintenance, the ability to
control the reactor temperature surmounts its
drawbacks. With the exothermic adsorption re-
action of SO: removal, efficient temperature
control 1s crucial to avoid reaction runaway
and catalyst damage. Therefore, the commer-
cialization of the SOz mitigation process should
highly consider the use of an industrial-scale
fluidized bed reactor, as shown in Figure 18.
Fixed bed and fluidized bed reactors are
generally used in the SOz oxidation. Till date,
there is no optimal reactor that could be recom-
mended because each of these reactors confers
pros and cons when dealing with highly exo-
thermic reaction and intrinsic equilibrium limi-
tations (refer to Table 2). Despite this, the fixed
bed reactor gains more attention in industries
because its ease to scaling up the process. The
multiple catalytic bed in series is designed to
enhance SOz conversion while mitigating the
impact of equilibrium limitations. The temper-
ature could be more effectively controlled
through installation of pre-cooling system be-
tween the two-bed, three-bed or four-bed cata-
lytic systems to extract excess heat to a greater
extent, hence enhancing the conversion rates.

5. Challenges and Future Prospects

Even though a great deal of research has
been executed to determine the possibility of
SOz removal using these catalysts, only some
measure the removal efficiency and the recy-
clability of the catalysts that are significant for
large-scale applications. Until now, most re-
search still focuses on whether the proposed
catalysts can be used for SO2 mitigation. Fu-
ture research should focus on measuring the
catalyst stability and recyclability, especially
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Figure 18. Sample of fluidized bed reactor
schematic diagram [73]
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with the possibility of deactivation by sulfur or
coke. Scaling-up of the process should also take
into account the other pollutants or gases that
exist in the environment, and whether these
gases will affect the catalytic SOz oxidation
process. An initial study on the effect of the
SOq catalysis process with the presence of for-
eign gases that mimics the gases from indus-
tries can be considered before deciding to scale
up the process.

The not yet agreed-on mechanism of SOz re-
moval using these catalysts also hinders the
improvement of the process, as several reaction
pathways occurred that lead to the same SOq
catalytic oxidation process. Various researchers
used different methods in determining the re-
action pathway, such as the thermogravimetric
analysis [25], projected density of states
(PDOS) [35], temperature-programmed decom-
position (TPDC) experiment [37], high-
precision conductometer [36], and Fourier
transform infrared (FTIR) analysis [34,38].
Therefore, joint research to find the exact
mechanism of SO2 oxidation in a particular cat-
alyst that complies with all methods to deter-
mine the reaction pathway can be conducted to
pave a clear path toward the improvement of
the process.

Most of the research is also fixated on acti-
vated carbon and V205/Ti0z2; however, consider-
ing the other promising properties of materials
should be urged. Considering the urgency of
this matter, future research may focus on un-
derstanding the specific mechanism of SO2 re-
moval in catalysts, and start experimenting
with mimic gases to simulate real environmen-
tal conditions, before designing the most effi-
cient reactor design for the process.

6. Conclusions

Various carbonaceous catalysts were consid-
ered for SO2 mitigation via catalytic oxidation.
Activated carbon, carbon nanotubes, graphene
oxide, and carbon-doped boron nitride are all
relevant to be used for SO2 removal. In addi-
tion, V205/Ti02 1s used as the main representa-
tive catalyst for the oxidation reaction of SOs
catalyzed by metal oxide-typed catalyst, which
is mainly divided into two parts for discussion:
V205/TiOz catalysts and other catalysts (Pt,
Pt/Pd, Pt/y-Al203, Fe203, a-Fe203/SiO2, and
CuO, etc.), detailed summary of the perfor-
mance of different catalysts and SOz oxidation
reaction factors, such as temperature, pH, con-
centration, water and other substances.

The conversion of SOz to SOs is a significant
industrial process used in the production of

H2SO4. The choice of catalyst for this reaction
is crucial for optimizing SO2 conversion rate in
conjunction with minimizing the environmen-
tal impact. Activated carbon shows large sur-
face area with its porous structure, and cata-
lytically active as embedded with metal oxides.
It gives bifunctionality, where SOz adsorption
on the activated carbon and further catalytic
oxidation on the embedded metal oxides. Car-
bon nanotubes display unique electronic prop-
erties and graphene oxide decorated with oxy-
genated functional groups, both could be an ef-
fective catalyst by tailoring the specific func-
tionalization and reaction conditions. Carbon-
doped boron nitride is an emerging material
due to carbon incorporated into the alternating
boron and nitrogen atoms provides catalytic ac-
tive sites, a high thermal and mechanical sta-
bility, electrical and chemical properties for
SO2 oxidation. Compared to V20s-based mate-
rials, the carbonaceous materials have just
been sprouting out in recent years. V2Os-based
materials have been intensively used in indus-
tries due to its robustness at temperature
range between 400 and 600 °C and pressures
around 1-2 atm. The industrial conversion of
SO2 to SOs3 for the production of HaSO4 using
vanadium oxide-based catalysts could ap-
proaching nearly 90% and above.

We envisage that the findings of this study
could help to establish an innovative path for
future SO2 removal prospects, meanwhile ad-
vancing the catalysts designs and utility. All in
all, this research would be merits for human
health and environmental sustainability.
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