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Abstract: Volatile organic compounds (VOCs) are toxic and are considered the most important
sources for the formation of photochemical smog, secondary organic aerosols (SOAs), and ozone.
These can also greatly affect the environment and human health. For this reason, VOCs are removed
by applying various technologies or reused after recovery. Catalytic oxidation for VOCs removal is
widely applied in the industry and is regarded as an efficient and economical method compared to
other VOCs removal technologies. Currently, a large amount of VOCs are generated in industries
with solvent-based processes, and the ratio of aromatic compounds is high. This paper covers recent
catalytic developments in VOC combustion over noble-metal-based catalysts. In addition, this report
introduces recent trends in the development of the catalytic mechanisms of VOC combustion and
the deactivation of catalysts, such as coke formation, poisoning, sintering, and catalyst regeneration.
Since VOC oxidation by noble metal catalysts depends on the support of and mixing catalysts, an
appropriate catalyst should be used according to reaction characteristics. Moreover, noble metal
catalysts are used together with non-noble metals and play a role in the activity of other catalysts.
Therefore, further elucidation of their function and catalytic mechanism in VOC removal is required.

Keywords: VOC removal; catalytic oxidation; noble metal catalyst; catalyst deactivation; cata-
lyst regeneration

1. Introduction

Volatile organic compounds (VOCs) are liquid or gaseous organic compounds that
easily evaporate into the atmosphere due to their low boiling point. All carbon compounds,
except for the negligible substances designated by the EPA (United States Environmental
Protection Agency, Washington, DC, USA), are included in VOCs. The WHO (World Health
Organization, Geneva, Switzerland) classifies VOCs according to their ease of release based
on their boiling point measured at 101.3 kPa: VVOC (very volatile organic compounds, BT
(Boring temperature): ~0 to 50~100 ◦C), VOC (volatile organic compounds, BT: 50~100 to
240~260 ◦C), and SVOC (semi-volatile organic compounds, BT: 240~260 to 380~400 ◦C) [1].

Currently, the main sources of VOCs emission sources include gasoline/diesel vehicles,
construction equipment, electric utilities, petrochemicals, and odor handling process, as
well as the paint, solvent, adhesive, and synthetic resin manufacturing industries [2].
According to Li et al., China, had the highest contribution to global VOC emissions, as of
2017. They also reported that 33% of the total VOCs are aromatic compounds with the highest
content in the order of toluene > xylene > ethylene > acetylene > benzene > others [3]. Brown
et al. examined the main sources of VOCs in LA and observed that approximately 50% of all
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VOCs originated from processes that use solvents [4]. Similarly, in Korea, approximately 53%
of total VOCs are emitted from the paint, ink, and print manufacturing facilities [5].

VOCs emissions from various sources typically include BTEX (benzene, ethylbenzene,
toluene, xylene), alcohols, esters, and organic solvents. VOCs, such as BTEX and ethy-
lene, are precursors that generate ozone and photochemical smog through photochemical
reactions with nitrogen oxides (NOx) in the atmosphere, thereby contributing to global
warming. VOCs are also known as secondary fine dust precursors [6]. The effective removal
of VOCs may reduce the emission of fine dust generating materials, which is a significant
focus of research at present [7]. Additionally, based on the risk of VOCs to humans, ac-
cording to the carcinogenic substance classification system by the International Agency
for Research on Cancer (IARC), benzene, 1,3-butadiene, formaldehyde, trichlorethylene,
among others, are carcinogenic to humans (group 1). Furthermore, tetrachloroethylene is
classified as a putative substance and is probably carcinogenic to humans (group 2A).

Technologies for VOC emission reduction can be broadly divided into two types. The
first one is a method of degrading VOCs using chemical conversion, such as oxidation or
decomposition, and the second one is a method of adsorbing or recovering VOCs without
chemical conversion and reusing it. Examples of methods using chemical conversion
include oxidation using fuel or decomposition using UV or microorganisms. This method
has a disadvantage in that VOCs cannot be recovered; this is a major drawback especially
when the target VOCs are expensive. Examples of separation and recovery technologies
include adsorption and film separation, as well as condensation using cooling. In this
case, VOCs are mixed with different components, and this method has a disadvantage
in that the total removal rate is reduced based on the selective adsorption capacity of
adsorbents [8–10].

Catalysts used for the oxidation of VOCs include noble metals, non-noble metals, and
perovskite. Noble-metal-based catalysts are widely used owing to their effectiveness for
low-temperature VOC oxidation and high BTEX oxidation efficiency. Although research on
non-noble-metal-based catalysts has been conducted, their application is limited due to
several issues, such as difficult disposal, high toxicity, and low activity. Additionally, since
many studies use a mixture of non-noble metals with a noble metal catalyst to increase
VOC oxidation efficiency, it is essential to examine the characteristics of the noble metal
catalyst in detail.

This review investigates a combustion catalyst that converts VOCs, which are hy-
drocarbon compounds, into carbon dioxide and water, and discharges them through a
combustion reaction during chemical conversion. In particular, the BTEX-based combus-
tion catalyst has been described, which is relatively difficult to oxidize due to its large
and stable molecular structure that includes a benzene ring. Further, the characteristics of
noble-metal-based combustion catalyst technology are investigated.

2. Catalytic Combustion Mechanism of Noble Metal Catalysts
2.1. Kinetic Analysis

To explain the VOC oxidation mechanism, many researchers have proposed a three-
mechanism model: (a) Langmuir–Hinshellwood (L–H) model, (b) Eley–Rideal (E–R) model,
and (c) Mars–Van Krevelen (MVK) model (two-stage redox) with the Pd-based catalysts
(Figure 1 and Table 1). The (a) mechanism model emphasizes the interaction between two
molecules adsorbed at the active sites of the solid metal surface, while the surface reaction
between adsorbed reactants and gaseous molecules was included in the (b) mechanism
model. The (c) mechanism model assumes that the oxygen surface concentration of the
catalyst is constant, and the reaction occurs through the interaction of the reactant molecule
and the oxidized sites of the catalyst surface [11–22].
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Table 1. Kinetic models of catalytic VOC oxidation.

Catalyst Support VOCs Kinetic Model Ref.

Ag Mn2O3 Toluene MVK [11]
Au Meso-Co3O4 Benzene MVK [12]
Pd CeO2 Toluene MVK [13]
Pd ZSM-5 Benzene MVK [14]

Pd–Ce γ-Al2O3 Toluene MVK [15]
Pd activated-C Toluene L–H [16]
Pd Al2O3 TCE E–R [17]
Pt γ-Al2O3 Toluene MVK [18]
Pt γ-Al2O3 Benzene MVK [19]
Pt γ-Al2O3 Cyclooctane E–R

[20]Pt Al2O3 Xylene L–H
Pt CeO2 Toluene L–H [21]

As shown in Table 1, an MVK kinetic model is generally used to explain the oxidation
reaction of VOCs on Pd catalysts. Unlike general Pd-based catalysts, the L–H model
applies to the oxidation of toluene (C7H8) over Pd/C catalysts with activated carbon
as a support [16]. Additionally, the E–R model was applied to the catalytic oxidation
of trichloroethylene (TCE) using Pd/Al2O3 catalysts [15]. Overall, it has been reported
that the effect of each mechanism is determined by the catalyst composition and VOC
component. Alejo et al. investigated the mechanism of the toluene oxidation reaction
through an intermediate analysis of the Pd/CeO2 catalyst. The role of the Pd catalyst in
the MVK mechanism was also investigated, and it was found to promote lattice oxygen
generation [13]. Recently, Manta et al. investigated cycloalkane (cyclooctane) oxidation
on Pt/γ-alumina using an E–R kinetic model, whereas catalytic o-xylene combustion over
Pt/γ-alumina was described by the L–H mechanism model [20].

The kinetic model of the catalytic VOC (ethyl acetate and toluene) combustion over
Au/MeOx (Me = Mg, Fe, Ni, Cu, Y, and La) [23] and Pd/ZSM-5 [14] was a good fit for
the MVK model. Shengsheng et al. [21] evaluated the activity of the toluene oxidation
reaction by varying the oxygen vacancy concentration while changing the surface exposure
of the Pt/CeO2 catalyst; the main reaction was achieved through the L–H model. The
catalytic oxidation of propene over Au-MeOx/Al2O3 (Me = Mn, Fe, Co, and Ce) [24] and
methyl-ethyl-ketone (MEK) over Pd-Mn/Al2O3 [25] obeyed the MVK model. In addition,
the MVK model applied to the catalytic oxidation reaction of oxygenated hydrocarbons
(methanol) on Pd/Y [26] and alkanes (isobutane) on Au-MeOx/CeO2 (Me = Mn, Fe, Co,
and Ni) [27]. Thus, most researchers have analyzed the catalytic oxidation of noble metal
catalysts using the MVK model.
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2.2. Mechanism Studies

To remove VOCs, the mechanism of catalytic VOC combustion over noble metal
catalysts was classified into hydrocarbons, oxygen-containing hydrocarbons, and chlorine-
containing hydrocarbons, as presented in the following sections.

2.2.1. Hydrocarbons

The mechanism of catalytic propane combustion over a Pt catalyst supported on
various zeolites (e.g., ZSM-5, Beta, HY, and KL) was reported by Garetto et al. [28]. The rate-
determining step was suggested to be dissociative chemisorption of propane on Pt through
interaction with surrounding adsorbed oxygen atoms after the weakest C–H bond was
broken. Consequently, propane adsorption occurs, and propane molecules are activated
at the surface-active sites present in the metal oxide through a parallel oxidation pathway
and react with excess oxygen from the metal active sites.

Yang et al. investigated catalytic ethylene oxidation using Ag catalysts supported on
zeolites (e.g., ZSM-5, Beta, Y, and MOR) [29]. The reaction mechanism by which ethylene is
catalytically oxidized occurs in different stages. First, ethylene is adsorbed and activated
at the Brønsted acid sites present in Ag-metal-supported zeolite catalysts. The activated
ethylene species are attacked by reactive oxygen species (ROS), resulting in the formation of
formaldehyde by breaking the C–C bond of ethylene species. Subsequently, formaldehyde
produced on the catalyst surface is continuously oxidized to CO2 and H2O.

A catalytic study on the mechanism of propene combustion was conducted by
Weng et al. [30]. To elucidate the mechanism, Pt metal was supported on alumina, and
BaO was used as an additive. Propene is adsorbed and activated at the catalytically active
site, converted to carboxylate, and formed acrylate. In this case, when BaO was used as
an additive in the catalytic reaction, improved reactivity was obtained while inducing
the generation of more reactive enolic species. Consequently, ROS increases on the metal
surface (Pt-Ba) of the catalyst, which also increases the CO oxidation rate.

2.2.2. Oxygen-Containing Hydrocarbons

The catalytic combustion mechanism of 2-propanol was proposed by Liu and Yang
using an Au-based catalyst [31]. Similar to other mechanisms, the first step in the mecha-
nism of 2-propanol oxidation over the Au/CeO2 catalyst is the adsorption of 2-propanol
onto the catalyst. Subsequently, it was assumed that 2-propoxide surface species are gen-
erated and dehydrated at strong acid sites to propene or dehydrogenated at other active
sites (medium/weak acid or strong base). Zhang and He reported a catalytic combustion
mechanism of formaldehyde over TiO2 catalysts with added noble metals, such as Pt, Rh,
Pd, and Au [32].

In the catalytic combustion mechanism of acetaldehyde [33], the reactants acetalde-
hyde and oxygen molecules are adsorbed to the double active site of the catalyst to form
acetic acid (AA). The formed AA migrates to the catalyst support surface with bridged
oxygen and Ti4+ ions, serving as Lewis acid or base active sites. The AA ions and protons
generated by the dissociation of AA are strongly adsorbed onto the active sites. Finally, AA
was converted to CO2 and H2O by catalytic oxidation on Au/TiO2.

Yue et al. reported the reaction mechanisms for catalytic MEK combustion on
Pd (-Ce)/ZSM-5 [34]. It was reported that by-products produced in the oxidation reaction

were increased by the introduction of CeO2. In addition, researchers have reported that
catalysts containing Ce accelerate the dehydration of the intermediate species to produce
acetaldehyde and numerous secondary products.

Jiang et al. investigated the combustion of MEK on Pt/K-Al-SiO2. MEK is adsorbed
over the Brønsted acid sites of Pt/K-Al-SiO2 before oxidation because of the interaction
with the Pt species. Subsequently, it was transformed to 2,3-butandiol and diacetyl through
the intermediate products, 2-butanol and acetoin, respectively. Acetaldehyde was formed
from 2,3-butandiol, and acetaldehyde and AA were formed from diacetyl conversion.
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Acetaldehyde and AA undergo complete oxidation to CO2 and H2O via formaldehyde and
formic acid, respectively, at the Brønsted acid sites of the catalyst [35].

2.2.3. Other Hydrocarbons (Containing Nitrogen and Chlorine)

A study on the oxidation mechanism of hydrocarbons, including nitrogen, reported
the acrylonitrile oxidation pathway using an Ag-based catalyst. Nanba et al. [36] suggested
that the oxidation of acrylonitrile proceeded on Ag2O and then intermediate ammonia
and acrylic acid were converted into N2, CO, and CO2 on Ag metal sites. In the case of
Ag/ZrO2 and Ag/MgO, the catalytic oxidation of acrylonitrile over large-sized metallic
Ag particles directly produced large amounts of nitrogen oxide (NOx, N2O). Meanwhile,
acrylonitrile was oxidized to form nitrogen-containing products and various hydrocarbons
on the active Ag phase of the Ag-ZSM-5 catalyst.

In the case of chlorine-containing hydrocarbons (trichloroethylene and chlorobenzene),
Aranzabal et al. [37] evaluated the characteristics of TCE oxidation reaction over Pd/Al2O3.
It was suggested that gaseous oxygen molecules are chemisorbed on the active site, and
according to the E–R model, TCE can react directly with the adsorbed oxygen to form
carbon oxides (CO2 and CO). The catalytic oxidation of TCE has been reported to be
associated with the dissociation of the C–Cl chemical bond between the catalyst and
halogen. Subsequently, noble-metal-chloride species are produced on Al2O3 and AlCl3.
Noble-metal-chloride species are directly decomposed to Cl2 and further react with TCE
after being transferred onto a double bond. Dai et al. [38] proposed a catalytic oxidation
mechanism for chlorobenzene over a CeO-based Ru catalyst. It was reported that the C–Cl
bond in chlorobenzene decomposed relatively easily compared to the Ce3+/Ce4+ active
site. The final reaction was proposed as a mechanism that VOC oxidizes to CO2 and H2O
at surface or lattice oxygen atoms. It was reported that the catalyst was quickly deactivated
by blocking of the active sites, due to the adsorption of chlorine species.

3. Noble-Metal-Based Catalysts for VOC Oxidation

As a catalyst for VOC removal from industrial flue gas, noble-metal-based catalysts,
such as Ag, Au, Pd, Pt, Rh, and Ru, which have high activity at low temperatures, are
widely used. Ceramic or metallic materials are widely used as supports for noble-metal-
based catalysts. These catalysts have different VOC combustion activities depending on
the type of support and bonding type with the support. However, because noble metals
are expensive, studies are actively being conducted to improve the economic feasibility,
stability, and selectivity of noble-metal-based catalysts by improving the catalyst dispersion,
particle size, specific surface area, and structure of the active material. Furthermore, a
catalyst with both high performance and economic feasibility has been developed by mixing
non-noble metal catalysts possessing relatively low activity with noble metal catalysts [39].

3.1. Ag-Based Catalysts

VOC combustion generally occurs in the temperature range of 250–350 ◦C. However,
it has been reported that Ag-based catalysts are less active in the oxidation of BTEX
compounds in this temperature range, compared to other noble metal or transition metal
catalysts. Baek et al. analyzed the characteristics of Ag catalysts during VOC combustion
using Ag/HY-zeolite catalysts. As the Ag molecular content increased, the number of Ag
nanoparticles increased, resulting in an increase in the catalytic activity [40].

Although the optimal content of Ag molecules reported by researchers varied signifi-
cantly, it has been reported that, when Ag content is increased, the number of active sites is
limited owing to the increase in the catalyst crystal size and, consequently, the decrease in
specific surface area and void fraction [41].

However, according to Zhou et al., when Ag content was low, the VOC removal
efficiency of the catalyst was reduced owing to the decreased content of the active phase [42].
Moreover, the Cu-Mn-Ag catalyst was impregnated onto a cordite monolith support, and
the combustion efficiency of toluene was evaluated. Consequently, the catalyst activity
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was the highest at 21.2 wt% Ag content, and at a relatively higher Ag content, the catalyst
activity decreased because the active phase accumulated on the surface of the support.

Generally, oxygen vacancies are widely known to promote catalytic activity for VOC
combustion [43–45]. Ma et al. demonstrated that the binding of Ag species was related to
the benzene combustion reaction. The binding of Ag species over CeO2-Co3O4 induces
electron transfer at the surface of the metal oxide, thus creating more active sites (Co3+) and
oxygen defect sites (Ce3+) (Figure 2). This promotes the adsorption of benzene molecules
on the surface of the metal oxide catalyst and the reactivity of benzene combustion at low
temperatures [45].

Catalysts 2022, 12, x FOR PEER REVIEW 6 of 20 
 

 

sites is limited owing to the increase in the catalyst crystal size and, consequently, the 
decrease in specific surface area and void fraction [41]. 

However, according to Zhou et al., when Ag content was low, the VOC removal 
efficiency of the catalyst was reduced owing to the decreased content of the active phase 
[42]. Moreover, the Cu-Mn-Ag catalyst was impregnated onto a cordite monolith support, 
and the combustion efficiency of toluene was evaluated. Consequently, the catalyst 
activity was the highest at 21.2 wt% Ag content, and at a relatively higher Ag content, the 
catalyst activity decreased because the active phase accumulated on the surface of the 
support. 

Generally, oxygen vacancies are widely known to promote catalytic activity for VOC 
combustion [43–45]. Ma et al. demonstrated that the binding of Ag species was related to 
the benzene combustion reaction. The binding of Ag species over CeO2-Co3O4 induces 
electron transfer at the surface of the metal oxide, thus creating more active sites (Co3+) 
and oxygen defect sites (Ce3+) (Figure 2). This promotes the adsorption of benzene 
molecules on the surface of the metal oxide catalyst and the reactivity of benzene 
combustion at low temperatures [45]. 

 
Figure 2. Benzene oxidation characteristics of Ag-based catalysts: XPS profiles of (a) Co2+/Co3+ and 
(b) Ce3+. (c) Arrhenius plot of prepared site, and (d) conversion of benzene. Reprinted with 
permission from ref. [45]. Copyright 2021 Elsevier. 

3.2. Au-Based Catalysts 
Gold-based catalysts are known to exhibit high oxidation activity, as reported by 

many previous studies [46–50]. For BTEX combustion, Au-based catalysts can react at 
temperatures higher than 190–400 °C, compared to Pd/Pt-based catalysts. Further, Au-
based catalysts have the characteristic that they are less prone to deactivation caused by 
carbon coke formation inside the catalyst pores. Although Au-based catalysts have low 
economic efficiency compared to combustion efficiency due to the low oxygen changing 
rate, many studies are ongoing to address this problem by developing transition metal 
complexes to overcome thermal stabilities and enhance catalyst activities [51]. 

In particular, for Au-based catalysts in VOC combustion, the preparation method is 
crucial because it is highly dependent on the size of the particles and the type of support 
[52–55]. The mechanism of the catalytic reaction of VOC oxidation may vary depending 

Figure 2. Benzene oxidation characteristics of Ag-based catalysts: XPS profiles of (a) Co2+/Co3+
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permission from ref. [45]. Copyright 2021 Elsevier.

3.2. Au-Based Catalysts

Gold-based catalysts are known to exhibit high oxidation activity, as reported by
many previous studies [46–50]. For BTEX combustion, Au-based catalysts can react at
temperatures higher than 190–400 ◦C, compared to Pd/Pt-based catalysts. Further, Au-
based catalysts have the characteristic that they are less prone to deactivation caused by
carbon coke formation inside the catalyst pores. Although Au-based catalysts have low
economic efficiency compared to combustion efficiency due to the low oxygen changing
rate, many studies are ongoing to address this problem by developing transition metal
complexes to overcome thermal stabilities and enhance catalyst activities [51].

In particular, for Au-based catalysts in VOC combustion, the preparation method
is crucial because it is highly dependent on the size of the particles and the type of
support [52–55]. The mechanism of the catalytic reaction of VOC oxidation may vary
depending on the type of support material used. The oxidation of VOCs is affected by the
size, distribution, shape, and oxidation state of Au particles, which are the metal active
sites. Many reports emphasize the role of supports and describe various supports, such
as metals [23,56], aluminum [24,47,57,58], titanium [59,60], and silica [61], in Au-based
catalysts. These studies optimized the shapes, sizes, contents, etc. of the Au catalyst,
influencing the activity of the material in VOC oxidation, and described the correlation
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between catalyst and support in heterogeneous catalysts [54,62]. Table 2 lists the VOC
oxidation characteristics of the Au catalysts according to the type of support material used.

Table 2. Support types used with the Au active site for VOC oxidation.

Au Content
(wt%) Support VOCs Concentration

(ppm) T50 (◦C) Ref.

1 CuO Toluene 226 264
[23]1 Fe2O3 Toluene 226 307

1 Y2O3 Toluene 226 367
1.91 Al2O3 Benzene 250 188

[47]2.5 CeO2/Al2O3 Benzene 250 321

7.63 3DOM
LaCoO3

Toluene 1000 345 [49]

3 CeTi Toluene 1000 130 [50]
3.2 Fe2O3 Toluene 7000 265 [46]
5.0 CeO2 Toluene 7000 370 [48]

Although some researchers have reported that the oxidation state of Au as a metal
active site has an important effect on the activity of the VOC oxidation reaction, it was
reported that the oxidation state is influenced by the particle size, shape, distribution, etc.
of Au. Thus, research on increasing particle dispersion is in progress. Au-based catalysts
are produced by various methods, such as precipitation and coprecipitation, to increase the
dispersion of Au particles. It was reported that the deposition–precipitation method can
produce particles in the range of 4 to 8 nm [24,63,64].

According to Carabineiro et al., metals in Au-based catalysts play a role in improving
the support reducibility and catalytic reactivity. Catalyst activity is enhanced by an increase
in the oxygen exchange between the lattice and the support surface. The Au/Y2O3 catalyst
with the Au3+ oxidation state showed low catalytic activity. In contrast, for Au-based
Fe2O3, NiO, and CuO catalysts, the toluene combustion activity increased with Au in the
oxidation state of Au+ and Au0 [23].

Li et al. studied the reaction characteristics of toluene oxidation using a LaCoO3
supported on a crystallized three-dimensionally ordered microporous material (3DOM).
The Au-based 3DOM LaCoO3 catalyst, compared to the bulk LaCoO3 catalyst, possessed
several characteristics, such as uniform pore size, surface thickness, and high Au disper-
sion [49]. In addition, it has been reported that the presence of oxygen species on the
support surface promotes oxygen formation, which is advantageous for VOC oxidation.

3.3. Pd-Based Catalysts

Pd-based catalysts are used in a slightly higher temperature range of 200–300 ◦C
compared to Pt-based catalysts for the VOC combustion reaction. The active phase of the
Pd catalyst was Pd0, and the oxidation state of Pd affected the catalyst activity. Therefore, it
has been reported that VOC combustion activity is highly dependent on the Pd content in
the catalyst [65,66]. Although the chemical state of the Pd species is an important factor
influencing the catalytic activity, there is controversy about this effect, as shown in Table 3.

According to Dégé et al., it was confirmed that the VOC oxidation activity was greatly
affected by the Pd content and that the surface area, particle size, particle dispersion, and
support also affect the activity of the catalyst [66]. Moreover, the results indicated that
the coke content generated at low temperatures differed depending on the acidity of the
zeolite (that is, the change in the Si/Al ratio) used as the support. For the oxidation of
o-xylene (C8H10), the higher the acidity of the zeolite, the higher the rate of coke formation.
Furthermore, it was confirmed that an increase in Pd content also plays a role in suppressing
coke formation at the same temperature. During toluene combustion, it was determined
that the stability of the Pd-based catalyst was higher than that of the Pt-based catalyst
(the activated carbon fiber support was impregnated with 3.86 wt% Pt or Pd), which is
advantageous for the combustion of cyclic organic compounds [67]. Bi et al. reported that a
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Pd-U-H catalyst formed nanoparticles and increased the surface Pd0 and lattice oxygen
content. As a result of this effect, the combustion ratio of toluene was maintained at a high
level in the 6-cycle reaction experiment [68].

Gil et al. examined the oxidation state of Pd according to the type of support (CeO2,
TiO2, and Al2O3) through XPS analysis and evaluated the conversion rate of propene.
Pd/Al2O3 and Pd/TiO2 have a Pd2+ phase, similar to bulk PdO, whereas Pd/CeO2 has a
Pd4+ phase. These characteristics explain the poor catalytic activity of Pd/CeO2 for propene
combustion because the Pd4+ species form strong bonds with the support [69].

Weng et al. proposed that metallic Pd exhibited higher oxidation activity using
the Pd/MgO-Al2O3 catalyst system. The oxidation state of the Pd-based catalyst was
characterized by XPS analysis of fresh, hydrotreated, and spent catalysts after toluene
reaction. After hydrogen treatment, the Pd2+ state of the catalyst increased, indicating the
formation of a Pd2+/Pd0 pair that aids in the toluene oxygen activity [70].

Meanwhile, a portion of the metallic Pd is oxidized to Pd2+ states, and the reaction
proceeds in the form of reduction aided by hydrocarbons. For Pd0, Pd2+, or mixed Pd2+/Pd0

states, Pd0 helps to improve the reaction rate by providing more adsorbable active sites for
VOCs, and Pd2+ plays a role in VOC combustion [71,72].

Table 3. Catalytic oxidation of VOCs over Pd catalysts with different Pd states.

Pd State Catalyst Used VOCs Ref.

Pd0

Pd/CeO2 Propene
[69]Pd/Al2O3 Propene

Pd/MgO-Al2O3 Toluene [70]
Pd/Co3AlO Toluene [73]

Pd–CoAlO-Al Toluene [74]

Pd0, Pd2+

Pd/HFAU(17) o-xylene [66]
Pd/Ti-SBA-15 Benzene [71]

Pd/ZSM-5/MCM-48 Benzene [72]
Pd-U-EG Toluene [68]

0.5%Pd/SiO2 Toluene [75]

Pd0, Pd4+ Pd/CeO2 Propene [69]

As the surface area and structure of the catalyst affect the activity, several researchers
have investigated the oxidation states of the catalyst with relation to the support. When
activated carbon is used as a support, its physical and chemical properties affect the metal
deposition, dispersion, and gas adsorption efficiency [76].

Table 4 summarizes the activities of Pd-based catalysts based on different types of
supports. According to Giraudon et al., the combustion performance of Pd/TiX showed
superior chlorobenzene (C6H5Cl) conversion compared to Pd/ZrX. This is because the
reducibility of TiO2 was improved from Ti4+ to Ti3+ [77]. Pérez-Cadenas et al. reported
that the VOC combustion reactivity of a Pd-based catalyst is affected by the surface area
of mesopores, since the activity of the mesoporous supports was higher than that of the
microporous and monolithic supports [78]. Mesoporous Pd/Co3O4 (3D) catalysts have
relatively higher activity for o-xylene oxidation than the bulk counterpart Pd/Co3O4. This
improvement might be due to the increased surface exposure of PdO on the mesoporous
Co3O4 support [79].

Nanoparticle catalysts have different physical and chemical properties compared to
single metal catalysts; thus, there is a synergistic effect in the VOC combustion properties
of Pd-based catalysts [80]. Generally, alloy catalysts show a more flexible surface struc-
ture than single metal catalysts and induce affinity between the catalyst surface and the
adsorbate, which contributes to high activity [81].

Comparing the reaction mechanism of Pd-Ce/Al2O3 with that of Pd/Al2O3, the
presence of Ce increased the active oxygen species and oxygen vacancy content on the
catalyst surface. During the conversion of Ce3+ to Ce4+, electrons are donated to PdO to
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promote PdO to Pd, thereby generating lattice oxygens and promoting the reaction with
adsorbed toluene. In addition, Ce can improve the catalyst activity by reducing the noble
metal content in the catalyst [14].

Wu et al. evaluated the toluene combustion characteristics of the Au-Pd/meso-Cr2O3
catalyst and reported that Au-Pd nanoparticles showed excellent toluene combustion activ-
ity, compared to single metal catalysts, owing to their strong interaction with Cr2O3 [82].
Similarly, Chen et al. reported that, when a Pd-Pt-based nanoparticle catalyst was used for
the benzene (C6H6) combustion reaction, it showed excellent conversion, which was due to
the nano effect of the catalyst and the interaction between the active materials (Pd-Pt) [83].

Table 4. Comparison of Pd-based catalysts on various supports for VOC oxidation.

Active Metal Support Material VOCs Temperature
(◦C)

Conversion
(%) Ref.

Pd

UiO-66 Toluene 200 100 [68]
Al2O3 Toluene 252 90

[70]MgO-Al2O3 Toluene 209 90
Carbon m-Xylene 170 100 [78]

Co3O4(3D) o-Xylene 249 90 [79]

Pd-Ce γ-Al2O3 Toluene 200 90 [14]
Au-Pd Cr2O3 Toluene 165 90 [82]
Pd-Pt Ce/γ-Al2O3 Benzene 190 95 [83]
Pd-W TiO2 Propane 375 100 [84]

3.4. Pt-Based Catalysts

Pt-based catalysts are known to be the most efficient element for the combustion of
cyclic hydrocarbon compounds and exhibit activity for the combustion of BTEX compounds
in the temperature range of 150–350 ◦C [85,86]. Because the Pt-based catalyst does not inter-
act with the support, the physical/chemical properties are maintained after impregnation.
The characteristics of the support affect the deposition and dispersion of the active element,
which ultimately influences the durability and poisoning resistance of the catalyst [87].

The dispersion degree of the Pt-based catalyst depends on the support, so it is im-
portant to improve this parameter to obtain high activity. Since the metal catalyst easily
combines with the oxidized site of the support, the dispersibility of Pt can be improved by
oxidizing the activated carbon support by acid treatment or air oxidation [88]. To improve
the deposition rate of the metal catalyst onto the support, a Pt catalyst was deposited on
a porous support by dry impregnation rather than wet impregnation. In addition, the
ion-exchange method was used to deposit metal catalysts onto the zeolite surface [86].

Table 5 summarizes the oxidation characteristics of Pt-based catalysts using cerium
oxide as a support (Pt/CeO2). It has been reported that the Pt/CeO2 catalyst has superior
oxygen storage capacity, reducibility, and VOC combustion performance compared to the
CeO2 catalyst [89]. In particular, when CeO2-Al2O3 was used as a support, the Pt catalyst
formed nanoparticles and exhibited high reducibility and activity in xylene and toluene
oxidation. In addition, owing to the improvement in the dispersion degree of Pt particles,
the high temperature (>300 ◦C) oxidation activity might be increased [90]. The catalyst
using Al2O3-CeO2 as a support exhibited improved oxidation of dichloromethane (DCM,
CH2Cl2) [91]. The addition of Ce and Pt catalysts enhanced the selectivity of CO2 and
inhibits catalyst deactivation by reducing the formation of CH3Cl, CH2O, CO, etc.

The activity of the catalyst for VOC oxidation was greatly affected by the type and
shape of the catalyst support. The surface oxygen vacancies, which play an important
role in adsorbing gaseous oxygen and promoting combustion activity, depend on shape
of catalyst. Peng et al. [92] prepared catalysts by adding Pt catalysts to CeO2 supports
with various crystal sizes. A high-efficiency Pt/CeO2 catalyst was optimized for toluene
combustion by controlling the degree of exposure of the support surface and the role of
CeO2 was reported.
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Table 5. Comparison of Pt-based catalysts on various supports for VOC oxidation.

Pt Content
(wt%) Support VOCs Concentration

(ppm)
Temperature

(◦C) T90 (◦C) Ref.

1 CeO2 Benzene 2.0 g/m3 125/150 153 [89]
1 Al2O3-CeO2 (30%) Toluene 2500 160/220 <250 [90]

1.3 Al2O3-CeO2 (23%) DCM 500 320/375 375 [91]
0.2 CeO2-r Toluene 1000 138/150 150

[92]0.2 CeO2-p Toluene 1000 168/190 175
0.2 CeO2-c Toluene 1000 153/175 190

Recently, many studies have been reported on the combustion of chlorinated volatile
organic compounds (CVOCs). As a result of evaluating the support of the Pt-based catalysts
used for DOM combustion, the activity of Pt/Al2O3 was superior compared to that of
Pt/TiO2, Pt/CeO2, and Pt/MgO. This is because when Al2O3 is used as a support, the
particle size of Pt is reduced to less than 1.2 nm [93].

Pt molecules serve to increase the number of weak acid sites and reduce the number
of strong acid sites on the catalyst surface. This phenomenon strengthens the adsorption
strength between the VOCs and the catalyst surface. Yang et al. confirmed that an insuffi-
cient active oxygen supply was improved by adding Pt to the Pd/CeO2/γ-Al2O3 catalyst
in the oxidation of various VOCs [94].

3.5. Rh-Based Catalysts

It is known that Rh-based VOC combustion catalysts are far less explored than other
novel metal-based catalysts. Recently, they have attracted attention because of their im-
proved effects on the catalytic oxidation of CVOCs, aromatics, and alkanes.

Rh-based catalysts have high stability with the support material compared to other
noble metal catalysts (Ru, Rh, Pd, and Pt) [91,95]. Noble metals have high thermal stability
while forming an M–O–Ce bond with a CeO2 support. Saburo et al. reported that the
M-O–Ce bond was maintained above 800 ◦C for Ru-and Pd-based catalysts, while the
M–O–Ce bond endured below 500 ◦C, and Ru was present as bulk RuO2 below 500 ◦C.
Therefore, it was concluded that the stability between noble metals and the CeO2 support
was high and followed the order of Rh > Pd > Pt > Ru [96].

According to Pitkäaho et al. in Table 6, the Rh-based catalytic activity sequence with
different supports was Al2O3 > Al2O3-CeO2 > Al2O3-TiO2. When the same support was
used, the Rh-based catalyst exhibited higher activity than other metal-based catalysts (Pd,
V2O5, and Pt). For the combustion of CVOCs, selectivity to CO, CO2, HCl, and high activity
are required. The addition of Rh improved the HCl yield of the Al2O3 supported catalyst
and had a HCl selectivity of 93%. For the Rh catalyst, the amount of CO formed differed
depending on the support. It showed a high CO yield of 46% over the Al2O3 supported
catalysts, 14% over Rh/Al2O3-TiO2, and 1% over Rh/Al2O3-CeO2 [91].

Table 6. Comparison of Rh-based catalysts on various supports for VOC oxidation.

Rh Content
(wt%) Support VOCs Concentration

(ppm) T90 (◦C) CO2 Yield (%) Ref.

0.5 Al2O3-TiO2 DCM 500 360 85 (at 660 ◦C)
[91]0.5 Al2O3-CeO2 DCM 500 380 40 (at 600 ◦C)

1 CeO2 Toluene 7000 375 100 (at 590 ◦C)
1 TiO2 Chlorobenzene 500 339 95 (at 400 ◦C) [97]

In the reports on Rh-based catalysts, Rh/TiO2 yielded the lowest Cl content of 0.61%
after CVOC oxidation, which was consistent with the amount of polychlorinated by-products
(dichlorobenzene, trichlorobenzene, tetra-chlorobenzene, pent-chlorobenzene, etc.) detected
by XPS analyses. The maximum concentration of chlorobenzene combustion by-products,
1,3-dichlorobenzene and 1,4-dichlorobenzene, reached 23 ppm at 310 ◦C [97].
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We can now summarize the contents of verse 3, although the combustion charac-
teristics of VOCs depend on the support; the characteristics of Pd, Pt, and Rh cata-
lysts supported on TiO2 were examined in the oxidation of chlorobenzene, as shown
in Figure 3 [97]. For all three catalysts, the oxidation of chlorobenzene is initiated at 250 ◦C,
and all of them exhibit a conversion rate of more than 95% at temperatures above 350 ◦C.:
(1) T90 (Pd/TiO2) = 340 ◦C, (2) T90 (Pt/TiO2) = 337 ◦C, and (3) T90 (Rh/TiO2) = 339 ◦C.
In particular, Pt/TiO2 exhibited higher low-temperature catalytic activity than those of
Pd/TiO2 and Rh/TiO2. According to the evaluation of the COx concentration, the CO yield
was lower than 1%, which indicated that CO2 selectivity was high. The generated trend for
the by-products (PhCl2, PhCl3, PhCl4, etc.) is shown in Figure 3b. The maximum amounts
of by-products are 65 ppm, 88 ppm, and 100 ppm at 360 ◦C, 340 ◦C, and 340 ◦C for Pt/TiO2,
Pd/TiO2 and Rh/TiO2, respectively. The Pt-based catalyst exhibited high VOC oxidation
activity at temperatures ≤ 300 ◦C, and the use of the Rh-based catalyst was advantageous
at temperatures ≥ 370 ◦C.
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As mentioned above, most research on VOC oxidation over noble metals used Pt or
Pd, which were manufactured using supports, such as TiO2, CeO2, Al2O3, and ZrO2. It
has been reported that the acid–base properties of the support typically play an important
role in catalyst performance. In particular, the Pd-based catalyst has been reported to
have excellent durability in the catalytic oxidation of chlorinated VOCs. Meanwhile, some
researchers have reported that a combination of Pt and Pd achieved higher VOC oxidation
efficiency compared to that of single metal catalysts. In the oxidation reaction over noble
metal catalysts, catalytic performance varies depending on the components of VOCs and
supports. Therefore the main catalyst should be selected according to their application,
such as the operation temperature, VOCs concentration, and components.

4. Deactivation and Regeneration
4.1. Catalyst Poisoning and Deactivation

For industrial applications, VOC catalysts should exhibit high catalytic activity and
stability. Noble metal VOC catalysts have high combustion activities, but catalysts may
suffer from deactivation (via coking, poisoning, thermal sintering, etc.) of the catalysts.
Nitride, chloride, and water vapor cause poisoning of the catalysts, by disabling the active
sites in the catalytic combustion of VOCs.

In general, water vapor is present in most flue gases and are produced by VOC
combustion reactions. Water vapor has two competing effects, either promoting VOC
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combustion or poisoning the catalyst [98,99]. When water molecules are adsorbed on the
catalyst surface, they may induce the generation of -OH components over the catalyst
by dissociation of H2O, and additional water molecules are adsorbed through hydrogen
bonding to form multi-layered water molecules. This phenomenon has two competing
effects on VOC combustion. The positive effect is that the water molecules serve as a
precursor of -OH to promote combustion, whereas the negative effect is that the adsorbate
(water molecules) competes with VOC molecules for the active surface sites. Therefore,
it is possible to optimize the water vapor effect by compromising the above competitive
effects [100].

He et al. examined the effect of water vapor on the mineralization and deactivation
of a VOC oxidation catalyst. The oxidation activity of VOCs is highly dependent on their
hydrophobic and hydrophilic properties because they must pass through the multilayer of
adsorbed water to approach the catalyst active sites.

For example, hydrophilic VOCs, such as n-propionaldehyde, n-propanol, and n-
propylamine, can easily pass through the water layers to approach the catalyst surface.
Meanwhile, hydrophobic VOCs, such as n-propanethiol and n-chloropropane, experience
an inhibitory effect attributed to the hydrous multilayer of adsorbed water molecules [101].

CVOCs can poison catalysts by oxidizing to form chlorine, chlorides, and HCl.
Chlorine partially blocks the active sites of the catalyst and the formation of active oxy-
chlorinated species. In addition, Cl can inhibit catalyst activity by strong adsorption [102].
The chlorine produced by CVOC combustion can be converted to HCl through the Deacon
reaction, which is the combustion reaction of chlorinated volatile organic compounds [103].

Cen et al. investigated the Cl species deactivation effect on CeO2 (1 1 1) catalyst
surfaces and identified their selectivity to HCl and Cl2. In the combustion process of
CVOCs, the higher the O2/Cl ratio in the feed gas, the more inhibited the deactivation of
the catalysts. Therefore, the introduction of the H-containing component helps to convert Cl
species to HCl rather than Cl2. In this regard, water can improve the selectivity of HCl/Cl2
produced by the Deacon reaction. It should be noted that competitive adsorption between
water vapor and oxygen may lead to the loss of catalyst activity at low temperatures [104].
Zhao et al. studied the influence of water on 1,2-dichlorobenzene combustion and analyzed
the catalyst deactivation mechanism caused by water vapor [105]. Qiguang et al. reported
that, in the combustion of DCM over P/CeO2 and Ru/CeO2 catalysts (as shown in Figure 4),
the presence of water inhibits the formation of intermediates, which results in an inhibitory
effect of DCM oxidation. It was confirmed that hydrogenation and dichlorination occurred
when a P/CeO2 catalyst was used in flue gas after the reaction, and chlorination and
dehydrogenation occurred when a Ru/CeO2 catalyst was used. It was reported less that
catalyst deactivation occurred when Ru was present in the catalyst [106].
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Nitrogen-containing VOCs (NVOCs) form intermediates, such as NO, N2O, NH3,
and HCN, which easily cause catalyst deactivation. Pd catalysts have been reported to be
unsuitable for use in the nitrile oxidation of VOCs because they produce undesirable NOx
gases [107].

4.2. Catalyst Regeneration

An ideal VOC combustion catalyst is expected to have high combustion efficiency,
easy regeneration, fast combustion rate, and high thermal and hydrothermal stability [22].
Although noble metal catalysts have high catalytic activity, they may suffer from deactiva-
tion (coking, poisoning, thermal sintering, and catalyst volatilization). These factors cause a
decrease in the number of active sites, surface area, and plug pores, leading to deactivation
of the catalyst [108].

The ability of catalyst regeneration depends on the reversibility of the deactivation
process. Deactivated catalysts can be regenerated by several methods, such as heat treat-
ment, chemical regeneration, ozone oxidation, plasma treatment, stripping, or supplying
air [109–111]. When deactivated by carbon deposition or coking, it can be regenerated
relatively easily by gasification with hydrogen, oxygen, water, or air at the required tem-
perature [112–114]. Catalyst sintering is generally irreversible. However, some noble metal
catalysts can be expected to recover VOC combustion efficiency by metal redispersion.

However, for the elimination of CVOCs, it is difficult to find an effective regener-
ation and reuse method for deactivated catalysts. The formation of volatile metal oxy-
hydrochloride may lead to irreversible deactivation of the catalyst, in which the active
phase is volatilized. Zhang et al. investigated the correlation between catalyst deactivation
and physicochemical properties through experiments of the reaction–regeneration cycle
using a LaMnO3 perovskite catalyst [110]. With regeneration, the specific surface area and
adsorbed oxygen concentration decreased, which was proposed to be due to the effect
of the decrease in Mn4+ content on the surface of the catalyst. Therefore, the mobility of
surface oxygen and the activation of gaseous oxygen was reduced; thus, the catalyst activity
is lowered even after regeneration [115].

Oliveira et al. confirmed that, in the combustion of chlorobenzene and xylene using
a catalyst prepared by impregnating Cr in bentonite, Cr reacted with HCl, Cl2, etc. to
generate volatile compounds of CrO2Cl2 and the active species were lost [116]. When
catalysts, such as Pt/TiO2, Pd/TiO2, and Ru/TiO2, were used for the combustion of DCM,
-Cl species were adsorbed on the catalyst surface. The adsorbate altered the chemical
structure and composition at the active site to generate inactive chlorine compounds, such
as PdCl2, PdCl4, and PtCl4 [108].

The reproducibility of these catalysts can be determined by several factors, such as
irreversible volatilization of the active species, changes in physicochemical state, reversible
chlorination, sintering, and carbon deposition. Catalysts deactivated by reversible factors
can be regenerated relatively easily. In addition, the presence of water vapor during
regeneration helps to remove coke and chlorine, which makes moist air more favorable for
catalyst regeneration than dry air [117]. Cuicui et al. reported that the oxidation of CVOCs
occurs on the catalyst and H2O removes adsorbed chlorine through the mechanism shown
in Figure 5 [118].

Pengfei et al. explored the regeneration performance and mechanism of a bimetal
H-zeolite catalyst (Cu-Nb/HZSM-5) for chlorobenzene combustion. Chlorobenzene com-
bustion occurred on the Brønsted acid sites and active copper sites. Therefore, the reason
for catalyst deactivation was the formation of copper chloride and surface coke, which
resulted in a loss of Brønsted acid sites. Catalyst recovery was mostly possible by con-
verting the coke to saturated hydrocarbons or CO2 via isothermal regeneration in air at
400 ◦C. In addition, copper hydrochloride can be transformed into copper oxide by the
Deacon reaction with surface lattice oxygens. In particular, by supplying water vapor, the
chloride and coke adsorbed on the catalyst can be comprehensively removed by further
hydrolysis [119].
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Deacon reaction with surface lattice oxygens. In particular, by supplying water vapor, the 
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Currently, many catalysts that can be regenerated using heat treatment and mechanical
methods are being developed. However, methodological limitations arise when irreversible
catalyst deactivation occurs, and studies are being conducted to overcome this material
limitation through process optimization, such as the supply of moisture.

5. Conclusions

Catalytic oxidation is used as an effective method to treat VOCs emitted by various
industrial sites. Various catalysts, such as noble metals, non-noble metals, and perovskites,
have been investigated for the catalytic combustion of VOCs. Noble metal catalysts are
one of the most effective materials because they can be applied to VOC combustion at
lower temperatures compared to other materials. The catalyst activity depends on the
type of active material and the characteristics of the support. In addition, the particle
size, pore size, specific surface area, structure, strength of acid sites, etc., according to the
preparation method of the catalyst, may affect VOC combustion activity. This research
field continues to be active. In this review, we describe recent trends in the catalytic
oxidation of VOCs using noble metal catalysts. Most of the research published to date has
focused on achieving remarkable results through catalyst design for low-temperature VOC
combustion. Materials based on non-noble metals, such as Ce, Cu, and Mn, which are often
used as supports for noble metals, have been considerably studied due to their inherent
catalytic activity. However, the addition of noble metal catalysts improves VOC combustion
performance at low temperatures. Nevertheless, studies on the development of catalysts
for various VOC components and overcoming deactivation due to sintering, coking, and
chlorine/sulfur/water poisoning are still insufficient. Therefore, additional studies related
to the development of catalysts for various VOC components and the interpretation of
catalyst deactivation mechanisms are required.
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