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Abstract: Volatile organic compounds (VOCs) in cooking oil fumes need to be efficiently removed
due to the significant damage they cause to the environment and human health. This review discusses
the emission characteristics, which are influenced by different cooking temperatures, cooking oils,
and cuisines. Then, various cooking oil fume purification methods are mainly classified into physical
capture, chemical decomposition, and combination methods. VOCs removal rate, system operability,
secondary pollution, application area, and cost are compared. The catalytic combustion method was
found to have the advantages of high VOC removal efficiency, environmental protection, and low cost.
Therefore, the last part of this review focuses on the research progress of the catalytic combustion
method and summarizes its mechanisms and catalysts. The Marse-van Krevelen (MVK), Langmuir-
Hinshelwood (L-H), and Eley-Rideal (E-R) mechanisms are analyzed. Noble metal and non-noble
metal catalysts are commonly used. The former showed excellent activity at low temperatures due
to its strong adsorption and electron transfer abilities, but the high price limits its application. The
transition metals primarily comprise the latter, including single metal and composite metal catalysts.
Compared to single metal catalysts, the interaction between metals in composite metal catalysts can
further enhance the catalytic performance.

Keywords: cooking oil fume; VOCs; emission characteristics; purification methods; catalytic combus-
tion

1. Introduction

Cooking oil fumes have become the third largest source of urban air pollution, after
pollutant gases from vehicles and industry. Besides, cooking oil fumes and smoking are
considered the two major contributors to indoor pollution, leading to a remarkable increase
in the cancer population, particularly among non-smoking women [1,2].

Cooking oil fumes are created by the oxidative decomposition of fats, lipids, and or-
ganic matter and their secondary reaction of the cracking of intermediate products at high
temperatures. There are at least 300 components that contain a large amount of volatile or-
ganic compounds (VOCs), such as fatty acids, alkanes, alkenes, ketones, aldehydes, alcohol
esters, aromatic, and heterocyclic compounds. They are hazardous to the environment and
human health and difficult to remove with current purification equipment [3–10]. Many
researchers found that the VOCs could react with NOx and oxidants such as O3 to form
more serious pollutants such as photochemical smog and organic aerosols, respectively.
Mauderly et al. [11] found that organic compounds affect the respiratory and cardiovascular
systems and are difficult to remove. Billionnet et al. [12] described the hazards of air pollu-
tants containing VOCs and showed that further research is needed on the factors affecting
the pollutants. In addition, studies have shown that the ketones and aldehydes in cooking
oil fumes have irritating effects on mucous membranes and the respiratory tract, which can
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cause nausea, headaches, and other adverse reactions [13–18]. Although there is a small
percentage of polycyclic aromatic hydrocarbons (PAHs), they have terrible carcinogenicity
and are the leading cause of lung cancer [19]. Furthermore, the VOCs can cause different
biological effects such as gene mutation and chromosomal damage, which are mutagenic
and genotoxic [20]. Therefore, removing VOCs from cooking oil fumes is essential and
urgent. There are various purification methods for cooking oil fumes, and the catalytic
combustion method has great potential for application due to its characteristics of high
efficiency and environmental protection. As a crucial part of this method, catalysts have
been a hot research topic. Rao et al. and Zhang et al. summarized the research progress of
metal-organic framework-based and derivative materials and zeolites in catalytic oxidation
of VOCs, respectively [21,22]. These catalysts have great potential for application in the
removal of cooking oil fumes. However, to better purify VOCs in cooking oil fume, the
emission characteristics, the selection of purification methods, and the development of
catalysts need to be further explored.

The components of VOCs are determined by the cooking foods, oils, and conditions,
which consequently influence the toxic hazard and removal efficiency of the purification
process. Thus, in this review, the emission characteristics of VOCs will be analyzed first.
Then, updated purification methods, divided into physical capture, chemical decomposi-
tion, and combination methods, are compared in several aspects of removal rate, cost, and
application area. Among them, the catalytic combustion method is the most effective way to
convert the VOCs into CO2 and H2O at low temperatures, which has the advantages of high
removal efficiency, low cost, and environmental friendliness. Finally, this review focuses on
the analysis of the catalytic combustion process. The catalytic mechanism and the effects
of different VOCs components and catalysts are compared and analyzed. Various types
of catalysts have been used to date. This review divides them into two categories: noble
metal catalysts and non-noble metal oxide catalysts. This review analyzes the emission
characteristics, overall removal technologies, and catalytic combustion method for VOCs
in cooking oil fume, all of which aid in the purification of indoor and outdoor pollution
caused by cooking oil fumes.

2. Emission Characteristics of VOCs in Cooking Oil Fume

Cooking oil fume contains complex and diverse components, including hydrocarbons,
ketone aldehydes, alcohol ethers, acid esters, polycyclic compounds, and other species.
Their boiling points and production conditions affect the composition and concentration of
cooking oil fume under various conditions, such as cooking oil, temperature, and types of
cuisine [23–30].

2.1. Influence of Cooking Oils

Different oils have different constituents and chemical properties, resulting in differ-
ences in the components and concentrations of VOCs. Zhang et al. [31] took oils commonly
used in Chinese cooking (rapeseed oil, soybean oil, peanut oil, corn oil, and lard oil) as
examples to study the emission of VOCs. The results showed that the order of emission
concentration was: rapeseed oil (81.0 mg/m3) > soybean oil (75.5 mg/m3) > peanut oil
(70.9 mg/m3) > corn oil (60.3 mg/m3) > lard oil (20.5 mg/m3). This is because cooking oils
made from different raw materials have different contents and types of fatty acids, resulting
in differences in their VOC emission characteristics [32,33]. In general, unsaturated fatty
acids rich in double bonds (oleic acid, linolenic acid, linoleic acid, etc.) are more easily
oxidized than saturated fatty acids, producing more aldehydes, alkanes, and olefins. This
makes vegetable oils rich in unsaturated fatty acids, which release more VOCs than lard.
He et al. [34] measured the concentration of five different cooking oil fumes at 260 ◦C
and found that the emission concentrations of VOCs were in the following order: olive
oil > peanut oil > sunflower oil > soybean oil > blend oil. As the distributions of the
detected VOCs components shown in Figure 1 indicate, the distribution pattern is similar.
Five different cooking oils produced the same major VOCs components at the same test
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temperature of 260 ◦C and had similar concentration ratios between the components. The
highest content was found in aldehydes, followed by hydrocarbons (olefin and alkane) and
alcohols, with small amounts of furans and halohydrocarbons. In general, the concentration
ranking of aldehydes, hydrocarbons, and alcohols with high content is basically the same.
While there are differences in the concentration ranking of furans and halohydrocarbons
with little content.

Processes 2023, 11, x FOR PEER REVIEW 3 of 27 
 

 

VOCs than lard. He et al. [34] measured the concentration of five different cooking oil 
fumes at 260 °C and found that the emission concentrations of VOCs were in the following 
order: olive oil > peanut oil > sunflower oil > soybean oil > blend oil. As the distributions 
of the detected VOCs components shown in Figure 1 indicate, the distribution pattern is 
similar. Five different cooking oils produced the same major VOCs components at the 
same test temperature of 260 °C and had similar concentration ratios between the compo-
nents. The highest content was found in aldehydes, followed by hydrocarbons (olefin and 
alkane) and alcohols, with small amounts of furans and halohydrocarbons. In general, the 
concentration ranking of aldehydes, hydrocarbons, and alcohols with high content is ba-
sically the same. While there are differences in the concentration ranking of furans and 
halohydrocarbons with little content. 

 
Figure 1. Distribution of VOCs in different cooking oils at 260 °C [34]. 

2.2. Influence of Cooking Temperatures 
There is also research on the effect of temperature on VOC emissions, as temperature 

is an important factor affecting physicochemical reactions. Zhang and He et al. [31,34] 
studied the effect of temperature on the emission concentration of VOCs in soybean oil 
and sunflower oil, respectively. They found that the concentration and component of 
VOCs from both oils increased significantly with increasing temperature. For example, 
the mass concentration of VOCs in sunflower oil increased from 344.7 μg/m3 to 2613.9 
μg/m3 when the temperature was increased from 130 to 260 °C, while the number of iden-
tifiable organic species increased from 41 to 86 species. Figure 2 shows the release of VOCs 
in sunflower oil between 130 and 260 °C. As shown in Figure 2, the VOCs components 
were mainly aldehydes, olefins, and alkanes, accounting for more than half of the total 
detected VOCs concentration, followed by alcohols, acid esters, ketones, and aromatic hy-
drocarbons, containing small amounts of furans and halogenated hydrocarbons. This is 
because heating significantly increases the decomposition rate of fatty acids and volati-
lizes more organic compounds with higher boiling points, which leads to an increase in 
both concentrations and components of VOCs [35]. Similar component distribution rules 
also apply to other oils, such as peanut oil and soybean oil. It can be seen that temperature 
is an extremely important factor in the emission of VOCs, and reasonable adjustment of 
cooking temperature plays a key role in controlling the generation of VOCs. 

Figure 1. Distribution of VOCs in different cooking oils at 260 ◦C [34].

2.2. Influence of Cooking Temperatures

There is also research on the effect of temperature on VOC emissions, as temperature
is an important factor affecting physicochemical reactions. Zhang and He et al. [31,34]
studied the effect of temperature on the emission concentration of VOCs in soybean oil
and sunflower oil, respectively. They found that the concentration and component of
VOCs from both oils increased significantly with increasing temperature. For example, the
mass concentration of VOCs in sunflower oil increased from 344.7 µg/m3 to 2613.9 µg/m3

when the temperature was increased from 130 to 260 ◦C, while the number of identifiable
organic species increased from 41 to 86 species. Figure 2 shows the release of VOCs in
sunflower oil between 130 and 260 ◦C. As shown in Figure 2, the VOCs components
were mainly aldehydes, olefins, and alkanes, accounting for more than half of the total
detected VOCs concentration, followed by alcohols, acid esters, ketones, and aromatic
hydrocarbons, containing small amounts of furans and halogenated hydrocarbons. This is
because heating significantly increases the decomposition rate of fatty acids and volatilizes
more organic compounds with higher boiling points, which leads to an increase in both
concentrations and components of VOCs [35]. Similar component distribution rules also
apply to other oils, such as peanut oil and soybean oil. It can be seen that temperature is an
extremely important factor in the emission of VOCs, and reasonable adjustment of cooking
temperature plays a key role in controlling the generation of VOCs.
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2.3. Influence of Cuisines

The cuisine type significantly affects the VOC emission concentration and composition.
Compared to other countries, most studies on VOC emissions in different cuisines focus on
Chinese cuisine due to the variety of cooking styles. As listed in Table 1, the emission rules
are similar, although different measurement methods and standards may result in differ-
ences in the emission results from the same cuisine in various published literature [36–38].
The emission concentration of barbecue cuisine is significantly higher than that of non-grill
cuisine, and there are also some differences in the emission concentration between non-grill
dishes. Different cuisines greatly impact the emission of VOCs, especially barbecue cuisine,
which should pay more attention to purification. Figure 3 shows the mass concentration
percentage of VOCs in different cuisines. The result shows that the VOCs emitted by
barbecue cuisine are mainly composed of hydrocarbon compounds. In non-grill cuisines,
the content of alcohol increases, which, together with alkanes and aldehydes, constitutes
the main pollutants. In addition to common domestic cuisines, different cooking styles at
home and abroad can also lead to different emissions. In foreign countries, especially in
some western countries, the cooking methods are relatively simple, and the food is mainly
processed into semi-finished products, reducing the concentration of kitchen oil fumes.
However, Chinese eating habits are quite different, and various cooking methods, such as
frying, roasting, steaming, boiling, and stewing, result in a higher concentration of cooking
oil fumes [39].

Wang et al. [40] reviewed the relevant previous studies and found that the highest
emission concentrations occurred in the following situations: (1) peat, wood, and raw
coal were used in stoves; (2) olive oil was used; (3) high temperature cooking; (4) without
clean technology. The concentrations of particulate matter and VOCs emitted from cooking
were 0.14–24.46 mg/cm3 and 0.35–3.41 mg/m3, respectively. The content of gaseous
pollutants will increase greatly due to incomplete combustion or low combustion efficiency.
Zhao et al. [41] analyzed the characteristics of cooking oil fume pollutants according to
different influencing factors and found that the cooking method is probably the main
factor in the emission of pollutants in Chinese cooking. The air pollutants from oil-based
cooking are much higher than those from water-based cooking, and a gas stove will release
more pollutants than an electric stove. Although there have been extensive studies on the
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concentration values of pollutant emissions, they mainly focus on the peak or average
values. Besides, the investigation of the entire cooking process is still very lacking, including
the preheating of the pot and oil and the cooking process after the ingredients have been
added to the pot. In order to better understand the emission characteristics of cooking oil
fume and achieve higher removal efficiency, the relevant research needs to be strengthened
and improved.

Table 1. VOC emission concentrations in different types of cuisine.

Cuisine VOC Emission Concentration/µg·m−3 References

Barbecue 3494 ± 1042

[36]
Hunan cuisine 494.3 ± 288.8
Home cooking 487.2 ± 139.5

Shandong cuisine 257.5 ± 98.0

Barbecue 12,470.6

[37]

Huaiyang Cuisine 2965.9
Cantonese 2297.1

Shandong cuisine 2233.3
Home cooking 1843.1
Sichuan cuisine 1827.9
Hunan cuisine 1827.9

Barbecue 12,219.5

[38]
Chinese food 4283.2

Sichuan cuisine 5445.7
Zhejiang cuisine 3925.1
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From the above results, it can be seen that different oils, temperatures, and cuisines
will affect the emission characteristics of cooking oil fume. Different oils differ in the
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content and type of fatty acids. In general, unsaturated fatty acids, rich in double bonds,
are more easily oxidized than saturated fatty acids, producing more aldehydes, alkanes,
and olefins, which cause vegetable oils that are rich in unsaturated fatty acids to release
more VOCs than lard. Temperature is an important factor affecting physicochemical
reactions. As the temperature increases, the rate of fatty acid decomposition increases
significantly, volatilizing higher organic compounds and boiling points, leading to an
increase in the concentration and composition of VOCs. Among these, the main components
are aldehydes, olefins, and alkanes, which account for more than half of the total detected
VOC concentrations. The cuisine and cooking style also affect the emission of cooking
fumes. The emission concentrations from grilled cuisines were significantly higher than
those from non-grilled cuisines; the VOCs emitted from grilled cuisines consisted mostly
of hydrocarbons. In contrast, non-grilled cuisines have an increased content of alcohols,
which, together with alkanes and aldehydes, constitute the main pollutants. Compared to
foreign countries, the variety of cooking styles in China leads to higher concentrations of
cooking oil fumes in the kitchen.

3. Comparison of Various Purification Methods

In view of the great harm caused to the environment and humans by cooking oil
fumes, the effective removal of cooking oil fumes has become an urgent problem. Various
purification methods have been studied and are commonly divided into physical capture,
chemical decomposition, and combination methods [42]. Their technical characteristics are
summarized in Table 2.

3.1. Physical Capture Methods

The physical capture methods mainly focus on the removal of particulate matter,
which includes mechanical separation, filtration, adsorption, washing absorption, and the
electrostatic deposition method.

Mechanical separation is a typical physical treatment method, divided into inertial,
gravity, and centrifugal separation [43–45]. The inertial separation method changes the
airflow direction by setting up folded plates and filters to make the oil droplets collide and
stick to the pipe. Gravity and centrifugal separation methods use gravity and centrifugal
force, respectively. The mechanical separation method has a simple structure and low
investment and operating costs. Due to its low purification efficiency, it is often used in
situations with low processing requirements or as pretreatment in combination with other
technologies [46,47].

The filtration-adsorption method utilizes the characteristics of a large specific surface
area ratio, high surface energy, and strong adsorption of the adsorption medium to absorb
the pollutants. Porous materials such as activated carbon and molecular sieves are typically
used [48,49]. This method is simple, inexpensive, and suitable for treating low to medium
concentrations of oil fume waste gas. However, the filter media clogs easily and needs to be
replaced regularly, and the treatment of the filter media may cause secondary pollution [50,51].

The washing absorption method is a wet treatment process that converts pollutants
into the liquid phase through full contact with the absorption solution [52,53]. According to
the different gas-liquid contact methods, they can be divided into types of liquid membrane,
spray, and impact. This method requires a large absorbent solution and may produce
secondary pollution. It can remove some irritating odors and is suitable for treating oil
fumes because of its simple composition and high water solubility [54,55].

In contrast, the electrostatic deposition method uses the ionization of cooking oil
fume in a high-voltage electric field to charge particulates, which move towards the dust
collection pole under the action of the electric field force and finally deposit to purify the
fume [56–59]. This method has a small footprint, is highly efficient, and is widely used.
However, long-term use will lead to the formation of an oil film on the electrode surface,
which will affect the purification efficiency and pose a potential fire hazard.
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3.2. Chemical Decomposition Methods

Chemical decomposition methods focus on removing VOCs by oxidizing and breaking
them down into CO2, H2O, and other non-toxic small molecules. Table 2 includes the
methods of thermal oxygen incineration, catalytic combustion, low-temperature plasma,
photolysis, catalytic oxidation, and biodegradation.

Figure 4 shows the schematic diagram of the three related purification methods:
(a) thermal oxygen incineration; (b) catalytic combustion; (c) low-temperature plasma.
In the thermal oxygen incineration method, the VOCs are completely oxidized at high
temperatures, and there is no visible flame due to the low concentration of VOCs [60,61]. This
method has high efficiency in removing oil fumes and odors, but the energy consumption
and cost are quite high, and it is less used [62,63]. In order to decrease the oxidation
temperature of VOCs, catalytic combustion is conducted by adding catalysts to reduce
the activation energy of decomposing VOCs [64–66]. It is considered one of the most
promising methods for treating cooking oil fume due to the advantages of high efficiency
and environmental protection [67,68]. The development of efficient and low-temperature
catalysts for catalytic combustion is a difficult and hot topic at present.
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Low-temperature plasma methods can remove the pollutants by instantaneous high-
frequency discharge to decompose VOCs into harmless molecules or generate high-energy
electrons and reactive radicals to react with the VOCs [69–71]. The low-temperature plasma
method is a cross-integrated technology that integrates physics, chemistry, and environ-
mental science with strong purification and sterilization abilities [72,73]. However, its high
cost and the danger of treating flammable and explosive waste gases limit its application.
Photolytic oxidation gradually oxidizes VOCs into low-molecular-weight intermediates
and eventually generates H2O and CO2 under exposure to ultraviolet light [74–76]. Cat-
alysts (such as titanium dioxide, zirconium dioxide, and other semiconductor materials)
are also used to perform photocatalytic oxidation reactions to improve the purification
efficiency. The method is simple to operate and has a long service life. However, it can only
be applied to the treatment of low concentrations of oil fume exhaust gases due to its low
utilization rate of light energy and unstable purification effect [77,78].

As a biochemical method, the biodegradation method uses the metabolic activities of mi-
croorganisms to convert harmful substances into small inorganic molecules [79–82]. Although
the method has low operating costs and can effectively avoid secondary pollution, it has not
been widely applied because of its unstable working conditions and long time consumption.

Combined with the analysis in the table, it can be seen that the physical capture
methods remove particulate matter more efficiently than VOCs. In contrast, chemical
decomposition methods cannot effectively remove particulate matter but have a high
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removal efficiency for VOCs. The use of different purification methods should be reasonably
selected according to the actual needs.

3.3. Combination Methods

Compared to a single treatment method, combination methods can remove pollutants
more efficiently due to the complex components of cooking oil fume [83–92]. The combina-
tion method combines two or more individual methods to take advantage of their strengths.
For example, the combination of electrostatic deposition and washing absorption methods
can efficiently purify total cooking fume pollutants due to their effective removal capacities
for VOCs and particulate matter, respectively. Although the mechanical centrifugation
method has low purification efficiency, it can be used as a pre-treatment step to reduce
the back-end pressure. With electrostatic deposition, filtration, and adsorption methods,
particulates in cooking oil fume can be effectively removed [93]. Maciuca et al. [94] used a
combination of low-temperature plasma and photocatalysis to study the synergistic effect
of the oxidation of isovaleraldehyde at low concentrations. The result showed that the
removal efficiencies of isovaleraldehyde by photocatalysis and low-temperature plasma
methods were about 33% and 40%, respectively, while the purification efficiency could
reach 85% with the combination method. He et al. [95] studied integrated biotrickling
filtration (BTF) and photocatalytic oxidation (PCO) systems for treating organic waste gas.
The study found that the high-concentration and multicomponent VOCs were removed
effectively and in an environmentally friendly manner. It has been shown that by cou-
pling multiple methods, the advantages of various VOC purification methods can be fully
exploited in order to achieve efficient degradation.

Table 2. Characteristics of cooking oil fume pollutant purification methods.

Purification Method Advantage Shortcoming
Particulate

Matter
Removal Rate

VOC
Removal Rate Cost Application Area References

Physical
capture

methods

Mechanical
separation

Simple
structure and

low cost

Low efficiency and
frequent cleaning Medium — Low Pretreatment and

low-demand [43–47]

Filter
adsorption

Easy operation
and

maintenance

Easily clogged by
filter materials Medium Low Low

Medium and low
concentrations of

exhaust gas
[48–51]

Washing
absorption

method

Easy
management

and stable
operation

High consumption
of absorbing liquid,

with secondary
pollution

Low Medium Medium

Suitable for simple
ingredients and

high water
solubility

[52–55]

Electrostatic
deposition

Compact
equipment,

wide range of
applications

Reduced efficiency
and fire hazards

after long-term use
High Low Medium

Widely used due to
its high efficiency

and mature
technology

[56–59]

Chemical
decomposition

methods

Thermal
Oxygen

Incineration

High
efficiency and
effective odor

removal

High energy
consumption and

cost
— High High

High cost of
installation and

less use
[60–63]

Catalytic
combustion

Thorough
treatment and
effective odor

removal

High cost and
regular

replacement of
catalyst

— High Medium A wide range of
applications [64–68]

Low-
temperature

plasma
method

The
equipment is
compact, safe,
and efficient

High cost and
danger of treating
flammable waste

gases

— High High
Large catering

units with higher
requirements

[69–73]

Photolysis
oxidation

Simple
operation and
long service

life

Low utilization of
light energy and an

unstable effect
— Low Medium

Exhaust gas with
low concentration
and small airflow

[74–78]

Biodegradation
Low cost and

environmental
protection

Unstable
working state and
long degradation

time

— Medium Medium

Appropriate
environment and

stable working
conditions

[79–82]
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Table 2. Cont.

Purification Method Advantage Shortcoming
Particulate

Matter
Removal Rate

VOC
Removal Rate Cost Application Area References

Combination
methods

Mechanical
separation and

electrostatic
deposition

Effective
removal of
particulate

matter

Low removal
efficiency of VOCs High Low Medium

Suitable for
efficient removal of
particulate matter

[93]

Low-
temperature
plasma and

photocatalysis

High removal
efficiency of

VOCs
High cost — High High

Suitable for high
removal

requirements of
VOCs

[94]

Biotrickling
filtration and

photocatalysis

Effective
removal of
cooking oil

fumes

Unstable working
conditions Medium High Medium

Suitable for
removing the
pollutants in

cooking oil fumes

[95]

4. Catalytic Combustion of VOCs

Among the various removal methods of cooking oil fume, the catalytic combustion
method is a promising technology due to its high efficiency and low secondary pollution.
The efficiency is generally above 90%, and the final products are CO2 and H2O, which
basically do not cause secondary pollution. The cooking oil fume is completely oxidized by
the typical gas-solid phase catalytic reaction, where the catalyst could lower the activation
energy and enrich the reactant molecules on the surface of the catalyst sites to increase
the reaction rate. Due to the effect of catalysts, the VOCs undergo flameless combustion
at low light-off temperatures. To promote the efficiency of the removal, the catalytic
mechanisms, effects of cooking oil fume components, and various catalysts were analyzed
and summarized as below.

4.1. Mechanisms of Catalytic Combustion

Although the catalytic oxidation of VOCs in cooking oil fumes has been widely
studied, it is difficult to propose a single reaction mechanism due to the different properties
of pollutants, catalysts, and reaction conditions. Three types of catalytic oxidation are
commonly used to explain the process: the Marse-van Krevelen (MVK) mechanism, the
Langmuir-Hinshelwood (L-H) mechanism, and the Eley-Rideal (E-R) mechanism [96–111].
Relevant studies that applied different catalytic oxidation mechanisms are listed in Table 3.

Table 3. Application of different catalytic oxidation mechanisms.

VOC Catalyst Mechanism References

Methyl ethyl ketone Cr/ZrO2 Marsevan Krevelen [104]
n-hexane Pt/Al2O3 Marsevan Krevelen [105]
Propane Mn/ClayM Marsevan Krevelen [106]
Toluene Co.6 Al1.2Ce0.8 HT500 Marsevan Krevelen [107]

Propylene Pd-Au/TiO2 Langmuir-Hinshelwood [108]
Toluene Cu0.13Ce0.87Oy Langmuir-Hinshelwood [109]

Trichloroethylene Pd/Al2O3 Eley-Rideal [110]
Cyclooctane Pt/γ-Al2O3 Eley-Rideal [111]

The MVK mechanism, also called the redox mechanism since the catalyst is first
reduced and then oxidized in the reaction process, has been widely used in the field of
catalytic oxidation. It is assumed that the reaction occurs between the adsorbed VOCs
and the lattice oxygen of the catalyst. The process is divided into two steps: VOCs first
react with lattice oxygen to reduce the metal oxide, and then the reduced metal oxides are
re-oxidized by gas-phase oxygen [112]. Li et al. [113] prepared a 7% CuO/Ce1−xMnxO2
catalyst for the catalytic oxidation of benzene, and the reaction paths are shown in Figure 5a.
Three different paths exist in this reaction: path (i): Ce1−xMnxO2 releases oxygen species,
then adsorbs and oxidizes benzene; path (ii): CuO can also release oxygen species, then
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adsorb and oxidize benzene; path (iii): benzene is adsorbed by CuO and oxidized by
the oxygen species released by Ce1−xMnxO2. The redox interaction between CuO and
Ce1−xMnxO2 enabled the catalyst to obtain high activity similar to that of noble metals. In
the current field of catalytic oxidation, the MVK mechanism is commonly used to describe
the catalytic oxidation process of VOCs.

L-H is a heterogeneous catalytic mechanism based on the principles of adsorption and
desorption, and the reaction is believed to occur between adsorbed VOCs and adsorbed
oxygen [114]. It can be divided into single-site L-H and double-site L-H mechanisms
according to whether oxygen and VOCs are adsorbed on the same active site. Using the
example of the catalytic combustion of Pd-Au/TiO2 catalyst to purify toluene [108]. The
L-H mechanism dominates the oxidation process, and the specific reaction path is shown
in Figure 5b. VOCs (toluene) are adsorbed on the active sites of the Pd-Au/TiO2 catalyst
and undergo catalytic oxidation with the oxygen species adsorbed on the catalyst surface
to generate CO2 and H2O. The oxidation products are finally desorbed from the catalyst
surface and returned to the gas phase. In the L-H mechanism, the adsorbed molecules
react on the catalyst surface and then re-enter the gas phase when their thermal motion
is sufficient to overcome the energy barrier of the adsorbent gravitational field, in which
the reaction rates of adsorption and desorption can reach dynamic equilibrium during the
whole reaction.

In the E-R mechanism, VOCs in the gas phase react with adsorbed oxygen on the
catalyst surface, which is the main control step in the entire catalytic oxidation process [115].
Burgos et al. [116] prepared Pt/Al2O3 catalysts for the catalytic oxidation of toluene, and
the reaction mechanism was derived by combining TPD and TPSO experiments, as shown
in Figure 5c. The reaction process is as follows: oxygen species are first chemisorbed on Pt,
and then toluene is catalytically oxidized in the gas phase. The E-R mechanism is different
from the MVK and L-H mechanisms; the catalytic oxidation reaction is minimally affected
by competing adsorption since the VOCs can react with the oxygen component directly in
the gas phase.
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Figure 5. (a) Mechanism of benzene oxidation over CuO/Ce1−xMnxO2 catalysts [113]; (b) Mechanism
of benzene oxidation over Pd-Au/TiO2 catalyst [108]; (c) Mechanism of benzene oxidation over
Pt/Al2O3 catalyst [116].

Although the adsorption patterns of VOCs and oxygen species in the MVK, L-H, and
E-R mechanisms are different, the basic reaction pathway can be attributed to the fact that
VOCs in the gas phase enter the catalyst surface through internal and external diffusion
and are finally oxidized to CO2 and H2O by the gas-adsorbed oxygen or the lattice oxygen
of the catalyst. Then the generated CO2 and H2O are desorbed from the catalyst surface
and returned to the gas phase through diffusion, while the continuously introduced O2
in the gas phase fills the oxygen vacancies or adsorbed reactive oxygen species on the
catalyst surface and finally achieves a complete redox cycle of adsorption, oxygen depletion,
desorption, and oxygen replenishment.

4.2. Effects of Different Model Compounds

The overall degradation of cooking oil fumes is quite difficult due to the complex com-
position and different properties of VOCs. Most of the experiments select representative
model compounds to compare the catalytic performances and effects of different compo-
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nents. These model compounds, tested under different catalysts and reaction conditions,
are listed in Table 4.

4.2.1. Aliphatic Hydrocarbons

The most abundant VOCs in cooking oil fume are hydrocarbon compounds, includ-
ing alkanes such as n-pentane, n-heptane, and n-hexane and olefins such as octene and
heptene [117–119]. Diaz et al. [120] used n-hexane as the model compound of cooking
oil fume. They prepared a series of Mn1−xCex (x = 0, 0.05, 0.1, 0.2, and 1) catalysts by
ultrasonic impregnation for the catalytic oxidation reaction at 330 ◦C. It was found that the
total combustion sequence of n-hexane is as follows: Mn1Ce0 ≈Mn0.9Ce0.1 > Mn0.95Ce0.05
> Mn0.8Ce0.2 �Mn0Ce1. Mn1Ce0 and Mn0.9Ce0.1 performed the highest catalytic activity
of almost 100% conversion. However, the Mn1Ce0 showed worse catalytic stability than
the Mn0.9Ce0.1. The latter maintained high activity after a 34 h reaction, while the former
remarkably decreased by 30% after a 17 h reaction at 250 ◦C. The addition of Ce to the Mn
catalyst did not improve its activity, but it could improve catalytic stability. After TPR and
XPS detection, it was proven that the excellent catalytic activity and stability were attributed
to the interaction between Mn and Ce by forming Mn-Ce solid solutions, which kept Mn
in the oxidized state. Ousmane et al. [121] used propylene as the model compound and
prepared noble metal-supported catalysts with Au and four different carriers (CeO2, TiO2,
Al2O3, and 7.5Ce/Al2O3). The result indicated that Au/CeO2 had the highest catalytic
activity due to the high dispersion of Au on the CeO2 carrier, which could completely
oxidize propylene at 210 ◦C. While 7.5Ce/Al2O3, TiO2, and Al2O3 were used as carriers,
the complete conversion temperatures of propylene were 250 ◦C, 315 ◦C, and 325 ◦C. It can
be seen that the dispersibility of the active components on the carrier and the interaction
between them have an important influence on the catalytic performance.

4.2.2. Ketone Aldehydes

Ketone aldehydes, as the second highest component in cooking oil fume (about
20–30%), mainly contain acetone, butanal, hexanal, etc. They have different properties for
containing oxygen functional groups [122,123]. Mitsui et al. [124] investigated the catalytic
combustion of acetaldehyde over various oxide-supported metal catalysts prepared by the
impregnation method. It was found that SnO2-supported noble metal catalysts showed the
highest activity, as the 90% conversion temperature (T90) of acetaldehyde was 180 ◦C. This
was because supported Pt particles were highly dispersed on SnO2. Zhu et al. [125] studied
the catalytic oxidation of low-concentration acetone with a novel multilayer MnOx/TiO2
composite nanofiber prepared by electrospinning technology and a hydrothermal growth
method. The catalyst with 30% Mn content showed the best performance (T90 = 290 ◦C),
which is attributed to the special stacked morphology of the nanofiber, its large specific
surface area, and the abundant surface adsorption of oxygen.

4.2.3. Aromatic Hydrocarbons

Although aromatic compounds have a small proportion in cooking oil fume, they are
potent carcinogens and seriously threaten human health, which has received widespread
attention in recent years [126,127]. Zhang et al. [128] selected toluene as a model compo-
nent and prepared a MnO2-loaded single-atom Pt catalyst using a one-step hydrothermal
method. It turned out that a single Pt atom could significantly enhance the surface oxygen
activity and form hydroxyl radicals (•OH), which improved the catalytic activity for toluene
degradation at room temperature. A low concentration of toluene (0.42 ppm) could be
completely removed at 28 ◦C under high space velocity conditions. Besides, the experiment
achieved 100% conversion of 10 ppm toluene at 80 ◦C and complete oxidation to CO2 and
H2O at 220 ◦C. This research provides a reference for low-temperature catalytic purification
of aromatic hydrocarbon types of VOCs in practical applications.
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4.2.4. Mixed Component of VOCs

In view of the complex components of cooking oil fume, catalytic oxidation of mixed
components of VOCs has also been studied [129,130]. Zhao et al. [131] used the mixture
of toluene and ethyl acetate as the model component for VOCs and prepared a series of
cordierite-supported Co-Mn composite oxide monolithic catalysts by ultrasonic impregna-
tion. The supported Mn could effectively control the Co3O4 spinel structure to form a solid
solution. The Co0.67Mn0.33Ox catalyst had high catalytic activity, so the mixed pollutants
toluene and ethyl acetate could be catalytically decomposed into CO2 and H2O at 230 ◦C.
XPS and TPR characterization found that the high activity of the catalyst was related to
the formation of Co-Mn solid solution, abundant surface adsorbed oxygen, and Co3+ and
Mn3+ species. The 90% conversion temperature (T90) of toluene in the mixed pollutants
was 225 ◦C, which was lower than that of single component toluene (T90 = 237 ◦C). While
the ethyl acetate in the mixture (T90 = 237 ◦C) was 6 ◦C higher than that of the single-
component. The competitive adsorption of toluene and ethyl acetate on the catalyst may
cause this. Research showed that the total degradation efficiency of mixed pollutants
was related to the properties of the pollutant components, and the complete conversion
temperature mainly depended on the part that was more difficult to degrade [132]. Studies
have also shown an impact on the reaction path between the mixed components of VOCs in
addition to competitive adsorption [133]. The catalytic oxidation of o-xylene and its mixed
components with isopropanol was investigated using an acidic zeolite (HY) catalyst. The
addition of isopropanol was found to promote the oxidation of o-xylene. The reason was
that isopropanol could be converted to propylene and then reacted with o-xylene to form
isopropyldimethylbenzene, which could be more easily oxidized.

Table 4. Catalytic combustion method for the degradation of different model compounds.

Catalyst Preparation VOC Concentration
(ppm)

Space Velocity
(h−1) Temp (◦C) Conversion

(%) References

Mn0.9Ce0.1 Impregnation n-hexane — 11,000 330 100 [120]
Au/CeO2 Precipitation Acrylic 1000 35,000 210 100 [121]
Pt/SnO2 Impregnation acetaldehyde — 10,000 180 90 [124]

MnOx/TiO2

Electrospinning-
Hydrothermal

Synthesis
Acetone 500 360,000 290 90 [125]

Pt/MnO2
(single atom)

One-step
hydrothermal Toluene 10 60,000 220 100 [128]

Co0.67Mn0.33Ox Impregnation Toluene, ethyl
acetate 500 45,000 230 100 [131]

4.3. Effects of Catalysts

As a crucial part of the catalytic combustion method, preparing more efficient, envi-
ronmentally friendly, and stable catalysts has become a hot research topic. The commonly
used catalysts are mainly divided into two categories: noble metal catalysts and non-noble
metal oxide catalysts. Related studies are summarized in Tables 5 and 6.

4.3.1. Noble Metal Catalysts

Noble metals mainly include gold, silver, and platinum group metals (platinum, palla-
dium, rhodium, ruthenium, osmium, and iridium), which have excellent low-temperature
catalytic oxidation activity due to strong adsorption and electron transfer ability caused by
the vacancy of the d electron orbital. However, noble metals are expensive and unstable at
high temperatures. They are prone to lose activity due to aggregation and sintering. So,
noble metals are usually supported on carriers to form a supported catalyst so that the
noble metal can be uniformly dispersed on the surface of the catalyst, which is beneficial
to improve the catalytic activity and reduce the cost [134–137]. Noble metal catalysts for
catalytic purification of VOCs are summarized in Table 5.
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Low cost and high specificity surface material carriers, such as γ-Al2O3, SiO2, TiO2,
CeO2, molecular sieves, and composite carriers, are commonly used. The dispersing effects
of various carriers on the noble metals (such as Au, Pt, and Pd) are different. Ousmane
et al. [121] selected different supports (CeO2, Al2O3, and TiO2) and prepared a series of
supported Au catalysts by the deposition precipitation method. Experiments showed that
the Au/CeO2 catalyst had the best activity and could convert propylene completely at
230 ◦C. As shown in Figure 6, the Au particles on CeO2 carriers are only 3–5 nm in size,
more dispersive than other carriers, and therefore perform the highest catalytic activity.
It shows that the dispersion of the active component on the carrier is closely related to
the activity of the catalyst. Carabineiro et al. [138] also prepared supported Au catalysts
with different oxide supports (CuO, Fe2O3, La2O3, MgO, NiO, and Y2O3). They found that
Au/CuO had the highest catalytic activity, which could convert 90% of ethyl acetate at
272 ◦C and almost completely oxidize at 289 ◦C. Due to the reducibility of the CuO and the
suitable size of the gold nanoparticles, this catalyst could promote the exchange between
lattice oxygen and surface oxygen, thus improving the catalytic oxidation performance. In
addition, due to the complex components of cooking oil fume, the overall degradation of
VOCs has been studied in addition to the single-component [139–142]. Wang et al. [139]
prepared monolithic catalysts with Pt and different carriers (γ-Al2O3, La-Al2O3, and YSZ-
Al2O3). Their results showed that the Pt/La-Al2O3 catalyst had the highest activity, as the
cooking oil fume removal rate could reach 90% at 350 ◦C. This is because the crystal of
La-Al2O3 is a sub-crystal, resulting in more active atoms and highly dispersed Pt atoms on
the carrier. Besides, the Pt/La-Al2O3 catalyst had a lower conversion temperature and a
wider operation range than GHSV, which showed great potential for application.
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The activity of catalysts can also be improved by adding suitable additives. Sedjame
et al. [143] prepared CeO2-Al2O3-supported Pt catalysts with different loadings of Ce
(0, 7, 15, 23, and 51 wt%) by the sol-gel method. The addition of ceria to alumina led
to modifications in the physical and chemical properties of the material, thus affecting
the catalytic performance. The activity of catalysts with different Ce loadings (0, 7, 15,
and 23 wt%) was evaluated with n-butanol, and the temperatures of 50% conversion rate
(T50) were 143 ◦C, 158 ◦C, 157 ◦C, and 138 ◦C. Although ceria covers the alumina surface
and reduces the specific surface area, the oxygen storage capacity of the material is also
enhanced. This resulted in higher or lower catalytic activity for catalysts with different Ce
additions than those without Ce. Barakat et al. [144] prepared Pd-CeO2/TiO2 (0.5 wt% and
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5 wt% Ce) catalysts to investigate the influence of CeO2. The TEM results showed that a
0.5 wt% Ce catalyst had a lower BET surface area and larger TiO2 crystallites than a 5 wt%
Ce catalyst. This was proven by UV-visible and TPR experiments. These results indicated
CeO2 could produce Pd particles with higher dispersion and smaller size for improved
catalytic performance.

Not just the carriers, but the kinds of noble metals are also key factors. Huang
et al. [145] compared the catalytic activity of γ-Al2O3 supported different noble metals (Pd,
Pt, Au, Ag, and Rh) catalysts and discovered that 1 wt% Pd/Al2O3 catalyst had the highest
activity. It could completely oxidize 100 ppm o-xylene at 110 ◦C. A two-path reaction
mechanism in the catalytic reaction was proposed, as shown in Figure 7. In pathway I, the
adsorbed o-xylene molecules were oxidized to benzyl alcohol species and then generated
2-methyl benzaldehyde, 1(3H)-isobenzofuranone, or phthalate via rapid oxidation. The
2-methyl benzaldehyde and 1(3H)-isobenzofuranone could be further oxidized to phthalate
species to generate surface maleate. Then the adsorbed maleate species were oxidized to
the surface carboxylate (formate/acetate) species and finally converted to CO2 and H2O. In
pathway II, the o-xylene molecules adsorbed on the metallic Pd were oxidized directly into
CO2 and H2O through the interaction between the adsorbed o-xylene and oxygen. This
reaction occurs between the adsorbed VOCs and the adsorbed oxygen, which is consistent
with the process in the L-H mechanism. Studies showed that the carrier also had certain
catalytic activity for VOCs, which could improve the total conversion rate of the reaction.
The overall performance of the catalyst can be improved by selecting a suitable carrier
during the preparation process.
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Table 5. Noble metal catalysts for catalytic oxidation of VOCs.

Catalyst Preparation VOC Concentration
(ppm)

Space Velocity
(h−1) Temp (◦C) Conversion (%) References

Au/CeO2 precipitation Acrylic 1000 35,000 230 100 [121]

Au-CuO Double
impregnation

Ethyl
acetate 466.7 60,000 272 90 [138]

Pt/La-Al2O3 Impregnation Oil fume — 10,000 350 90 [139]
Pd/La-Al2O3 Impregnation Oil fume — 10,000 400 78 [139]

Pt+Pd/La-Al2O3 Impregnation Oil fume — 10,000 350 86 [139]
Pt/γ-Al2O3/Ce0.4Zr0.4

Mn0.2O2
Impregnation Oil fume — 10,000 222 90 [140]

Pt/La-A12O3+Pt/OSM Impregnation Oil fume — 10,000 270 100 [141]
Pt/CNT Impregnation Oil fume — 5700 300 90.4 [142]

Pt/CeO2 -Al2O3 Sol-gel n-butanol 1000 60,000 167 90 [143]
Pd-CeO2/TiO2 Impregnation Toluene 1000 — 220 90 [144]

Pd/Al2O3 Impregnation O-xylene 100 10,000 110 100 [145]

Noble metal catalysts have excellent low-temperature catalytic performance for most
VOCs, but they are expensive and easily deactivated at high temperatures. To further
improve the activity and economy of noble metal catalysts, preparing carriers with higher-
specific surfaces and adding suitable catalyst additives should be considered.

4.3.2. Non-Noble Metal Catalysts

Compared with noble metal catalysts, non-noble metal catalysts have the advantages
of abundant sources and low prices [146–148]. In particular, transition metals have been
extensively studied in recent years due to their high activity and economy. Non-noble metal
catalysts can be mainly divided into single metal and composite metal catalysts, while
the composite metal catalysts include perovskite, spinel, and other composite catalysts.
Non-noble metal catalysts for catalytic purification of VOCs are summarized in Table 6.

(1) Single metal catalysts

Chen et al. [149] prepared oxides of Co, Cu, Fe, La, and Ni by an external template
method that used carbon xerogel (CX) and activated carbon (AC) as template agents. Both
of the two teasing agents could improve the specific surface area. Among them, carbon
dry gel was a better template material than activated carbon to produce more active oxides.
Co3O4 prepared with carbon xerogel as a template had a large specific surface area and
strong reducing properties. It showed high catalytic activity towards ethyl acetate, and
the conversion rate reached almost 100% at 245 ◦C. Lin et al. [150] studied the catalytic
oxidation performance of acetone over an aluminosilicate-supported Ce catalyst. It found
both the redox capacity and surface acidity were important factors affecting the catalytic
performance. The acidity could improve the catalytic oxidation of acetone but also cause
the rapid formation of coke to deactivate the catalyst. Therefore, the surface acidity of the
catalyst should be controlled in the appropriate range considering the catalytic activity
and stability. Yi et al. [151] studied the catalytic performance of different MnO2-supported
cordierite catalysts on cooking oil fume. It was found that the Mn content and calcination
temperature of catalysts had a great influence on the catalytic oxidation performance of
non-methane hydrocarbons (NMHC). The MnO2/cordierite catalyst with 5% Mn loading
and prepared at the calcination temperature of 400 ◦C showed the best catalytic activity
due to the good pore structure and MnO2 dispersion.

(2) Composite metal catalysts

Composite metal catalysts mainly include perovskite, spinel, and other composite
catalysts. Compared to single metal catalysts, the interaction between metals in composite
metal catalysts can further enhance the performance of the catalyst.

Perovskite catalysts

Perovskite is a composite oxide with the general formula ABO3. The A-site ion is
generally a rare earth or an alkaline earth ion with a tetrahedral structure, which can
maintain the stability of the crystal. The B-site ion is the main active source of the catalyst
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and is generally a transition metal ion with an octahedral structure [152–154]. Perovskite
catalysts are inexpensive, stable, and have good catalytic performance, which has resulted
in their widespread use in the catalytic purification of VOCs. The most commonly used are
lanthanum-based perovskites, such as LaMnO3 and LaCoO3 [155,156].

Blasin-Aubé et al. [157] studied the catalytic oxidation of various VOCs over La0.8Sr0.2MnO3+x
perovskite catalysts. All the VOCs (ethyl acetate, hexane, toluene, and acetone) in the exper-
iment were completely converted to CO2 and H2O at temperatures below 350 ◦C. It turned
out that the strength of the weakest C-H bond in the structure was the main factor in deter-
mining the reactivity of the hydrocarbons in the oxidation reaction, but for the oxygenated
compounds, this argument could not be applied. The study found that it was quite difficult
to discover the general rules even when a parameter, such as a catalyst or components of
the mixture, was fixed. For the mixtures, each composition must be studied in order to
determine its behavior with the catalyst. This is also a difficult area for removing cooking
oil fumes and requires the development of efficient catalysts. Alvarez-Galvan et al. [158]
added K to LaMnO3 to prepare the La0.9K0.1MnO3 catalyst. The research revealed that the
catalyst had high catalytic activity for butanone, and the complete conversion temperature
was 267 ◦C. The increase in specific surface area, Mn4+, and reactive oxygen species after
K doping were the main factors for improving catalyst activity. The preparation method
can affect the specific surface area and crystallinity, resulting in different catalytic activi-
ties. A La0.9Ce0.1CoO3±δ perovskite has been prepared by a new flame-hydrolysis (FH)
method [159]. As a result, the catalyst has a high crystallinity, surface area, and thermal
resistance. The TPD-MS results showed that the La0.9Ce0.1CoO3±δ catalyst had quick oxy-
gen transport through the perovskitic lattice and good redox properties. This new method
of preparing catalysts was useful for practical application in the environmentally friendly
catalytic combustion of methane and provided a reference for removing other VOCs.

Spinel catalysts

Spinel is commonly represented by AB2O4 as an important structure type of complex
oxide. The A and B site ions are located at the center of the regular tetrahedron and
octahedron. The active components of spinel catalysts are mainly transition metals with
good catalytic activity, such as Cu, Mn, and Co [160–162]. Spinel catalysts have a good
catalytic oxidation effect on hydrocarbons, especially at low temperatures, which favors
low-temperature catalytic combustion of VOCs [163–165].

Zavyalova et al. [166] prepared spinel-structured AB2O4 catalysts (A = Co, Cu, B = Cr,
Co) by the gel-combustion method and used them in the catalytic oxidation of n-hexane.
Results showed that the CuCo2O4/CeO2 catalyst with high dispersion of the active compo-
nents had the highest activity and could completely remove n-hexane at 280 ◦C. Previous
studies have shown that the activity of surface A ions in octahedral positions greatly ex-
ceeds that of A ions in tetrahedral positions. The synergistic effect between copper and
cobalt metals could enhance electron flow [167,168]. According to this approach, the higher
catalytic activity of copper cobaltite catalysts with inverse spinel structures could also be
explained by the enrichment of divalent Co and Cu cations in octahedral coordination,
which could promote electron flow in redox reactions. Li et al. [169] prepared a series of
CuxMny/TiO2 catalysts for the purification of n-hexanal by adjusting the Cu loading and
the Cu-Mn atomic ratio. The Cu15Mn15/TiO2 catalyst performed the best activity, and
the temperature with 90% conversion was 225 ◦C. It indicated that the copper-manganese
spinel (Cu1.5Mn1.5O4) with the strong interaction between Mn2+ and Cu2+ would generate
a large number of oxygen vacancies and lattice defects, which provide a transfer channel for
active species to promote the reaction together with the reactive oxygen species produced.
The possible redox reaction of the Cu1.5Mn1.5O4 component was: Cu2++Mn2++Mn4+ 

Mn3++Cu+, and the catalytic reaction mechanism is shown in Figure 8. As the surface-
adsorbed oxygen oxidizes n-hexanal and consumes it continuously, the lattice oxygen was
supplemented to generate oxygen vacancies. The gas phase oxygen oxidized the reduced
catalyst to fill the oxygen vacancies, keeping the spinel structure stable while forming a
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redox reaction cycle. Behar et al. [170] also found an excellent performance of Cu1.5Mn1.5O4
catalyst in their experiment due to the complete conversion temperature of toluene being
240 ◦C. A similar redox reaction of the interaction between Cu and Mn (Cu2++Mn3+ ↔
Mn4++Cu+) was proposed.
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Other composite catalysts
The composite oxide catalysts of Mn-CeOx/TiO2/cordierite were prepared in the

ultrasonic process and tested for their performance in the purification of NMHC to evaluate
the purification effect of overall cooking oil fume [171]. Results showed the purification
efficiency of NMHC could reach 93.6% at 400 ◦C. The reason is that ultrasonication would
increase the specific surface area of the catalyst and thus improve the dispersion of active
components. Besides, the interaction between Mn and Ce and the high ratios of Mn4+/Mn3+,
Ce4+/Ce3+ were beneficial in generating more reactive oxygen species and promoting
the oxidization of NMHC. The catalytic performance of Cu-Co composite oxides with
different ratios was also investigated [172]. The Cu1Co4 could remove 90% n-heptane
at 186 ◦C. The morphologies of catalysts are shown in Figure 9. Compared with other
catalysts, smaller and more uniform metal particles and porous structures were observed
on the Cu1Co4 catalyst. These could increase the contact area between the catalyst and
the reactants. The TPD characterization indicated that the oxygen desorption peak of
Cu1Co4 was significantly enhanced due to the partial replacement of Co2+ in the spinel
tetrahedral sites by Cu2+ and the increase of Co3+ in the octahedral sites, thus changing
the coordination environment of oxygen species. The mobility of oxygen plays a vital role
in catalytic performance. Furthermore, the addition of Cu significantly improved stability.
The activity of the referenced Cu0Co5 catalyst decreased continuously during the reaction
time, with n-heptane conversion decreasing from the initial 92% to 40% after 400 min. In
contrast, the Cu1Co4 catalyst was stable under the same conditions, and the n-heptane
conversion was basically maintained at 99% within 480 min without carbon deactivation.
The catalytic performance and stability of composite metal catalysts were significantly
improved compared with single metal catalysts.
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Table 6. Non-noble metal oxide catalysts for catalytic oxidation of VOCs.

Catalyst Preparation VOC Concentration
(ppm)

Space velocity
(h−1)

Temp
(◦C)

Conversion
(%) References

Single metal
catalysts

Co3O4 External template Ethyl acetate 466.7 53,050 245 100 [149]

CeO2 Impregnation Acetone 1000 15,000 250 85 [150]

Mn/cordierite Impregnation Oil fume 5000 — 400 87.8 [151]

Perovskite
catalysts

La2CoMnO6
Citrate Toluene 300 30,000 300 100 [152]

LaMn0.25Co0.75O3 Sol-gel combustion Propanol — 5000 300 96 [153]

LaMnO3 Citrate sol–gel (SG) Toluene 1000 15,000 225 100 [154]

La0.8Sr0.2MnO3+x citric acid sol–gel Ethyl acetate 500 20,000 159 99 [157]

La0.9K0.1MnO3 Citrate Methyl ethyl
ketone 1250 425 267 100 [158]

Spinel
catalysts

CoxMn3−xO4 Simple Synthesis Toluene 1000 15,000 250 90 [160]

CuCo2O4 Solvothermal Acetone 1000 93,000 200 100 [161]

CuMn2O4 Hard template Toluene 1000 20,000 205 90 [162]

CuCo2O4/CeO2 Gel-burn n-hexane 500 30,000 280 100 [166]

Cu1.5Mn1.5O4 Impregnation Toluene 1000 — 240 100 [170]

Other
composite
catalysts

CuxMny/TiO2 Coprecipitation n-hexanal — 25,000 225 90 [169]

Mn-CeOx/TiO2 Sol-gel NHMC 1500 — 400 93.6 [171]

Cu1Co4Ox Coprecipitation n-heptane — 15,000 186 90 [172]

5. Conclusions

VOCs in cooking oil fumes have been proven to be harmful to the environment and
humans and urgently need to be removed. The components of cooking oil fume are
complex, including hydrocarbons, ketone aldehydes, alcohol ethers, acid esters, polycyclic
compounds, and other species. The emission characteristics of cooking fumes are influenced
by the type of oil, temperature, and cuisine. In general, the oil with more unsaturated
fatty acids releases higher concentrations of VOCs. As the cooking temperature increases,
the concentration of VOCs significantly increases. At relatively low temperatures (under
200 ◦C), the composition of VOCs mainly contains aliphatic hydrocarbons, ketones, and
aldehydes. Increasing to above 250 ◦C increased the contents of aromatic hydrocarbons
and acid esters. The emission concentrations in grilled cuisine are significantly higher than
in non-grilled cuisines. The former is mainly composed of hydrocarbons, while the latter
mainly consists of alkanes, alcohols, and aldehydes. Overall, the VOC problem for Chinese
cuisine is more serious due to the various cooking styles, which need more attention to
purify cooking oil fume pollutants.

Various purification methods of cooking oil fume, including physical capture, chemical
decomposition, and combination methods, are compared. The physical capture methods
mainly focus on the removal of particulate matter, while the chemical decomposition
methods mainly decompose VOCs into small molecules such as CO2 and H2O. Although
the chemical decomposition methods are more expensive than the physical capture meth-
ods, they are more efficient in the overall removal of cooking oil fume pollutants without
secondary pollution. Furthermore, combining the two types of methods to form combi-
nation purification methods can effectively remove particulate matter as well as VOCs.
The catalytic combustion method can effectively remove VOCs without causing secondary
pollution, which has a broad application prospect. Commonly used catalysts include
noble metal and non-noble metal catalysts. Noble metal catalysts (Au, Pt, and Pd) can
completely oxidize VOCs below 300 ◦C, but they are expensive and easily deactivated due
to agglomeration and sintering at higher temperatures. Suitable carriers and additives are
beneficial to improve the catalytic activity and reduce the cost. In order to improve the
economy, transition metals (Cu, Mn, Ce, etc.) in non-noble metals are worth considering.
They have good catalytic properties due to their different valence states and strong electron
transfer ability. Non-noble metal catalysts can be mainly divided into single metal and
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composite metal catalysts, while the composite metal catalysts include perovskite, spinel,
and other composite catalysts. They have great potential for application with high activity
and a good economy.

Although studies have shown that catalytic combustion is an effective method to
remove VOCs in cooking oil fumes, there are still many problems that need to be solved
to promote its practical application. (1) Most of the current studies have mainly focused
on single-component model compounds. The actual cooking oil fume contains multiple
components, and the components may interact with each other, which requires in-depth
research. (2) The actual cooking oil fume usually contains water. It is a challenge to
develop catalysts with high efficiency and strong water resistance. (3) The composition
and concentration of VOCs in cooking oil fume are significantly influenced by temperature.
In order to meet the removal demand of VOCs at different temperatures, a combination
of condition-adaptive technologies can be considered. (4) The degradation efficiency of
VOCs needs to be improved. To further purify the VOCs, future work would focus on
new catalysts with high activity and stability at low temperatures. Besides, multi-field
synergistic technologies exist, such as photo-thermal catalysis and electro-thermal catalysis.
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