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Abstract: Microwave radiation has become an effective catalytic combustion method, especially in
the degradation of volatile organic compounds (VOCs) such as toluene using catalysts like MnO2.
In this study, a spine waveguide microwave reactor was designed to investigate the influence
of different microwave processing conditions on the degradation of toluene catalyzed by MnO2.
An experimental system for microwave-assisted catalytic degradation of toluene was established to
explore the relationship between microwave power, catalyst conductivity, and toluene degradation
rate. The results showed that the efficiency of MnO2 catalyzing toluene degradation had a nonlinear
relationship with microwave power, first increasing to a peak and then decreasing. Additionally, the
experiment found that the degradation rate of toluene was positively correlated with the conductivity
of MnO2. Subsequent characterization analyses using X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and scanning electron microscopy (SEM) further verified the changes in the
microstructure and properties of MnO2 under microwave heating. The characterization results
showed that with the increase in microwave power, the relative content of Mn3+ on the surface
of MnO2 increased, and the relative content of adsorbed oxygen also increased accordingly. At a
microwave power of 100 W, the treated MnO2 displayed the optimal ratio of manganese oxidation
state and oxide, both close to 1:1, which was more conducive to the degradation of toluene. Based
on these findings, this study hypothesized that the microwave-enhanced catalytic degradation of
toluene by MnO2 may be attributed to changes in the surface electron transfer kinetics of MnO2,
providing new insights into the field of microwave-enhanced catalysis.

Keywords: microwave heating; MnO2; toluene; catalytic oxidation; transducer; conductivity

1. Introduction

Volatile organic compounds (VOCs) play a significant role in atmospheric pollution,
contributing to the formation of ozone (O3) and secondary aerosols, thereby exacerbating
environmental issues such as haze and photochemical pollution [1–5]. These compounds,
notorious for their unpleasant odors and health hazards including toxicity and carcino-
genicity, pose serious threats to human health and ecological well-being [6–10]. With the
proliferation of industrial activities, automobile emissions, and construction processes,
VOC emissions have surged, intensifying the urgency to develop efficient, cost-effective,
and energy-efficient methods for VOC degradation [11,12].
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Currently, VOC treatment methods predominantly involve either recycling or destruc-
tion. Recycling techniques encompass physical adsorption, chemical absorption, and mem-
brane separation [13–16]. While physical adsorption offers simplicity and cost-effectiveness,
it lacks selectivity, necessitating further processing steps for effective separation of VOCs
with differing values and environmental impacts. Conversely, chemical absorption and
membrane separation methods exhibit high selectivity and purification efficiency but are
hindered by elevated costs and technological complexity [17]. Destruction technologies,
including photocatalytic degradation and catalytic combustion, have emerged as viable ap-
proaches for VOC remediation [18,19]. Although photocatalysis, particularly with TiO2 as a
catalyst, has demonstrated high degradation efficiency and environmental compatibility, its
limitations, such as low energy utilization and sluggish reaction rates, remain a concern [20].
Catalytic combustion, on the other hand, offers a promising avenue for VOC treatment,
with ongoing efforts focused on enhancing catalytic efficiency and addressing catalyst
deactivation and durability issues through modification and optimization strategies [21].

Microwave irradiation, renowned for its efficient heating capabilities, presents a
novel approach to catalytic VOC degradation. Differing from traditional heating meth-
ods, microwave heating ensures uniform heating throughout the catalyst, minimizing the
risk of local temperature spikes that can lead to catalyst deactivation [22]. Additionally,
microwave-assisted catalytic oxidation has shown greater efficiency compared to conven-
tional thermal catalytic combustion, mainly due to enhanced mass transfer and reaction
kinetics [23]. However, despite these advantages, the mechanism of microwave action
remains unclear. Furthermore, there is a notable gap in research regarding the influence
of microwave process parameters on the degradation pathways of VOCs. Recent studies
have showcased the efficacy of microwave-enhanced catalysis using various catalysts, such
as MnO2 and Cu-Mn-Ce composites, in degrading VOCs like toluene, ethyl acetate, and
acetone [24]. Mechanistic insights suggest that microwave irradiation induces changes in
catalyst conductivity, facilitating electron transfer processes crucial for VOC oxidation [25].

MnO2 is known for its strong microwave absorption and catalytic activity, making it a
promising catalyst for microwave-assisted VOC degradation. MnO2’s variable oxidation
states facilitate electron transfer during the oxidation-reduction process, leading to the
formation of more surface lattice defects and enhancing catalytic efficiency [26]. In this
study, we aimed to track the variations in the conductivity of the MnO2 catalyst under
different microwave power levels. Our objective was to unveil the reaction pathway of
toluene degradation catalyzed by MnO2 under microwave irradiation and to elucidate the
mechanism of microwave interaction with the catalyst. By elucidating the role of catalyst
conductivity in VOC degradation, our research contributes to the development of more
effective and energy-efficient VOC treatment methods.

2. Experiment and Material Characterization
2.1. Experiment of Conductivity Measurement and Microwave Enhancement

A comprehensive equipment setup was designed to monitor the temperature and
conductivity of catalysts under microwave irradiation. A ridge waveguide was designed
to provide uniform electric field to the heating area. The experimental setup included a
microwave source capable of controlling power between 0 W and 200 W, a directional
coupler with a microwave power meter, a microwave heating chamber, and a thermal
imager. The catalyst was placed inside a quartz tube, with electrode plates tightly sealing
both ends to ensure complete removal of air. The catalyst was only filled in the pores
detectable by the thermal imaging instrument to ensure accurate temperature detection and
a fixed amount of catalyst. The specific experimental system diagram is shown in Figure 1.
Additionally, the experimental system for conductivity measurement during microwave
heating is illustrated in Figure 2.
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Figure 2. Experimental system.

The catalyst was prepared by mixing MnO2 and Al2O3 at a ratio of 1:5. The mixture
was then stirred at room temperature for 2 h to ensure uniform loading of MnO2 onto
the surface of the Al2O3. The amount of catalyst used was 2 g per experiment. The
MnO2 catalyst used was of analytical grade and was purchased from Shanghai Macklin
Biochemical Technology Co., Ltd., Shanghai, China.

The microwave power was set to 75 W, 100 W, and 125 W; the catalyst was heated with
a microwave; the corresponding resistance at different temperatures (room temperature to
300 ◦C) was recorded by the thermal imager and ohmmeter; the microwave was turned
off after microwave heating was completed; and the corresponding resistance at different
temperatures was recorded when the catalyst was free cooling without the microwave. The
catalyst conductivity was calculated using the following formula:

σ =
L

SR
, (1)

where S is the area of the electrode piece, L is the relative distance between the two
electrode pieces, and R is the resistance value of the measured material. In this experiment,
S = 1.54 × 10−4 m2, L = 7.1 × 10−2 m.

The device shown in Figure 2 was also used in the experiment of microwave-enhanced
manganese dioxide catalytic oxidation of toluene. Air (O2 21%, N2 79%) was used as the
background gas in the experiment; a quantitative amount of air and toluene were injected
into a 20 L air bag to mix, and a concentration of about 700 ± 50 ppm of toluene was
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obtained, which was uniformly fed into the microwave reactor using a constant flow pump,
with a flow rate of 200 mL/min. After the system stabilized for 15 min, the inlet and outlet
gases were measured. The concentration of the inlet and outlet gases was analyzed using
gas chromatography–mass spectrometry (GC-MS) to obtain the toluene conversion rate.
The conversion rate of toluene was calculated by the following formula:

η =
Cin − Cout

Cin
× 100%, (2)

where Cin is the concentration of toluene in the incoming gas, and Cout is the concentration
of toluene in the outgoing gas.

2.2. Catalyst Characterization Methods

The surface morphology characteristics of the catalyst samples were observed by
scanning electron microscopy (SEM, ZEISS Sigma 300, Oberkochen, Germany). The X-ray
diffraction pattern of the catalyst sample was obtained using an X-ray diffraction instrument
(XRD, Rigaku Ultima IV, Tokyo, Japan). The test target was copper, with a scanning range
of 5–90◦ and a step size of 0.02◦. The elemental energy spectrum and valence distribution of
the sample were measured using X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha, Waltham, MA, USA).

3. Results and Discussion
3.1. The Relationship between Toluene Degradation Rate and Conductivity Changes under
Microwave Irradiation

As shown in Figure 3a, the MnO2 catalyst exhibited the best catalytic efficiency at a
microwave power of 100 W. The results obtained were that the microwave had a strength-
ening effect on the catalytic oxidation of toluene by MnO2, which presented a relationship
similar to a “throwing line” rather than a simple positive correlation with microwave
power. It is similar to the results reported in relevant reports [25]. Under the action of the
microwave, MnO2 exhibited good low-temperature catalytic activity for toluene. At 150 ◦C,
the toluene degradation rates under 75 W, 100 W, and 125 W microwave power were able
to reach 53.76%, 73.36%, and 59.01%, respectively. The effect of different microwave levels
on the toluene degradation rate is more significant in the lower temperature region. As the
temperature increases, the numerical performance of this effect gradually decreases because
a microwave has both “thermal” and “non-thermal” effects on the catalyst itself [27]. In
the low temperature range, the heating effect of a microwave on the catalyst has a smaller
impact on the toluene degradation rate compared to “other effects”. As the temperature
increases, the “thermal effect” dominates the degradation rate of toluene, while being
accompanied by boundary effects, and the “non-thermal effect” of microwave is no longer
significant. The T90 under microwave irradiation of 100 W decreased by nearly 30 ◦C and
35 ◦C compared to 75 W and 125 W, respectively.
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The catalytic degradation of toluene is essentially an electron transfer process. The
existing microwave−enhanced catalytic mechanism has two main ways: one is that under
the action of a microwave, there will be a photoelectric effect on the catalyst surface, and the
electrons will be excited to escape from the catalyst surface and collide with gas molecules
to form oxygen-free radicals, hydroxyl radicals, and other active components to degrade
toluene. Another way occurs on the surface of the catalyst, where microwaves accelerate
the adsorption of free oxygen molecules and the conversion to lattice oxygen, thereby
accelerating the recovery of the catalyst and ultimately leading to an increase in toluene
degradation rate [28]. Toluene and oxygen are adsorbed on the active site of the catalyst for a
reaction. Thus, an electron transfer path can be constructed: toluene–MnO2–oxygen, which
means that the difficulty of electron transfer on the surface of the catalyst is likely to be an
important indicator affecting the degradation rate of toluene. Figure 3b shows the variation
of the conductivity of MnO2 with increasing temperature under three different power
levels. It can be seen that the conductivities of MnO2 under the three power levels showed
few changes and were close when the temperature was below 180 ◦C. The difference in
conductivity gradually became apparent when the temperature was above 180 ◦C. The
conductivity of MnO2 at the power level of 100 W increased most significantly with the
increase in temperature, and the entire conductivity changed in a “parabolic” shape, which
is consistent with Figure 3a. There was almost no difference in conductivity among the
three power levels between 150 ◦C and 180 ◦C, but the corresponding toluene degradation
rate was far apart. It is speculated that the microwave may have other effects besides
changing the catalyst conductivity to affect its toluene degradation rate. In addition, it was
observed that the conductivity under the action of 75 W was always higher than 125 W, but
the toluene degradation rate under the action of 75 W was only higher than 125 W when
the temperature reached 250 ◦C. Fresh MnO2 heated up slowly at first, but the heating rate
increased after a certain period of heating, which is inconsistent with heat transfer theory.
These also indicate that microwave-enhanced MnO2 catalytic oxidation of toluene may not
only be achieved by changing the conductivity [29].

Figure 4 shows the comparison of conductivity changes between microwave heating
and free cooling, as well as the comparison of conductivity changes after microwave
treatment with different power levels. It can be seen that the conductivity of free cooling
MnO2 after microwave treatment was higher than that during microwave heating, and
no other gas entered the catalyst phase in the experiment, which can exclude the change
of the catalyst due to the reaction of contacting toluene. It is worth noting that Figure 3b
shows fresh MnO2 that had not been microwave treated. Its initial conductivity at room
temperature was consistent, but after microwave treatment, it showed differences at room
temperature. Overall, the conductivity showed a pattern of 100 W > 75 W > 125 W, which
is sufficient to indicate that microwave action changed some properties of MnO2.
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From the above experimental results, it can be preliminarily determined that the
efficiency of MnO2 catalytic degradation of toluene is related to the changes in the con-
ductivity of the catalyst itself. Microwave can further enhance the conductivity of MnO2



Processes 2024, 12, 1074 6 of 11

and strengthen the toluene degradation process through the “non thermal effect”. The
microstructure of MnO2 after microwave treatment underwent certain changes, which may
also be the key to the microwave strengthening process.

The catalytic oxidation of toluene is essentially an electron transfer process, so a
reaction process is proposed: toluene loses electrons after being adsorbed on the active site
of the MnO2 surface, electrons are transmitted to the surface-adsorbed oxygen through the
catalyst itself, and the oxidized toluene forms degradation products with lattice oxygen.
This process can be seen as a microscopic closed circuit, so the difficulty of electron transfer
in MnO2 itself and the proportion of different valence states of related elements may be
the key to the catalytic efficiency. The experiment shows that MnO2 exhibited different
conductivity changes under the action of different microwave power levels. The conductivity
change of MnO2 is similar to a “parabolic” form, which is also consistent with the toluene
degradation rate measured under the same conditions. This result proves that microwaves
can enhance the toluene degradation process by changing the conductivity of MnO2, and this
also proves the accuracy and reliability of the reaction process proposed in the experiment. In
addition, it was observed that the conductivity of MnO2 after microwave treatment cannot
be restored to its initial state and is always higher than the conductivity during microwave
heating. It is speculated that the change in conductivity measured macroscopically is actually
a change in the microstructure of MnO2 under the action of a microwave.

3.2. Catalyst Characterization
3.2.1. XRD Characterization

Figure 5 shows the XRD pattern of the MnO2 catalyst after microwave treatment
with different power levels. It was observed that the crystallinity of the MnO2 catalyst
was relatively low, with the peaks of 2θ at 37.32◦ (211), 42.66◦ (301), 56.66◦ (600), and
65.46◦ (002) retrieved as MnO2 crystalline phases (PDF # 44-0141). The MnO2 after 100 W
microwave treatment exhibited stronger diffraction peaks on the (211) and (600) crystal
planes. This may have been caused by the high lattice defects and low crystallinity of
the MnO2 catalyst itself in that all diffraction peaks deviated towards the direction of
larger 2θ angles. For the MnO2 treated after a 125 W microwave, Mn2O3 of the type
of bixbyite-C were also able to be retrieved, and the diffraction peaks were particularly
consistent with the standard card, indicating that MnO2 underwent changes in valence
and structure under the action of the microwave. The peak intensity order of the (222)
crystal plane corresponding to standard card PDF # 41-1442 in the four spectral lines
was MnO2—125 W > MnO2—100 W > MnO2—75 W > MnO2—fresh. What is even more
noteworthy is that MnO2 will gradually convert to Mn2O3 under the action of a microwave,
and the Mn3+/Mn4+ of MnO2 iritself is related to the catalytic efficiency [30].
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3.2.2. XPS Characterization

The surface chemical composition and valence states of MnO2 treated with different
microwave powers were studied through XPS characterization. The XPS spectra of Mn
2p and O 1s of treated MnO2 are shown in Figure 6. The asymmetric peak at 641.7 eV
in Figure 6a can be attributed to the Mn 2p3/2 peak, which can be divided into the Mn3+

peak at 641.5 eV and the Mn4+ peak at 642.4 eV. The relative content of two different
valence states of Mn elements was able to be obtained by calculating the peak area. As the
microwave power increased, the content of Mn3+ increased, which is consistent with the
XRD results in Figure 5 and also proves that the structure and even chemical valence state
of MnO2 after microwave treatment changed [30]. The catalytic oxidation of toluene by
MnO2 is essentially an electron transfer process. Toluene combines with the lattice oxygen
in the catalyst to generate CO2 (an intermediate will be generated when the reaction is
incomplete) with the loss of electron. The Mn4+ in the catalyst changes to Mn3+ by obtaining
electrons, and then the Mn3+ transfers electrons to the surface-adsorbed oxygen, reducing
and converting Oads into Olatt, as shown in Figure 6c. This electron transfer pathway
clearly has a rate control step and can exhibit the best catalytic efficiency when Mn3+/Mn4+

and Oads/Olatt are close to 1 [31–33].

Processes 2024, 12, x FOR PEER REVIEW 8 of 11 
 

 

 

Figure 6. XPS spectra of various elements after microwave treatment at different powers: (a) Mn 2p; 

(b) O 1s. Electron transfer process of MnO2-catalyzed oxidation of toluene (c). 

The oxygen species peak shown in Figure 6b was able to be divided into a Olatt peak 

at 529.10 eV and a Oads peak at 531–532 eV. The relative content of Oads also increased 

with the increase in microwave power, which was consistent with the growth pattern of 

Mn3+. The conversion of lattice oxygen to adsorbed oxygen will cause lattice loss and 

charge imbalance, with some Mn4+ being converted into Mn3+. It was observed that under 

the action of the microwave, the best catalytic efficiency was not the 125 W treated MnO2 

with the highest relative content of Oads. According to the usual theory, the increase in 

Oads is accompanied by more oxygen vacancies and more active site of the catalyst, which 

is conducive to the improvement of catalytic efficiency. This may be due to the close con-

tent of Oads and Olatt in MnO2 treated with 100 W, and the ratio of Oads and Mn3+ being 

the closest to charge transfer [33]. The combination of these factors ultimately leads to the 

best catalytic efficiency of MnO2 under 100 W microwave irradiation. In addition, it can 

also be observed from Figure 6b that the peak of Oads shifted to a higher binding energy 

with the increase in microwave power, which indicates that the adsorbed oxygen formed 

was more stable and more oxidizing. 

3.2.3. SEM Characterization 

Figure 7 shows the SEM images of MnO2 after four different power microwave treat-

ments. It can be seen that the fresh catalyst shown in Figure 7a,b without microwave treat-

ment was mainly composed of nanowires, nanoparticles, and nanosheets. The nanowires 

were relatively short, ranging in length from 100 nm to 300 nm, with nanoparticles and 

nanosheets attached to the nanowires. Compared with fresh catalysts, the MnO2 shown in 

Figure 7c,d treated with 75 W microwave power had significantly shorter and thicker nan-

owires, while the MnO2 shown in Figure 7e,f treated with 100 W microwave power had 

longer and more clearly formed nanowires compared to the first two, and the nanoparti-

cles were more uniformly attached to the nanowires. The nanowires of the MnO2 shown 

in Figure 7g,h treated with 125 W microwave power become shorter and fewer than that 

of fresh MnO2, with the proportion of nanoparticles increasing overall. 

There were significant microscopic differences in the microstructure of MnO2 of four 

different states, indicating that within the same temperature growth range, different pow-

ers of microwaves also had corresponding effects on the microstructure of MnO2. This 

may also be one of the reasons for the change in conductivity of the catalyst under and 

after microwave influence [34–36]. 

Figure 6. XPS spectra of various elements after microwave treatment at different powers: (a) Mn 2p;
(b) O 1s. Electron transfer process of MnO2-catalyzed oxidation of toluene (c).

The oxygen species peak shown in Figure 6b was able to be divided into a Olatt peak
at 529.10 eV and a Oads peak at 531–532 eV. The relative content of Oads also increased
with the increase in microwave power, which was consistent with the growth pattern of
Mn3+. The conversion of lattice oxygen to adsorbed oxygen will cause lattice loss and
charge imbalance, with some Mn4+ being converted into Mn3+. It was observed that under
the action of the microwave, the best catalytic efficiency was not the 125 W treated MnO2
with the highest relative content of Oads. According to the usual theory, the increase in
Oads is accompanied by more oxygen vacancies and more active site of the catalyst, which
is conducive to the improvement of catalytic efficiency. This may be due to the close content
of Oads and Olatt in MnO2 treated with 100 W, and the ratio of Oads and Mn3+ being the
closest to charge transfer [33]. The combination of these factors ultimately leads to the best
catalytic efficiency of MnO2 under 100 W microwave irradiation. In addition, it can also be
observed from Figure 6b that the peak of Oads shifted to a higher binding energy with the
increase in microwave power, which indicates that the adsorbed oxygen formed was more
stable and more oxidizing.
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3.2.3. SEM Characterization

Figure 7 shows the SEM images of MnO2 after four different power microwave treat-
ments. It can be seen that the fresh catalyst shown in Figure 7a,b without microwave treat-
ment was mainly composed of nanowires, nanoparticles, and nanosheets. The nanowires
were relatively short, ranging in length from 100 nm to 300 nm, with nanoparticles and
nanosheets attached to the nanowires. Compared with fresh catalysts, the MnO2 shown
in Figure 7c,d treated with 75 W microwave power had significantly shorter and thicker
nanowires, while the MnO2 shown in Figure 7e,f treated with 100 W microwave power had
longer and more clearly formed nanowires compared to the first two, and the nanoparticles
were more uniformly attached to the nanowires. The nanowires of the MnO2 shown in
Figure 7g,h treated with 125 W microwave power become shorter and fewer than that of
fresh MnO2, with the proportion of nanoparticles increasing overall.
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125 W microwave treatment.

There were significant microscopic differences in the microstructure of MnO2 of four
different states, indicating that within the same temperature growth range, different powers
of microwaves also had corresponding effects on the microstructure of MnO2. This may
also be one of the reasons for the change in conductivity of the catalyst under and after
microwave influence [34–36].

The characterization results of XRD, XPS, and SEM show that the microwave did have
an impact on the structure and surface elemental valence of MnO2. The XRD results show
that with the increase in microwave power, a portion of MnO2 gradually transformed into
Mn2O3, and the XPS results clearly prove this: as the microwave power increased, the
relative content of Mn3+ on the surface of MnO2 gradually increased, and the corresponding
relative content of Oads also gradually increased. At the microwave power of 100 W, the
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treated MnO2 exhibited the best Mn element valence state ratio and oxygen species ratio,
both of which were closer to 1:1. This also indicates that the equilibrium valence state ratio
and oxygen species ratio were more conducive to the degradation of toluene.

4. Conclusions

Microwave irradiation enhances the catalytic oxidation of toluene by MnO2 without
directly affecting toluene degradation. To investigate this enhancement mechanism, we
designed a microwave heating device to measure the conductivity change of MnO2 un-
der different microwave power levels. Concurrently, we measured the change in toluene
degradation rate. Our results reveal that the catalytic oxidation of toluene on the MnO2 sur-
face involves an electron transfer process, where toluene loses electrons, and the oxidized
toluene forms degradation products with lattice oxygen. Microwave irradiation enhances
this process by changing the conductivity of MnO2, as evidenced by “parabolic” conduc-
tivity changes that correlate with toluene degradation rates. Furthermore, microwave
treatment altered the microstructure of MnO2, as evidenced by XRD, XPS, and SEM analy-
ses, resulting in an increase in Mn3+ content and oxygen adsorption. At 100 W microwave
power, MnO2 exhibited the optimal Mn oxidation state and oxygen species ratio, facilitating
toluene degradation. Our experiments have demonstrated the proposed “micro closed
circuit” reaction process. The degradation rate of toluene is positively correlated with
the conductivity change of MnO2 under microwave irradiation. Under 100 W irradiation,
the T90 decreased by nearly 30 ◦C and 35 ◦C compared to 75 W and 100 W, respectively.
Microwave irradiation can also alter the structure and valence distribution of MnO2 itself.
The characterization results obtained validate the mechanism of microwave-enhanced
MnO2 catalytic oxidation of toluene. These results have significant implications for the
development of more efficient and energy-effective VOC treatment methods. This research
holds promise for industrial applications, particularly in VOC cleanup processes.
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