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In the production process of briquette biofuel, terpenes such as pinene and camphene, as
well as non-terpenoid VOCs such as formic acid, acetaldehyde, and benzene, are
generated during conditioning, drying and other procedures. Different catalysts of
Fe3O4 supported by CoFe-ZIFs were prepared by thermal dissolution method and
microwave dissolution method with changing the doping amount of iron. The
structures of these catalysts were characterized by X-ray Diffraction (XRD), Fourier
transform infrared spectrometer Fourier-Transformed InfraRed, thermogravimetric
analysis (TG), and scanning electron microscope and the catalytic performance for α-
pinene was tested on a fixed bed. The results show that, compared with the thermal
dissolution method, the microwave dissolution method was easier to induce iron to form
Fe3O4 grains with higher activity. At the same time, the grains did not affect the formation of
CoFe-ZIFs structure. Fe3O4 supported on CoFe-ZIFs enhanced the catalytic activity and
energy efficiency of the catalysts for α-pinene. Among the test samples, CoFe14-ZIF-W
prepared by microwave method with Fe doping 14% mol exhibited the stable structural
characteristics and the highest catalytic efficiency of 94.3% and energy efficiency of
8.11 g·kWh−1, which provided a further possibility of practical application for the removal of
VOCs from biomass.
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1 INTRODUCTION

Biomass energy is the fourth largest energy source in the world besides the fossil fuels of oil, coal, and
natural gas (Bhatia et al., 2020; Foong et al., 2020). It has become an important force in the
international energy transformation, and plays an important role in coping with global climate
change, energy supply and demand contradictions, and protecting the ecological environment (Gao
et al., 2013; Manisalidis et al., 2020; Yoo et al., 2020; Li et al., 2021). During the manufacturing of
biomass briquette fuel, the processes such as conditioning and drying lead to the evaporation of water
and inevitably lead to the escape of volatile organic compounds (VOCs) inherent in the rawmaterials
(Li X. et al., 2020; Zhu et al., 2020).
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According to the different types of biomass raw materials and
drying methods, there are many types of VOCs generated during
processing, mainly including terpenes such as pinene and
camphene, and non-terpenes such as formic acid,
acetaldehyde, and benzene (Li H.-Y. et al., 2020; Li X. et al.,
2020; Zhu et al., 2020). These VOCs have caused great harm to
human health and ecological environment, and adversely affected
the clean utilization of biomass briquette fuel (Manisalidis et al.,
2020). In the drying process of pine and spruce, terpenes are the
main components of VOCs released in wood drying. At the same
time, the proportion of terpenes in the total extracts of spruce is
10–50%, while the proportion of that in pine wood is 25%–50%
(Englund and Nussbaum, 2000). The turpentine smoke formed in
the drying process of pine fuel contains a lot of terpenes,
including α-pinene and β-pinene, which are very dangerous to
the human body. The difference between α-pinene and β-pinene
actually boils down to the difference in isomeric subtypes of
“enantiomers” (Machado et al., 2019; Lee et al., 2020). The α-
pinene and β-pinene are molecules made up of the same type and
number of atoms (isomers) and shaped like mirror images of each
other, and usually occur together in most plant and industrial
compounds. Because of this, α-pinene and β-pinene have very
similar effects on the human body, and relative differences in
effects are difficult to distinguish (Pekgozlu and Ceylan, 2018;
Bermudez et al., 2020). It is of great significance to study efficient
and practical methods to remove the VOCs emitted during the
manufacture and processing of biomass briquette fuel (Li H.-Y.
et al., 2020).

The use of non-thermal plasma (NTP) technology to treat
VOCs has the advantages of fast processing speed and simple
operation (Guo et al., 2021b). However, the single use of NTP
catalysis technology has disadvantages such as low CO2

selectivity, low energy efficiency and the generation of by-
products (George et al., 2021). These technical shortcomings
greatly limit the popularization and application of this
technology in the industrial field. In order to make up for the
insufficiency of single NTP catalysis technology, catalysts
synergistic NTP catalytic technology is carried out
(Vandenbroucke et al., 2011). The synergistic effect of catalysts
and NTP is mainly reflected in the fact that the catalyst can not
only promote the transformation of energetic plasma, but also
greatly reduce the production of toxic and harmful by-products
(Cheng et al., 2019; Feng et al., 2020). Meanwhile, the presence of
plasma can significantly improve the catalytic performance of the
catalysts (Zhou et al., 2021). Therefore, the catalytic technology of
catalysts synergistic NTP has gradually become a research focus
in the treatment of VOCs (Huang et al., 2020; Liu et al., 2021). In
the synergistic catalysis technology, the commonly used catalysts
are mainly noble metals, transition metals, non-metal oxides, etc.
The transition metals catalysts are the most widely studied and
applied because of their abundant reserves and low cost of use
(Gao et al., 2019a).

Metal-Organic Frameworks (MOFs) can be used as catalysts in
NTP synergistic catalytic reactions due to their active chemical
properties and controllable structure (Zhang et al., 2018; Vakili
et al., 2020). MOFs are a new class of porous frameworks formed by
the self-assembly reaction of metal ions and organic ligands (Guo Y.

et al., 2021). Yaghi’s group (Yaghi et al., 1995; Furukawa et al., 2013)
reported the successful preparation of MOFs, which aroused great
research interest from scholars all over the world, and made MOFs
enter a stage of rapid development (Li H.-Y. et al., 2020). It has been
extensively studied in recent years due to its tunable porosity and
ease of fabrication. Nowadays, MOFs can be divided into different
structures, such as IRMOF, MIL, ZIF, etc. ZIF materials are zeolite-
like MOFs with topological structures synthesized by the reaction of
Zn2+ or Co2+ with imidazole ligands, such as ZIF-2, ZIF-4, ZIF-8,
ZIF-67, etc. (Wu et al., 2020; Shi et al., 2021) These ZIFs not only
have the characteristics of MOFs, but also have the advantages of
high stability of traditional zeolite materials (Qiu et al., 2021).
Considering the influence of high-energy irradiation of NTP and
the hot and humid environment formed by the catalytic oxidation of
VOCs, the application of structurally stable ZIFs to synergistic NTP
to catalyze VOCs can have better feasibility.

Over the past few years, many approaches have been explored
to enhance the activity of ZIF-derived materials. The introduction
of other active metal ions into ZIFs is considered to be a feasible
strategy and has led to extensive research. With the deepening of
research, more and more active metal ions have been introduced
into ZIFs. Z.S. Li et al. (Li Z. S. et al., 2020) introduced Cu into
ZIF-67 and the obtained structure of Co and Cu was uniformly
arranged with higher dispersion and better catalytic effect. W.H.
Zou et al. (Zou et al., 2021) prepared the new material by adding
Mo into the structure of ZIF-67 to form abundant catalytic active
centers and hollow structure, which exhibited excellent catalytic
performance. The solvothermal synthesis method is simple in
operation and easy to control the preparation conditions, and is
the most commonly used method for the preparation of MOFs.
However, the mechanical stirring process leads to a long time for
material synthesis, and it is difficult to accurately control the
crystal morphology (Gao et al., 2019b; Gao et al., 2019c). The
preparation of MOFs by microwave is a relatively new method to
synthesize nanomaterials in recent years (Jamshidifard et al.,
2019; Ikreedeegh and Tahir, 2021). Due to the selective
heating of objects by microwaves, the microwave preparation
of MOFs has the advantages of high energy utilization, short
reaction period and fast reaction speed (Safaei et al., 2019). In the
solvothermal synthesis method, replacing the mechanical stirring
process with the microwave dissolution process can significantly
improve the dissolution efficiency of metal ions, shorten the
preparation cycle, improve the preparation efficiency, and
increase the yield.

In this study, ZIF structural materials were prepared by the
microwave dissolution method or solvothermal synthesis method
using cobalt and iron as two active elements. Under the NTP
synergistic catalysis reaction of α-pinene, the catalytic efficiency
and energy efficiency of CoFe-ZIFs with different proportions of
cobalt and iron contents were investigated. The effect of
microwave preparation method on the catalytic properties of
bimetallic CoFe-ZIF was investigated. This study provides an
experimental basis for the technological innovation of MOFs
coupling with NTP to catalyze VOCs, and has important
scientific value and practical significance for the clean
utilization of biomass briquette fuel and the technological
development of gas-phase multi-pollutant purification.
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2 MATERIALS AND METHODS

2.1 Materials Preparations
All reagents were analytical grade without further purification.
The reagents used mainly include Co(NO3)2·6H2O (99.5%,
Macklin, China), Fe(NO3)3·9H2O (99.5%, Macklin, China), 2-
methylimidazole (99.5%, Macklin, China), methanol (99%,
Sinopharm, China), and deionized water. The preparation
process is described below, taking the CoFe7-ZIF sample with
Fe doping content of 7% as an example.

2.1.1 Preparation by Thermo Dissolution Method
The 541.26 mg Co(NO3)2·6H2O and 56.56 mg Fe(NO3)3·9H2O
(the molar ratio of Fe was 7%) were dispersed into 30 ml
methanol with heating and mechanically stirring at 75°C. The
4100 mg 2-methylimidazole was dispersed into 20 ml
methanol, heated at 75°C with mechanical stirring. Then,
the above two solutions were mixed and stirred for 15 min.
After stirring, the mixture was kept at room temperature for
24 h. Next, the mixed solution was centrifuged at a centrifugal
speed of 4000 r/min, and washed four times with methanol
until the supernatant was transparent and colorless. The
obtained purple-red precipitate was dried in a drying oven
at 80°C for 12 h. Finally, the sample was ground and stored,
and recorded as CoFe7-ZIF. According to the above steps, the
ratio of doping element was adjusted to prepare metal-organic
framework materials with Fe molar ratio of 0%, 7%, 14%, 21%
and 100%, recorded as CoFe0-ZIF, CoFe7-ZIF, CoFe14-ZIF
CoFe21-ZIF, CoFe100-ZIF, respectively.

2.1.2 Preparation by Microwave Dissolution Method
The preparation steps of the microwave dissolution method were
basically the same as the preparation steps of the thermo
dissolution method. The difference was that when the metal
salt solution and the ligand solution are mixed and stirred, the
microwave irradiation with a power of 900W for 20 min was used
in Microwave Synthesis Reactor XHMC-1, combined with
magnetic stirring at the surface magnetic field density
3200–3400 G and the magnetic attraction force 10.78N. The
CoFe-ZIF samples prepared by microwave dissolution method
were labeled as CoFe0-ZIF-W, CoFe7-ZIF-W, CoFe14-ZIF-W,
CoFe21-ZIF-W, CoFe100-ZIF-W according to the Fe molar
ratio of 0%, 7%, 14%, 21% and 100%, respectively.

2.2 Materials Characterizations
Powder X-ray diffraction (XRD) patterns of CoFe-ZIFs were
recorded on a Bruker D8 Advance powder diffractometer with
monochromated Cu-Kα radiation source using a scan step size of
0.01°. The functional group compositions were tested via a
BRUKER Tensor27 Fourier-Transformed InfraRed (FTIR)
spectrometer. Thermogravimetric analysis (TG) was performed
using Mettler-Toledo TGA/DSC 3 + synchronous thermal
analyzer, with a temperature measurement range of 25–800°C
and a heating rate of 20°C/min in a nitrogen atmosphere. The
surface images of the samples were captured by a FEI Quanta
400 FEG scanning electron microscope.

2.3 ZIFs-NTP synergistic catalytic
performance test
The experiment of CoFe-ZIFs cooperating with NTP to catalyze
α-pinene was carried out in a fixed bed reactor, and the
experimental system is shown in Figure 1. The experimental
system consists of four parts: α-pinene generation device, plasma
high-frequency power supply device, cooperative catalytic
reaction device and gas analysis device. The evaporator
controlled the α-pinene gas generation concentration. The
initial α-pinene concentration was kept at 300 ppm. N2 was
used as the carrier gas. The concentration of VOCs was tested
by HNRIKE PV6001 detector and the concentrations of CO, CO2,
N2O, NO and NO2 were tested by KZHI PTM600 composite gas
analyzer. The total gas flow was stable at 2.25 L min−1. Before
each test, the concentration and flow of α-pinene at the inlet of
the synergistic catalytic reaction device were kept stable for 5 min.

The main body of the synergistic catalytic reaction device was
made of a cylindrical quartz tube with an inner diameter of
10 mm, a wall thickness of 1 mm and a length of 150 mm. The
quartz tube acted as a blocking medium during discharge. A
copper mesh with a length of 40 mm was wrapped around the
center of the outer surface of the quartz tube as a ground
electrode. A red copper rod with a diameter of 3 mm and a
length of 300 mm was placed in the center of the quartz tube as a
high-voltage electrode and fixed with sealant. There was an inlet/
outlet port at each end of the reactor. Considering the possibility
that the high-energy irradiation of NTP might cause the damage
of ZIF structure, the catalyst particles were arranged at the
downstream outlet of the copper mesh along the gas flow
direction, which was closely connected with the NTP
discharge area, but did not receive direct irradiation of the
NTP discharge.

The size of catalyst particles affected the catalytic performance
to a certain extent. The smaller the catalytic particles, the larger
the specific volume surface area of the catalyst, and the more
opportunities for VOCs to contact the active sites on the surface
of the catalyst, resulting in the enhanced activity of the catalyst.
However, catalyst particles that were too small resulted in large
pressure losses during the gas flowing through the catalyst bed.
Therefore, 500 mg of a sample with a particle size of 10–20 mesh
was placed in the quartz tube reactor for each experiment, taking
into account the dual effects of catalyst particle size on catalytic
performance and pressure drop, based on published similar
experiments and previous experimental experience of our
group (Lu et al., 2019; Gao et al., 2021b). The plasma power
supply adopted high voltage AC power supply. During the
experiment, the input voltage was kept constant, and the input
power of the plasma reactor was adjusted by changing the input
current value. The discharge power of the reactor was taken as
10W, 12W, 14W, 16 W and 18W, respectively.

The evaluation of catalytic performance mainly considered α-
pinene catalytic efficiency (ηpinene) and energy efficiency (ηenergy),
and the calculation formula was as follows (Gao et al., 2021a):

ηpinene (%) � [pinene]in − [pinene]out
[pinene]in

× 100% (1)
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FIGURE 1 | ZIFs coupling NTP catalytic VOCs experimental device diagram: (1) Standard gas cylinder; (2) On-off valve; (3) Mass flowmeter; (4) water evaporator; (5)
VOCs injection pump; (6) VOCs evaporator; (7) Gas mixing cylinder; (8) Temperature control section; (9) NTP catalytic section (10) ZIFs catalysts (11) Plasma high-
frequency power supply (12) VOCs analyzer (13) composite gas analyzer (14) Gas scrubber (15) induced draft fan.

FIGURE 2 | XRD patterns of catalysts under different preparation conditions (A) thermo dissolution method (B) microwave dissolution method.
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ηenergy (g · KWh−1) � [pinene]in × ηpinene × M × 0.15

SIE
(2)

SIE ( J
L
) � P

Q
× 60 (3)

Where, [pinene]in and [pinene]out were the α-pinene
concentrations at the inlet and outlet of the plasma reactor,
respectively. SIE was the input energy density; P was the input
power; Q was the gas flow.

3 EXPERIMENTAL RESULTS AND
DISCUSSION

3.1 Structural Characterization
3.1.1 XRD analysis
The XRD results of CoFe-ZIFs with different preparation
methods and different Fe doping amounts were shown in
Figure 2. It could be seen from Figure 2A that there were
obvious X-diffraction characteristic peaks of 2θ at 7.36°, 10.43°,
12.78°, 14.75° and 18.11° in the four types of CoFe0-ZIF, CoFe7-
ZIF, CoFe14-ZIF, and CoFe21-ZIF, which were entirely
consistent with the simulated standard curve of ZIF-67 (Zhang
et al., 2016; Zhou et al., 2017). These curves indicated that the
prepared catalyst was successfully synthesized conforming ZIF-
67 structure, and the CoFe-ZIFs had good crystallinity and
complete crystal structure. However, the sample of CoFe100-
ZIF (with Co molar content of 0) did not form a typical ZIF
structure and only produced Fe2O3 crystals (PDF#33–0664)
(Zheng et al., 2015). Meanwhile, the diffraction peaks of metal
oxides were not strong enough. It could be due to the CoFe100-
ZIF sample had not been calcined at high temperature for a long
time, and the crystallization of the metal oxide was incomplete. In
addition, it was not difficult to see that, with the continuous
increase of Fe doping content from 0% to 100%, the crystallinity
of ZIFs decreases continuously, at the same time, the diffraction
angles of characteristic peaks also shifted at a certain extent.
Taking the characteristic peak at 7.36° as an example, when Fe
doping amount increases from 0% to 21%, 2θ shifted to the
smaller angle by about 1.2°.

In the samples prepared by thermo dissolution method, as the
Fe doping amount was 21%, more obvious X-ray characteristic
diffraction peaks of Fe3O4 (PDF#26–1136) were found at the
diffraction angles of 36.820°, 59.303° and 65.185°, corresponding
to the crystal plane structures of (311) (511) and (440),
respectively (Zhang et al., 2013; Zhang et al., 2015; Wu et al.,
2020). This indicated that when the amount of Fe doping was
small (≤14%mol), iron directly replaced Co and reacted with the
ligand of 2-methylimidazole to form a bimetallic ZIF structure.
While, as the Fe doping amount was too high (≥21%mol), the
substitution ability of iron for cobalt was weakened and the excess
iron atom began to precipitate in the form of Fe3O4 crystals. At
the same time, the X-ray diffraction characteristic peaks of
bimetallic FeCo-ZIFs were weakened at a certain extent, which
demonstrated that the crystallinity of ZIFs was reduced. As only
iron was used to react with the ligand of 2-methylimidazole
without cobalt, no obvious ZIF structure was formed. In addition,

the excess iron further transformed from Fe3O4 crystals to Fe2O3

crystals matching to the crystalline peaks at diffraction angles of
33.152° and 35.611°, corresponding to the crystal plane structures
of (104) and (110) (Gao et al., 2018).

In the samples prepared by microwave dissolution method,
the XRD curve of CoFe0-ZIF-W formed by Fe doping amount of
0 was almost the same as that of CoFe0-ZIF prepared by thermo
dissolution method. For the CoFe7-ZIF-W sample with Fe
doping content of 7%mol, there were obvious diffraction
characteristic peaks of Fe3O4 crystal. The result showed that
Fe3O4 crystals had begun to appear at the lower Fe doping
amount under the combined action of microwave. It might be
due to the irradiation of microwave made iron more easily to
crystallize in the form of oxides. Compared with the samples of Fe
doping content of 14%mol prepared by thermal dissolution
method or microwave method, it could be seen that under the
irradiation of microwave, although Fe3O4 crystals were formed,
the structure of CoFe-ZIF was not affected and there was no
visible change in the characteristic peaks or diffraction angles.
Meanwhile, in the samples prepared by thermal dissolution
method, it could be seen that when iron content reached to
14% mol, the characteristic peaks of Fe3O4 were more obvious,
which proved the crystallinity of Fe3O4 increased. However, when
the iron doping content raised above 21% mol, the ZIF structure
did not appear in the catalyst, but mainly component existed in
the form of Fe3O4. It could be attributed to the coordination
bonds in ZIF were broken under the high-energy irradiation of
microwaves, which accelerated the active Fe3+/Fe2+ ions to
produce metal oxide crystals combined with oxygen atoms
(Wang et al., 2018; Chen et al., 2020), as a result, the ZIF
structure suddenly disappeared.

In general, under microwave irradiation, Fe3O4 crystals were
formed based on the excessively doped iron, while the crystal
structure of ZIF formed by non-excess iron and ligand did not
change significantly. Due to the redox characteristics of Fe3+/Fe2+,
the thermal dissolution method could replace cobalt with iron at
the greatest extent to form metal nodes and did not cause the
redox of Fe3+ to form metal oxides, ensuring the stable
crystallization of CoFe-ZIF. Microwave dissolution method
endowed Fe3+with more energy. The energized Fe3+ was easily
transformed into other valence substances or combined with
oxygen to produce oxide crystals. Therefore, a smaller amount of
iron doping could be induced to form Fe3O4 crystals during the
dissolution process of microwave, and at the same time, the stable
crystallization of CoFe-ZIFs could still be guaranteed.

3.1.2 FTIR analysis
The prepared catalysts under different conditions were analyzed
by FTIR spectroscopy, as shown in Figure 3. The interaction of
the functional groups of various organic linkers in the samples
could be obtained by analyzing the characteristic peaks of the
infrared spectrum. Most of the absorption peaks in various
catalysts were caused by the vibration of the ligand of 2-
methylimidazole. The absorption peaks around 1400 cm−1 and
1300 cm−1 was assigned to stretched bands of different groups
vibrations in the imidazole ring of 2-methylimidazole (organic
linkers of ZIF) (Li et al., 2019). In addition, the absorption peak
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near 1577 cm−1 was attributed to the stretching vibration of C=N
in imidazole. The peaks near 1140 cm−1 and 1000 cm−1 were the
stretching vibration peaks of the C-N and Co-N bonds (Hu et al.,
2011). Except for the sample with Fe doping content of 100%mol,
all other catalysts had imidazole bridge groups, which was the
formation proof of ZIF-67 structure. Among the samples
prepared by thermal dissolution method, the FTIR curve
shape and peak position of CoFe7-ZIF and CoFe0-ZIF were
most similar to that of CoFe0-ZIF as shown in Figure 3A.
This indicated the formation of functional groups was
consistent with the monometallic ZIF-67(Co) structure, when
Fe doping amount was 7%mol. The absorption peaks around
1400 cm−1 and 1300 cm−1 changed obviously when the iron
content was 14% and 21%. It was due to the substitution of
cobalt by iron which caused the variations of C-N bond and Co-
N bond.

When the content of iron reached to 100%mol, the FTIR curve
changed significantly, due to the iron ion did not form an effective
ZIF structure with the ligand of 2-methylimidazole, which was
consistent with the test results of XRD.

In the samples of CoFe-ZIF-W prepared by the microwave
dissolution method as shown in Figure 3B, it could be clearly
seen that, in addition to the absorption peaks of the functional
groups listed above, the characteristic peaks of Fe-O were also
generated near 660 cm−1 and 560 cm−1 exhibited in the FTIR
spectrums of CoFe7-ZIF-W, CoFe14-ZIF-W, CoFe21-ZIF-W
and CoFe100-ZIF-W. Meanwhile, the Fe-O absorption peaks
also appeared in CoFe21-ZIF and CoFe100-ZIF prepared by
thermo dissolution method, further confirmed the iron oxides
existence in the samples in accord with the characterization
results of XRD. It was worth noting that 2-methylimidazole
still produces a certain absorption peak in the sample
prepared by the microwave dissolution method with Fe doping
content of 21%, but the existence of ZIF structure was not
detected in the XRD results. This was due to the small crystal
size of its structure or the incomplete crystal grains.

In general, in the preparation of CoFe-ZIFs by thermo
dissolution method, increasing the doping amount of iron
changed the functional groups. When the Fe doping content

was 7%, the effect on the functional group was small and it was
not easy to detect in FTIR spectrum. When the Fe content was
14%mol or 21%mol, the FTIR curve changed significantly with
the formation of iron oxides. In the CoFe-ZIF-W samples
prepared by microwave dissolution methods, high-energy
irradiation led to more energy blended into the bonds,
changing the ZIF structure with more abundant and diverse
functional groups. The mixed types of functional groups
included both the intrinsic functional groups of ZIF and the
new functional groups introduced by iron doping. Therefore,
microwave dissolution methods were beneficial to construct more
diverse functional group structures in ZIF, resulting in higher
catalytic activity.

3.1.3 TG analysis
The TG analysis of synthesized catalysts were carried out under
N2 atmosphere in the range of 25–750°C, and the test results were
shown in Figure 4. Before the heating process, all catalysts were
activated at 150°C with the vacuum of 0.08 MPa. So, the weight
loss exhibited in TG curve was mainly caused by the
decomposition of the structure without physical adsorption
water and chemical crystal water. In the samples prepared by
thermo dissolution method as shown in Figure 4A, the structural
decomposition temperature showed a decreasing trend with the
Fe doping amount increasing. Among ZIF structure samples,
CoFe21-ZIF had the lowest decomposition temperature and the
deconstruction began at 374°C with weight losing about 30.2%.
When the Fe doping amount was 14%, the decomposition
temperature of the ZIF structure reached 478.7°C, which was
about 14°C lower than that of the CoFe0-ZIF without Fe doping.
It could be attributed to the substitution of iron for cobalt, which
made more structural defects appear in ZIF structure. Although
these structural defects improved the catalytic efficiency of
catalyst, they also caused the reduction of the structural
thermal stability. Except for CoFe100-ZIF, the other samples
started to decompose above 350°C. It could be considered that the
ZIF structure of the iron-cobalt bimetal bonds had good thermal
stability. At the same time, we found there was a weight loss peak
at around 280°C in CoFe100-ZIF which was caused by the

FIGURE 3 | FTIR spectra curves of catalysts under different preparation conditions (A) thermo dissolution method (B) microwave dissolution method.
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volatilization of the residual ligand 2-methylimidazole, while the
metal oxides crystals of Fe2O3 remained stable without significant
weight loss.

Among the five materials prepared by microwave dissolution
method as shown in Figure 4B, CoFe21-ZIF-W and CoFe100-
ZIF-W had no obvious weight loss phenomenon, due to the
relatively good thermal stability of main components of Fe3O4

and Fe2O3 crystals formed in the catalysts, which could be
inferred from the XRD results. When the Fe doping amount
was 0%mol, the decomposition temperature of CoFe0-ZIF-W
was 460°C. When the Fe doping amount was 7%mol, the
decomposition temperature of CoFe7-ZIF-W increased by
6.5–466.5°C. When the Fe doping content further rose to 14%
mol, the decomposition temperature of CoFe14-ZIF-W also
further improved, reaching 483.9°C, which was 23.9°C higher
than that of CoFe0-ZIF-W, showing better thermal stability.

In addition, compared with the samples prepared by thermo
dissolution method, the weight loss rate of the samples prepared
by microwave dissolution method was relatively smaller. This
indicated that the irradiation of microwaves not only promoted
the formation of iron-containing oxides, but also improved the
thermal stability of ZIF structure. At the same time, the result of

CoFe21-ZIF-W sample exhibited the addition of excess Fe3+ did
not improve the ZIF stability, and even destroyed the formation
of ZIF structure resulting in iron oxides. In both CoFe100-ZIF
and CoFe100-ZIF-W, the weight loss was significantly smaller
than that of the other samples. It was because no valid ZIF
structure was formed in the samples of CoFe100-ZIF and
CoFe100-ZIF-W, and 2-methylimidazole did not form a ligand
with the metal salt, but was washed away during the
centrifugation. As a result, in the TG curve, there was no
obvious weight loss caused by the massive decomposition of
the ligand of 2-methylimidazole during the heating process.

3.1.4 SEM analysis
The morphology CoFe14-ZIF-W sample based on SEM test was
shown in Figure 5. It could be obviously seen that the iron doping
did not affect the typical morphology of ZIF-67 structure and
only caused a small amount of distortion on each face of the ZIF
dodecahedron. In Figure 5B, it can be seen more clearly that
Fe3O4 crystal particles were attached to the surface of ZIF
structure as a supported type. Based on the SEM image in
Figure 5B, the particle size on the catalyst surface was about
20 nm.

FIGURE 4 | TG analysis of catalysts under different preparation conditions (A) thermo dissolution method (B) microwave dissolution method (C) DTG of thermal
dissolution method (D) DTG of microwave dissolution method.
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FIGURE 5 | SEM result of CoFe14-ZIF-W sample (A) SEM of a CoFe14-ZIF-W grain (B) Magnified SEM of the surface of the CoFe14-ZIF-W grain.

FIGURE 6 | Performance curves of different CoFe-ZIF(-W) samples for catalytic oxidation of α-pinene (A) catalytic efficiency of CoFe-ZIF samples (B) catalytic
efficiency of CoFe-ZIF-W samples (C) energy efficiency of CoFe-ZIF samples (D) energy efficiency of CoFe-ZIF-W samples.
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3.2 Catalytic efficiency of CoFe-ZIFs for
α-pinene
The efficiencies of CoFe-ZIFs synergistically with NTP to catalyze
α-pinene oxidation under different discharge powers were shown
in Figure 6.

Fe doping into ZIF structure could significantly improve the
catalytic efficiency of the catalyst for α-pinene. Moreover, in all
Fe-doped CoFe-ZIF(-W) samples, the catalytic efficiency
increased with the rise of discharge power. This was because
the increase of discharge power promoted the electric field
strength in the plasma discharge region and the discharge
generated more high-energy electrons and active species,
thereby accelerating α-pinene oxidation. In addition, with the
rise of discharge power, the energy efficiency showed a trend of
first increasing and then decreasing. In the uptrend segment, the
increase of the discharge power enhanced the number of high-
energy electrons in the discharge region and greatly improved the
probability of contact between α-pinene molecules and high-
energy electrons, resulting in an enhance of the α-pinene catalytic
efficiency. In the downtrend segment, part of input energy was
used for the plasma discharge reaction, and the other part was
dissipated in the form of heat. The higher the energy, the greater
the proportion of heat loss, resulting in a decrease in energy
efficiency.

In samples prepared by thermal dissolution method as shown in
Figures 6A,C, when the discharge power increased from 10 to 18W,
the CoFe-ZIF with bimetal of iron and cobalt exhibited higher
catalytic efficiency for α-pinene under the synergistic catalysis of

NTP, in the order of CoFe21-ZIF > CoFe14-ZIF > CoFe7-ZIF >
CoFe0-ZIF > CoFe100-ZIF. CoFe21-ZIF displayed the best catalytic
effect of 92.6% at a discharge power of 18W, which caused an
increase of about 14.5% compared to the catalytic efficiency 78.1% of
single-metal CoFe0-ZIF. At the same time, the energy efficiency was
also improved from 6.52 g·kWh−1 of CoFe0-ZIF to 7.89 g·kWh−1 of
CoFe21-ZIF. When the iron doping amount was 100%, the catalytic
efficiency and energy efficiency of CoFe100-ZIFwere greatly reduced.

Among the samples prepared by microwave dissolution
method as shown in Figures 6B,D, the catalytic efficiency of
CoFe-ZIF-W for α-pinene also increased with the discharge
power rising and the energy efficiency also showed a trend of
increasing first and then decreasing, quite similar to those of
CoFe-ZIF samples. When the iron doping amount was 14%, its
catalytic efficiency was the highest at various discharge powers,
achieving 94.3% at 18W, and the energy efficiency obtained
8.11 g·kWh−1. Moreover, the synergistic catalytic effect of
CoFe21-ZIF-W or CoFe100-ZIF-W with NTP for α-pinene
was similar without reaching a high level.

These results indicated that compared with the samples without
ZIF structure, the CoFe-ZIF(-W) samples in the form of typical ZIF
structure was more sensitive to α-pinene molecules and discharge-
generated active species (such as O, ·OH and O3) with stronger
adsorption capacity. The active substances adsorbed on the surface of
ZIF further reacted with α-pinene molecules and intermediate
products, thereby prolonging the actual reaction time of the active
particles in the reactor, changing the degree of aggregation, and
increasing the probability of the reaction between the active substance
and the α-pinene molecule, so as to more effectively catalyze α-

FIGURE 7 | Mechanism diagram of ZIF synergistic NTP catalyzing α-pinene oxidation.
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pinene. During the experiments, the generations of N2O, NO and
NO2 were monitored, but there was no detectable concentration
under any test condition. It could be due to the low discharge power
of NTP, the strong catalytic activity and high catalytic selectivity of
CoFe-ZIF(-W) samples.

3.3 Mechanism Analysis
The synergistic catalysis of α-pinene by CoFe-ZIF(-W) and NTP
is a complex physicochemical process, including gas-phase
reaction and catalyst surface reaction as shown in Figure 7.
The gas phase reaction process mainly includes two ways
(Lukes et al., 2012; Karatum and Deshusses, 2016). One is that
the high-energy electrons generate by the discharge of the device
directly collide and react with α-pinene molecules. When the
electrons energy is higher than the chemical bonds energy, the α-
pinene is broken to form a series of small molecule compounds.
The other is that high-energy electrons collide with background
gases (such as N2, O2, H2O, etc.) to generate active particles (such
as O, O3, N*, ·OH, ·HO2, etc.) with strong oxidizing ability (Guo
et al., 2021a; Guo et al., 2021b). The active particles further react
with α-pinene molecules or intermediates, resulting in deep
oxidation destroying C-H, C=C or C-C bonds, and finally
decompose and oxidize into H2O and CO2 (Liu et al., 2021).

The catalyst surface reaction is the oxidation reaction of adsorbed
α-pinene or other intermediates with active particles on the surface of
CoFe-ZIF(-W). The catalyst surface reaction is very important for the
removal of α-pinene. The ZIFwith outstanding adsorption ability can
catch and enrich α-pinene, prolong the residence time of α-pinene in
the reaction system, and increase the probability of intermolecular
collision, thereby improving the catalytic efficiency. The oxidation
reaction of α-pinene and its intermediates consume the surface active
oxygen of CoFe-ZIF(-W), which require the continuous
replenishment by lattice oxygen. In the active particles, O3

adsorbed on the surface of CoFe-ZIF(-W) suffers a decomposition
reaction to regenerate the lattice oxygen.

At present, the contribution of O3 adsorption and
decomposition on the surface of CoFe-ZIF(-W) to the
synergistic catalysis has been recognized by many scholars
(Tan et al., 2017; Yu et al., 2019; Peng et al., 2021). But the
types of reactive oxygen species and the mechanism of action are
yet to be determined, which requires in-depth research. In
addition, the interaction between bimetallic iron and cobalt in
CoFe-ZIF(-W) provides additional active centers that can
enhance the generation and transfer of reactive oxygen species,
thereby accelerating the deep oxidation of α-pinene and
intermediates, producing CO2 and H2O.

4 CONCLUSION

In general, in the manufacturing process of briquette biofuel, the
released terpenes such as pinene and camphene, as well as non-
terpenoid VOCs such as formic acid, acetaldehyde, and benzene,
have adverse effects on the clean utilization. We successfully
synthesized composite catalysts of CoFe-ZIFs supporting Fe3O4

with high catalytic activity and high energy efficiency for α-
pinene by microwave dissolution method. It was interesting that,
under the co-irradiation of microwave, a small amount of Fe
doping into CoFe-ZIF formed relatively stable Fe3O4 grains, and
did not affect the bimetallic CoFe-ZIF forming. The introduction
of microwave had a significant promoting effect on the formation
of highly active Fe3O4 grains. The catalytic efficiency and energy
efficiency of the composite catalyst CoFe-ZIF(-W) in α-pinene
catalytic oxidation were higher than those of single-metal Co-ZIF
catalyst or metal oxide catalyst (Fe3O4 or Fe2O3). Importantly,
when Fe doping amount reached 21%, it inhibited CoFe-ZIF
formation and reduced the performance of the catalyst. The
microwave dissolution method could also be used to further
synthesize MOFs structures of other elements and ligands,
bimetallic carbides or bimetallic oxides, which is expected to
be further applied in the fields of biofuel energy and
environmental protection.
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