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Abstract

In this work, MOF-74 catalysts with various Co/Ni ratios obtained by hydrothermal method were prepared, and the degra-
dation performance of various catalysts with synergistic non-thermal plasma for toluene was investigated. The addition of
catalysts to NTP shown notable effects in toluene degradation and energy usage efficiency when compared to NTP alone.
Notably, Co,Ni,-MOF outperformed Co-MOF and Ni-MOF in terms of toluene catalytic activity. In comparison to the sin-
gle plasma condition, Co,Ni;-MOF showed the maximum toluene degradation rate of 78% at the NTP discharge power of
11.66 W. SEM, BET, XRD, XPS, and FTIR were used to examine the impact of various Co/Ni ratios on the structure and
redox characteristics of the samples. The interaction of Co and Ni results in many flaws and oxygen vacancies, increasing
the amount of oxygen adsorbed on the surface and the reducibility of the catalyst, which is thought to be the cause of the rise
in catalytic activity. Finally, based on the discovered organic compounds, the process of toluene breakdown in the plasma
co-catalytic system was deduced. This work provides a novel concept for improving catalysts for the non-thermal plasma-
catalyzed decomposition of toluene.
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1 Introduction

The acceleration of industrialization and urbanization in
recent years has resulted in a remarkable increase in annual
Extended author information available on the last page of the article emissions of volatile organic compounds (VOCs). The

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-023-04484-y&domain=pdf

2892

Y. Xu et al.

main sources of air pollutants are VOCs generated by the
chemical industry, textile production, interior products, and
transportation, which pose a significant threat to the eco-
logical environment as well as human health and safety [1,
2]. Traditional VOCs treatment methods include absorption
methods [3], adsorption method [4], membrane separation
method [5], combustion method [6], photocatalytic method
[7], biodegradation method [8] and other methods. Although
these methods are commonly used in industrial production,
these treatment methods have certain drawbacks in terms of
cost and degradation efficiency.

Non-thermal plasma (NTP) is rapidly developing in the
purification of VOCs, especially for low concentration and
complex VOCs with unique advantages [9]. According to
the various discharge forms, NTP can be divided into corona
discharge, dielectric barrier discharge, glow discharge, radio
frequency discharge, microwave discharge, and atomized
corona discharge [10-12]. Dielectric barrier discharge and
corona discharge are being employed extensively in the
study and treatment of VOCs due to their low initial invest-
ment, convenient operation, and low energy consumption.

The NTP degradation of VOCs is a very complex process
where the chemical reaction occurs mainly in the plasma
discharge of high-energy electrons (1-10 eV) and gas mol-
ecules collision, resulting in highly reactive substances, such
as ions, free radicals, excited atoms and molecules, which
collide with the gas molecules, breaking the molecular
bonds between the molecules [13, 14]. Thus, thermodynami-
cally and/or kinetically unfavorable reactions occur under
mild conditions [15]. However, the single NTP approach
has issues including low energy usage, low mineraliza-
tion, and ease of producing harmful by-products to form
secondary pollution, thus the applicability on a broad scale
is constrained [16].So, a novel method of treating VOCs
that combines multiphase catalysis with NTP has been sug-
gested. Both post-plasma catalysis (PPC), where the catalyst
is positioned upstream of the plasma discharge zone, and
in-plasma catalysis (IPC), where the catalyst is positioned in
the plasma discharge region, are possible configurations for
this NTP-catalysis system. Typically, [IPC may achieve great
energy efficiency and higher VOC degradation efficiency
[17]. However, the location of the catalyst in the discharge
zone may have an impact on the amount and kind of dis-
charge as well as the catalyst's quick deactivation, leading
to an unstable discharge. In PPC, the possibility of catalyst
deactivation may be decreased while the influence of the
catalyst on discharge stability can be effectively avoided.
Additionally, replacing old catalysts in real-world applica-
tions is made simpler by the fact that PPC systems are easier
to setup than IPC systems [18, 19].

The effectiveness of NTP catalytic systems with PPC
structure is significantly influenced by the catalyst selec-
tion. Metal-organic frameworks (MOFs) are a type of
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porous crystalline material generated by the coordination
interactions of metal ions or metal clusters with organic
ligands [20]. MOFs, as an organic—inorganic hybrid
material, have benefits such as a rich structure, ultra-high
specific surface area, homogeneous nanoscale cavities,
ultra-high porosity, strong thermal stability, and chemical
characteristics [21]. It has been widely used in gas adsorp-
tion and separation, non-homogeneous catalysis, drug
delivery, luminescence and sensing, etc. [22-29]. Nota-
bly, the customizability of the backbone makes it easy to
modify the metal sites and organic groups in MOFs, giving
them unique catalytic properties [30]. Currently, there are
some MOFs that have been studied in the field of VOCs
elimination. For example, Li et al. developed and syn-
thesized Pt/UiO-66NPs for catalytic oxidation of several
VOC:s and discovered that ethyl acetate (260 °C), n-hexane
(260 °C), and toluene (180 °C) had near to 100% conver-
sion efficiencies and CO, yields. It also demonstrated great
reusability, water resistance, and outstanding stability
for more than 150 h [31]. Similarly, Li et al. synthesized
TiO, @ZIF-8 metal nanoparticles with a stable prismatic
dodecahedral structure. Used for NTP removal of tolu-
ene, research results show that the load is 10% TiO,@
ZIF-8. The maximum toluene conversion efficiency of the
catalyst is 93.57%, the COy selectivity is 79.38%, and the
O; decomposition efficiency is 99.22%. The catalyst still
maintains high catalytic activity after 36 h of stability test-
ing [32]. This is due to the superior adsorption capabili-
ties of MOFs, which may absorb toluene in their porous
structure, lengthen toluene's residence time in the reaction
system, enhance the chance of intermolecular collisions,
and therefore boost degradation efficiency. The collabora-
tion of various metals can improve the collection of VOCs
and modify the energy barriers of reaction intermediates in
addition to the synergistic catalytic impact of metal sites
and organic groups [33, 34]. Rong and colleagues discov-
ered that the synergistic plasma-catalyzed degradation of
toluene by Mn/Ce bimetallic MOFs considerably increased
the catalytic efficiency, energy efficiency, and CO, selec-
tivity of toluene, and that the by-product O; emission con-
centration was dramatically decreased [35].

MOF-74 is a honeycomb material with a pore size of
roughly 12 nm that is made by mixing divalent metal ions
with 2,5-dihydroxyterephthalic acid. The geometry of the
metal nodes can be changed from the original saturated
six-ligand octahedral configuration to an unsaturated five-
ligand tetragonal pyramidal configuration by heating and
desorption of solvent molecules, resulting in an open unsatu-
rated metal site that can be used for catalytic reactions [36].
Among these, Co-MOF-74 exhibits excellent potential for
eliminating VOC:s. Liao et al. used a hydrothermal technique
to create a MOF catalyst Co;0,-M-3 with a 3D homogenous
spherical shape that demonstrated the highest degradation
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efficiency (92%) in photocatalytic oxidation of ethyl acetate
[37].

In this work, hydrothermal Co,Ni,-MOF catalysts with
various Co/Ni ratios were created and used in the toluene
corona discharge plasma co-catalytic degradation system.
The toluene removal rate, energy efficiency, O; concen-
tration, and selectivity of the total gas-phase intermedi-
ate products were used to assess the effectiveness of the
plasma co-MOFs catalysts for toluene degradation. Powder
X-ray diffraction (XRD), low-temperature N, adsorption,
X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and other techniques were used to ana-
lyze the produced materials. By identifying and analyzing
the organic by-products in the degradation tail gas using gas
chromatography (GC), the reaction mechanism of toluene
degradation over CoNi-MOF catalyst under plasma dis-
charge strips was presented.

2 Experimental
2.1 Experimental Setup

The experimental system for NTP co-catalytic toluene deg-
radation consists primarily of the following components: gas
delivery system, corona discharge plasma reaction system,
catalyst performance assessment system, and exhaust gas
monitoring system, among others. The schematic diagram
of the device is shown in Fig. 1. (1) Gas distribution sys-
tem: The syringe pump injects liquid toluene into the three-
port flask (which is placed in an 85 °C constant temperature
water bath), and the dry air flowing through the gas bottle
enters the three-port flask and mixes with the volatile tolu-
ene vapor to form the toluene-containing airflow. Syringe
pump advance rate and gas flow are used in combination to
regulate toluene concentration. (2) Corona discharge plasma
reaction system: for plasma discharge, a handmade high-
voltage DC power supply with a discharge voltage range
of 0-50 kV and a current range of 0-5 mA is employed.
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Fig. 1 Flow chart of the experimental setup

The plasma reactor is a homemade concentric circular tube
structure, with the outer electrode being a stainless steel
circular tube with a diameter of 39 mm and a length of
120 mm, the inner electrode being a stainless steel circu-
lar rod with a diameter of 2 mm and a length of 120 mm,
and the outer electrode being a transparent quartz tube with
inlets and outlets on both ends. A transparent quartz tube
with inlet and outflow ports is used as the exterior electrode
surface. The catalytic reactor is located at the back end of the
plasma reactor in the post-plasma catalytic reaction system.
(3) Catalyst performance evaluation system: 1 g of powder
catalyst was diluted (1:3) with quartz sand and placed in a
quartz tube with an inner diameter of 7 mm. The quartz tube
was inserted in a tube furnace after the catalytic region was
repaired with quartz wool. For the assessment of the plasma
toluene pretreatment-post-catalysis experiment in this work,
the tube furnace temperature was set at 200 °C, and the tolu-
ene conversion was only determined after 30 min of steady
state. (4) Exhaust gas detection system: A hydrogen flame
ionization detector (FID)-equipped gas chromatography (GC
1120) system is used to determine the toluene content in the
outflow gas.

2.2 Catalyst Preparation

The hydrothermal approach was used to produce the MOFs
catalysts as follows [38]: first, 2,5-dihydroxyterephthalic
acid was dissolved in a 75 mL combination of DMF, etha-
nol, and H,O in a 1:1:1 ratio. Then add Co(NO;),-6H,0
and Ni(NO;),-6H,0 in the ratio of 1:0, 1:1, 2:3, 3:2, 0:1 to
the mixed solution, and sonicate for 30 min until the solid
material is completely dissolved, Then the mixed solution
was transferred to a 100 ml reactor and reacted at 110 °C
for 24 h. After the reactor cooled down to room tempera-
ture, the solution was separated by centrifugation to obtain
solid material and washed with ethanol and deionized water
for three times, and finally the solid product was dried in a
vacuum oven at 90 °C for 12 h. The dried powder catalyst
was prepared into 40—60 mesh particles and sealed for use.

2.3 Characterization of the Catalyst

The XRD patterns of the samples were recorded on a
Rigaku Ultima IV diffractometer using Cu Ko X-ray radia-
tion with a 0.02° step size over the 2-theta range: 10°-90°.
The morphology and structure of the catalyst surface were
analyzed using a TESCAN MIRA LMS scanning electron
microscope. Micromeritics ASAP2460 specific surface and
porosity analyzer was used to examine the catalysts' specific
surface area and pore structure. Before testing, the samples
were degassed for 3 h and then tested at 77 K with N, as
the adsorbent gas. Following the completion of the test-
ing, the specific surface area of the samples was estimated
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using Brunauer-Emmiett-Teller (BET). XPS with a mono-
chromatic Al Ka source was employed to study the surface
properties and valence state distribution (Thermo Scientific
K-Alpha), and the C 1 s level at 284.8 eV was regarded as an
internal standard to revise the shift of the binding energy due
to relative surface charging. The phase species and surface
groups of the catalysts were investigated using a Bruker Ten-
sor 27 FTIR analyzer. The infrared spectra were scanned in
the 500-4000 cm™' wavenumber range.

2.4 Analysis Method

Toluene degradation is assessed simultaneously by toluene
removal rate and energy efficiency, which are computed as
follows.

SIE = 60UI
0o
C,Hg|. — |C;H,
T]CH b = [ 7 S]m [ 7 8]out><100
78 [C7H8]in
n ngh_l _ 3.6 XMC7H8 X ([C7H8]in - [C7H8]out)
EY -

22.4 X SIE

where U is the applied voltage, I is the corresponding cur-
rent, Q is the reaction gas flow rate (L min~"), [C;Hglin
and [C;HgJout are the initial toluene concentration and the

Fig.2 SEM images of
Co,Ni;-MOF catalysts at differ-
ent magnifications. a 10 pm, b
1 pm, ¢ 500 pm, d 500 pm, and
e 10 pm

@ Springer

toluene concentration at the reactor outlet (mg m~>), respec-
tively, and M is the relative molecular mass of toluene (g
mol ™).

3 Results and Discussion
3.1 Catalyst Characterization

In order to gain insight into the morphology and microstruc-
ture of the obtained MOFs, scanning electron microscopy
of the Co,Ni;-MOF catalysts was performed as shown in
Fig. 2. And in Fig. 2a, b, it can be seen that MOF nano-
particles have a clustered structure and a one-dimensional
micrometer rod-like structure. Under high magnification,
Fig. 2c shows the existence of a microporous structure on the
surface and metal particles stuck close to the microporous;
Fig. 2d shows evenly dispersed nanoflakes on the surface
of the synthesized MOFs. The synthesized material has the
same structure as reported in the literature [39].

Nitrogen adsorption was used to examine the porosity and
specific surface area of the Co,Ni,-MOF-74 catalyst. The
N, adsorption—desorption isotherms of the MOF catalysts
are depicted in Fig. 3a. The isotherm of this form of MOF is
type IV, according to the I[UPAC isotherm shape classifica-
tion, indicating the presence of structural pores, interparticle
mesopores, and macropores [40]. Table 1 displays the BET
specific surface area (Sggr), pore size (D,), and total pore
volume (V, of the produced materials. The Co,Ni;-MOF
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Fig.3 N, adsorption—desorption isotherms of synthesized catalysts

Table 1 Pore structure characteristics of the materials

Catalyst Sper/(m* g™ Vi uf(cm® g7!)  Pore diameter
Dv(d)/(cm® g™

Co-MOF 844.14 0.43 38.69

Ni-MOF 306.40 0.19 44.8

Co;Ni-MOF  829.51 0.44 41.1

CoNi-MOF  823.65 0.42 40.29

Co,Ni;-MOF  915.12 0.47 41.29

material was found to possess the largest specific surface
area of 915.12 m* g~!, which is consistent with the conclu-
sion that the MOF material has a high specific surface area,
proving the successful synthesis of the MOF material. MOF
material has a high specific surface area and demonstrates
the effective synthesis of the MOF material. The low specific
surface area, pore size and total pore capacity of Ni-MOF-74
catalysts may be due to the inadequate reaction during the
synthesis of the material. The higher specific surface area
facilitates the formation of more surface oxygen vacancies.
It can be speculated that the Co,Ni;-MOF catalyst may have
more surface oxygen vacancies. In addition, the pore size
and total pore capacity of Co,Ni;-MOF are also the largest,
which will facilitate the adsorption of gases on its surface,
and the increase of pore size can provide more reaction sites
to improve the catalytic activity.

To further establish the structure of the catalysts, FTIR
spectra of all synthesized materials were obtained in this
experiment, as shown in Fig. 4, with all samples exhibit-
ing comparable characteristic peaks, showing the presence
of the same functional groups. The stretching vibration of
-OH corresponds to the broad and strong absorption peak
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Fig.4 FTIR spectra of different catalysts
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Fig.5 XRD spectrum of catalysts

at 3404 cm™!, confirming the presence of intramolecular
hydrogen bonds in CoNi-MOF. C=0 in the ligand and C=C
stretching vibrations in the benzene ring skeleton are respon-
sible for the absorption peaks at 1556 and 1408 cm™' [41].
The typical vibrational peaks of C—O and C—H appear at
1240 and 1192 cm™!, respectively. In addition, the absorp-
tion peaks at 886 and 817 cm™! are bending vibrations
beyond the C=C-H bond on the benzene ring. The peak at
588 cm™! belongs to the stretching vibrations of metal ions
and oxygen (M-O) [42].

The samples were subjected to XRD analysis to estab-
lish their phase purity and crystal structure.As depicted in
Fig. 5, all of the samples had distinct and crisp diffraction
peaks.The generated Co-MOF, Ni-MOF, and Co,Ni,-MOF
(x/y=1:1, 2:3, and 3:2) have similar crystal structures,
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according to the XRD patterns. Characteristic peaks belong-
ing to MOF were observed at 11.8°, 16.6°, 18.1° and 27.5°,
indicating the successful synthesis of highly crystalline
samples. It's also consistent with previous reports [43]. It is
interesting to observe that the doping of Ni did not alter the
crystalline structure of MOF, which may be related to the
identical electrical valence and coordination environments
between Co>* and Ni%* [44].

XPS was used to analyze the Co,Ni;-MOF catalysts
before and after the catalytic reaction in order to determine
the surface chemical valence and composition of the cata-
lysts. It should be mentioned that C 1s with a binding energy
of 284.8 eV were used to calibrate all binding energies. The
prepared Co,Ni;-MOF includes elements including Co, Ni,
C, and O, as illustrated in Fig. 6a. After the reaction, the
elements Co and Ni are enhanced whereas the elements C
and N are much less abundant than the pre-reaction mate-
rial. Compared with pristine CoNi-MOF, it is shown that the
catalytic process leads to partial detachment and corrosion
of the distributor.

Furthermore, as shown in Fig. 6b, the high-resolution
spectra of Ni 2p,,, and Ni 2p,,, split into two spin—orbit
bimodal patterns, which are attributed to Ni** (873.2 and
855.6 eV) and Ni** (874.8 and 857.1 eV) [45]. The other
two peaks at 879.5 and 861.1 eV are satellite peaks, respec-
tively. The Co 2p spectra of Co 2p;,, and Co 2p,,, (Fig. 6¢)
are divided into two spin—orbit bimodal features attributed to
Co”* (798.0 and 782.6 eV) and Co>* (796.4 and 780.7 eV)
[46], and satellite peaks at 802.1 and 786.0 eV. The presence
of Co®* and Ni** may be owing to the slight oxidation of
these divalent metal ions during preparation at room tem-
perature and relative humidity [39]. Peaks at 284.8, 286.0,
288.5, and 289.4 eV in Fig. 6d for C 1s correspond to C-C,
C-OH, C=0, and C(O)O organic ligands, respectively. After
the reaction, there were no changes in the intensity or loca-
tion of the C 1s characteristic peaks. It has been shown that
the Co,Ni;-MOF material has outstanding stability. The O
1s spectra before and after the reaction are shown in Fig. 6e,
where the O 1sXPS spectrum of the sample can be con-
volved to integrate three peaks centered at 531.3, 532.0, and
533.1 eV, which are associated to the catalyst surface lattice
oxygen (O,,,), surface adsorbed oxygen (O,,), and hydroxyl
oxygen or carbonate oxygen (0,4, —OH, or CO,*") [47].

The relative concentrations of Co**/(Co** + Co**) on the
surface of the Co,Ni;-MOF material were approximately
58.15 and 33.32% before and after the reaction, respectively,
and the relative concentrations of Ni>*/(Ni** + Ni**) on the
surface were 59.50 and 35.39%, respectively, according to
the quantitative analysis results shown in Table 2. Indicat-
ing that Co®* and Ni** play a prominent role in the catalytic
reaction is the decrease in the content of Co>* and Ni** ions
in the high valence state [48]. It has been reported that when
the amount of high valence metal ions drops, so does the
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chemical potential of the catalyst and the reactivity of oxy-
gen next to the metal ions [49]. And more reactive oxygen
species are introduced at higher valence states, which are
connected to catalytic activity [50]. As a result, it can be
demonstrated that the catalyst's catalytic activity decreases
following the reaction. It is clear from the results of the
semi-quantitative analysis of the oxygen species that O,/
O, increased before the reaction compared to after the reac-
tion, and the content of O,y after the reaction was higher
than before the reaction as a result, confirming the change in
oxygen mobility during the reaction. This is thought to favor
a two-stage redox process (Mars-van-Krevelen mechanism)
for oxidizing VOCs [51].

3.2 Catalytic Activity

At a toluene concentration of 822.68 mg m~, a gas flow
rate of 200 ml min~!, and a tube furnace heating tempera-
ture of 200 °C, the catalytic degradation performance of five
MOFs catalysts for toluene degradation was investigated in
this experiment. The performance of the plasma synergistic
MOFs catalysts for toluene degradation was evaluated in
terms of toluene removal, energy efficiency, O; concentra-
tion and total gas-phase intermediate product selectivity.
The impact of plasma discharge power on toluene con-
version using various MOFs catalysts is depicted in Fig. 7a.
Under all test settings, the toluene removal efficiency
increased steadily as the plasma discharge power increased
from roughly 1.61 to 11.664 W. This can be explained by
the increased input power producing more energetic reac-
tive species, which causes more collisions between the
reactive particles and toluene, accelerating the breakdown
of VOCs [52]. Notably, in the plasma co-catalyzed deg-
radation of toluene system, Co,Ni,-MOF shown superior
catalytic activity for toluene than Co-MOF and Ni-MOF.
Additionally, the oxidation of toluene by Co,N,-MOF cata-
lysts with various Co/Ni molar ratios revealed noticeable
variations. Among them, Co,Ni;-MOF demonstrated the
greatest catalytic performance and the maximum energy
efficiency for toluene oxidation. The greatest toluene deg-
radation rate was 78% at a plasma discharge power of 11.66
W, although the degradation efficiency was only 37.2%
for a single plasma condition, which was 52.3% higher
than without the catalyst. The toluene degradation effi-
ciency of the plasma-catalyzed system containing MOFs
was graded as follows under the same operating condi-
tions: Co,Ni;-MOF > CoNi;-MOF > Co;Ni,-MOF > Ni-
MOF > Co-MOF > NTP. The synergistic impact between
the bimetallic particles is demonstrated by the fact that all
of the degrading properties of the bimetallic MOFs materials
are higher than those of the single-component Co/Ni-MOFs.
The variation of energy efficiency with plasma discharge
power for different MOFs catalysts is given in Fig. 7b. The
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Table 2 XPS results of synthesized catalysts

Catalysts Co>*/ Ni**/ Olat/Osur ~ Oads/Ototal
(Co** +Co*)  (Ni**+Ni**) (ratio) (%)
(%) (%)
Before  58.15 59.50 1.10 12.98
After 33.32 35.39 1.51 15.13

energy efficiency of the plasma co-catalytic system is better
than that of the solitary plasma, as can be shown. This is
because the active material created by the plasma discharge
may reach and act on the catalyst surface, enhancing energy
consumption. Comparing the energy efficiencies at the high-
est toluene degradation rate, the energy efficiency of NTP
increased from 91.7 to 117.7 g KWh™!, while the energy
efficiency decreased from 1100.7 to 246.8 g KWh~! in the
presence of Co,Ni;-MOF catalyst. The energy efficiency
decreases as input power rises because, despite a significant
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increase in the amount of active material produced, only a
small portion of the active material is actually used in the
degradation of toluene; instead, the majority of the active
material is lost as heat. Even while raising the input power
enhances the degrading efficiency even more, the energy
consumption also rises, decreasing the reaction's economics.

Figure 7c depicts the fluctuation in O5 concentration
recorded at the tail gas output for toluene breakdown using
various catalysts. The highest O; concentration (741 ppm)
can be detected at the exhaust gas outlet in the case of tolu-
ene degradation by plasma alone, but the O; concentration
is clearly reduced in the system of toluene degradation by
plasma in combination with the MOF-74 catalyst.

The GC spectrum of the toluene degradation products
from the plasma synergistic MOF-74 catalyst is shown in
Fig. 8. The principal chemicals found in the exhaust gas
that was discovered were acetic acid, acetone, ethyl acetate,
benzene, toluene, and benzoic acid. Due to their low con-
tent, several of the goods were not discovered. Co,Ni;-MOF
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Fig.7 The effect of various catalysts on a toluene degradation efficiency, b energy efficiency and ¢ O; concentration
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Fig.8 GC spectra of gas-phase
by-products in plasma catalysis
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dramatically decreased the amount of gaseous byproducts
when compared to the plasma alone. This shows that organic
byproducts are extensively mineralized and that the use of a
catalyst can convert additional intermediate byproducts into
small molecule inorganics.

3.3 Reaction Mechanism

There are two reasons why the MOF-74 catalyst improves
toluene removal efficiency in a co-catalytic system. Tolu-
ene is cleaved to tiny molecules first by plasma discharge
and subsequently degraded by thermal catalytic oxidation of
toluene using MOF-74 catalyst. The second is the catalytic
oxidation of long reactive radicals and Oj; arrivals produced
by plasma discharge with MOF-74 catalyst, which results
in the degradation of toluene. However, in our experiments,
we discovered that when toluene was degraded by a single
plasma, high concentrations of O; were detected at the out-
let, whereas low concentrations of O; were detected at the
exhaust gas outlet in a system where toluene was degraded
by a plasma in combination with the MOF-74 catalyst. Fur-
thermore, at a catalytic reaction temperature of 200 °C, the
MOF-74 catalyst performed poorly or not at all on toluene.
We can speculate that the catalyst's catalytic ozone oxidation
action is the only thing that could be the reason.

The degradation of the active sites on the surface of
MOFs produces additional oxidizing reactive oxygen atoms,
which consumes O;. Further downstream of the discharge
zone, reactive oxygen atoms are implicated in the oxidative
breakdown of toluene on the surface of MOFs. Simultane-
ously, the consumption of reactive oxygen atoms accelerates
the breakdown of O; molecules, resulting in a drop in O;

concentration at the outflow. The following is the pertinent
reaction equation

05+ *— 0, + O* €))
0;+0" - 0, +0,* )
0," = O+ * 3)

Based on the above discussion, the degradation mecha-
nism in the plasma-coordinated MOFs catalyst degradation
of toluene system can be formally proposed as shown in
Fig. 8. On the one hand, the oxidation of toluene on MOFs
catalysts is carried out by the Mars-van Krevelen mecha-
nism. In the catalyst-filled region, toluene is adsorbed on the
catalyst surface, and the O generated by the plasma reaction
decomposes at the oxygen vacancies on the catalyst surface,
generating strongly oxidized reactive oxygen species [53].
Reactive oxygen species may be involved in the ring-open-
ing process of benzene rings since toluene and its byprod-
ucts undergo extensive oxidation to oxygen-containing
intermediates such acetic acid, acetaldehyde, and ethanol.
On the catalyst material, the resultant oxygen-containing
intermediates may be further mineralized to CO, and H,O.
The oxygen gap is subsequently filled by collecting oxygen
molecules in the atmosphere or by capturing oxygen through
the breakdown of ozone. As a result, the capacity of O; to
convert to atomic oxygen may be a crucial factor influencing
toluene degradation. On the other hand, toluene oxidation
follows the Langmuir—Hinshelwood reaction mechanism. In
the Co,Ni;-MOF catalyst, the redox cycle of the Co and Ni
cations (Co**/Co* and Ni**/Ni**) replenishes the oxygen
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vacancies [54]. Lattice oxygen is consumed via the redox
cycle between Co**/Co* and Ni**/Ni** to form oxygen
vacancies, which then activate gas-phase oxygen to create
reactive oxygen species that take part in the oxidation of
VOCs [55, 56]. The catalyst for the oxidation of toluene was
considerably enhanced in terms of CO, selectivity. Apply-
ing a heat source to the catalyst can further improve the
situation. As a whole, the processes that led to the catalytic
oxidation of toluene over Co,Ni,-MOF catalysts were mostly
of the Mars-van Krevelen and Langmuir-Hinshelwood type
(Figs. 9, 10).

The organic by-products from the incomplete toluene
degradation would build up on the catalyst surface and cover
the active sites, resulting in a decrease in catalytic activity
and affecting the degradation effect in the plasma-catalyzed
degradation of toluene by MOFs. The toluene removal rate
during the 10 h toluene degradation experiments remained
stable at around 78%, It demonstrates that MOF can sustain
high catalytic activity and does not deactivate when degrad-
ing toluene over an extended period of time, and that the
catalyst is highly reusable.

Fig.9 Degradation mechanism
of toluene on the surface of
MOF catalyst
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Fig. 10 Catalytic stability test of Co,Ni;-MOF catalyst

4 Conclusion

A variety of MOF catalysts with varying Co/Ni ratios were
produced hydrothermally and employed in a plasma co-cat-
alytic toluene degradation system in this work. Co,Ni;-MOF
outperformed the others in terms of catalytic performance
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and energy efficiency for toluene oxidation. The inflow con-
centration of toluene was 822.68 mg m~ when the ion dis-
charge power was 11.66 W, and the greatest degradation rate
of toluene was 78%, which was 52.3% higher than the single
plasma condition. During the 10-h catalyst stability test, the
catalytic activity remained steady and efficient. Based on the
GC measurement of the reaction tail gas, a putative toluene
degradation process over MOFs catalyst was postulated.
Toluene ring opening is primarily caused by the synergistic
impact of reactive oxygen species and variable metal on the
catalyst. This research offers a fresh method for using MOF
materials in plasma catalysis to simultaneously and effec-
tively reduce VOC and O; pollution.
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