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In this study, a series of Mn/ZSM-5 catalysts with different Mn contents (2, 4, and 6 wt%) were prepared as
adsorbents and catalysts. The adsorption of toluene and the regeneration performance of ozone catalytic
oxidation at room temperature were investigated. The results showed that the toluene conversion reaches 90 %
at 30 °C through 4 wt% Mn/ZSM-5 catalytic oxidation. The cycling and ozone utilization rate experiments re-
flected that after four consecutive adsorption-ozonation cycles, 4 wt% Mn/ZSM-5 still maintained good toluene

adsorption capacity. In the regeneration process, the molar ratio of ozone consumption to toluene degradation
was about 7.7:1, which was approximate to the theoretical molar ratio (6:1). The product distribution on the
surface of ZSM-5 and 4 wt%Mn/ZSM-5 during toluene degradation was determined by GC-MS analysis, and
possible mechanism for catalytic oxidation of toluene on the surface of ZSM-5 and 4 wt%Mn/ZSM-5 were

proposed.

1. Introduction

Volatile organic compounds (VOCs) are one of the main sources of
air pollution and the precursors to the production of ozone (O3) and fine
particles (PMas) [1-4]. The former will cause the production of
photochemical smog while the latter will lead to the production of haze
[5-8]. VOCs also seriously endanger people’s health and affect their
daily life [9-12]. Therefore, scientists are paying more and more
attention to the abatement of VOCs. Catalytic oxidation has been widely
studied and applied because of its maturity and universal applicability to
VOCs. However, catalytic oxidation technology has some problems,
such as high reaction temperature and high energy consumption
[13-15]. Compared with catalytic oxidation technology, ozone catalytic
technology can effectively remove VOCs at room temperature and thus
has a better market application prospect [16-20].

At present, the two main process applications of ozone catalytic
oxidation technology are (1) the simultaneous ozonization and degra-
dation of VOCs in a reaction tube equipped with catalyst and (2) the
consecutive adsorption and then ozonization of VOCs [21-23].
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Compared with the former process application, in the consecutive
adsorption-ozonization process, ozone does not directly come into
contact with VOCs and will not dilute the ozone concentration. The
catalyst adsorbs a large amount of organic waste gas, an action that is
regarded as a concentration process. In this way, it can realize the
interaction between high concentration ozone and high concentration
VOCs, improve the reaction rate, realize the stoichiometric reaction
between VOC organic molecules and ozone, reduce ozone consumption,
and save operation energy consumption [24-27].

Materials with both adsorption and catalytic functions are the key to
realizing consecutive adsorption-ozonization function. Studies have
shown that Mn-based catalysts have excellent ozone activation ability
and catalytic activity [28-32]. In addition, ZSM-5 molecular sieve has a
stable structure and large specific surface area, which can provide high
specific surface area for the dispersion of metal oxides and the strong
adsorption of VOCs and ozone during the reaction [33,34]. At the same
time, ZSM-5 molecular sieve has rich Lewis acid sites on its surface,
which can promote the activation of ozone adsorbed on its surface to
produce reactive oxygen species with even stronger oxidation ability
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[35-38]. Therefore, using ZSM-5 molecular sieve as carrier to disperse
Mn oxide can further improve the activity of the catalyst [39,40].

In this study, Mn/ZSM-5 catalysts with different Mn contents were
prepared by using ZSM-5 molecular sieve as carrier and Mn oxide as
active component, and their performance differences were discussed.
The crystal structure, pore structure, and specific surface area of the
catalyst were characterized by XRD, SEM and BET. The recovery of
adsorption capacity after multiple adsorption-ozonization cycles was
investigated. In addition, the product distribution in the process of
toluene degradation was determined by GC-MS analysis, and the
possible mechanism of catalytic oxidation of toluene was studied.

2. Materials and methods
2.1. Preparation of catalysts

In this experiment, 4 wt% Mn/ZSM-5 catalyst was taken as an
example. ZSM-5 molecular sieves (5 g, Si-to-Al molar ratio: 300) were
impregnated in 7.3 mL of manganese nitrate (50 %) solution (the
nominal load mass fraction of the Mn element was 4 %, and calculated
by the mass of the catalyst carrier, the concentration of the impregnation
liquid was 1 mol/L), followed by ultrasound treatment at room tem-
perature for 30 min and impregnation at room temperature for 12 h. The
sieves were then dried off at 110 °C and roasted at 550 °C for 4 h, and
thus the catalyst was formed. According to the different amounts of
manganese nitrate, the other two catalysts with Mn mass fraction of 2 wt
% and 6 wt% were prepared. The preparation method was the same as
above.

2.2. Determination of ozone concentration

The ozone concentration was determined by iodometry. For this, 20
mL of KI solution (20%) was weighed and poured into a 250 mL ab-
sorption flask. Next, 150 mL of distilled water was added, the sample
was taken from the ozonated gas-water vapor mixed outlet after the
ozone generator was preheated and stabilized and then pumped into the
absorption flask to absorb ozone for 5 min. Timing was started, and the
gas throughput was 250 mL. After sampling was stopped, 2.4 mL of
sulfuric acid solution (volume ratio of sulfuric acid to water was 1:5) was
immediately added to lower the pH value to below 2.0 and then shaken,
followed by standing for 5 min. Next, 0.1 mol/L standard sodium thio-
sulfate solution was used for titration, several drops of starch solution
were added when the solution turned pale yellow, and the titration was
continued carefully and rapidly until the color disappeared. The use
level of standard sodium thiosulfate solution was recorded as 3.12 mL.
According to the consumption of sodium thiosulfate solution, the ozone
concentration was calculated as 30 g/m?>.

2.3. Catalytic activity measurement

The activity was evaluated in two stages, where the first stage,
adsorption stage, proceeded in the reactor of a fixed fluidized bed. The
stably structured toluene was taken as the treatment object, brought out
through the air bubbling method, and then mixed with the air to
simulate the waste gas under practical environmental conditions. In the
second stage, catalytic ozonation regeneration, the toluene adsorbed by
catalysts was decomposed. On this basis, the activity was evaluated by
testing the adsorption capacity of catalysts after each cycle of ozonation
regeneration. Highly pure oxygen was used as the gas source in the
ozone generator. The ozone concentration was determined through
iodometry.

The main experimental conditions and steps were as follows. The air
was let out of the steel air cylinder from two ways, where one way of the
air was pumped into a bubbling bottle containing toluene via a mass
flowmeter for bubbling at 0 °C, thus generating toluene vapor that was
mixed with the air from the other way and diluted to obtain the required

Applied Catalysis A, General 657 (2023) 119146

toluene inlet concentration (Cp). After dilution, the toluene concentra-
tion was 9000 mg/m® and the total gas flow was 167 mL/min. Subse-
quently, the waste gas was continuously pumped into a U-shaped
reaction tube containing 1 g of the catalyst. This process was stopped (i.
e., the adsorption step was completed) when the outlet concentration of
toluene was equivalent to the inlet concentration (C; = Cyp), that is, after
the catalyst reached saturated adsorption. Since the adsorption was
greatly influenced by the temperature, the adsorption temperature was
controlled at 30 °C through a thermostat water batch in an effort to
avoid experimental errors. Afterwards, the humidified ozonated gas was
pumped into the U-shaped reaction tube for the oxidation reaction for 3
h and then the ozonation regeneration ended. The flow rate of humid-
ified ozonated gas was 50 mL/min, concentration was 30 g/m°>, and RH
was 100 %. The inlet and outlet concentrations of toluene in the
adsorption process and the outlet concentration of toluene in the
regeneration process were determined via Agilent 6890 gas chromato-
graph equipped with an FID detector. The inlet and outlet concentra-
tions of ozone were regulated by changing the discharging current of the
ozone generator and measured through iodometry.

The toluene adsorption capacity of the catalyst per unit mass is
calculated through the following Eq. (1):

Fx Cyx 107 /" G
= [t — —dt 1
d W o Co W

where q is the saturated adsorption capacity, mg/g; t; is the time when
adsorption equilibrium is reached, min; F is the total gas flow, 167 mL/
min; W is the mass of the catalyst, g; Cy is the inlet mass concentration (i.
e., the initial mass concentration) of the adsorbed gas, mg/mS; and Cj is
the outlet mass concentration of the adsorbed gas, mg/m°.

The ozone consumption needed by per unit mass of the catalyst to

adsorb toluene is calculated through the following Eq. (2):

F><C0><10"‘/‘“< Ci>
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where gp3 stands for the ozone consumption, g/g; F is the total gas flow
of ozone, 50 mL/min; W is the mass of the catalyst, g; t4 and tg represent
the starting time and ending time of the regeneration experiment,
respectively, min; and Cy denotes the inlet concentration of ozone,
namely, the initial concentration, g/m®.

In the ozonation process, the toluene desorption of per unit mass of
catalyst is calculated through the following Eq. (3):

_Fx10°°

C;dt 3
W 3

ta

where g is the toluene desorption, mg/g; F is the total gas flow of ozone,
50 mL/min; W is the mass of the catalyst, g; t4 and tz represent the
starting time and ending time of the regeneration experiment, respec-
ti\gely, min; and C; denotes the outlet mass concentration of toluene, mg/
m°.

2.4. Characterization of catalysts

The XRD characterization was implemented on an X'Pert PRO X-ray
diffractometer of the Dutch PANalytical Corporation. In this process, Ni
filtering was performed; the Ka ray (A = 0.1541 nm) generated by the
Cu target was employed to stimulate the sample to generate diffraction;
the tube voltage and current were 40 kV and 40 mA, respectively; the
scanning range was 10-80° and the scanning speed was 0.02°s .
Surface morphologies of the sample were characterized using a scanning
electron microscope (S-4700, Japanese Hitachi Company) with the
emission voltage of 29.0 kV, and metal spraying was implemented for
the sample before the test. The textural properties of the catalysts,
including specific surface area, pore volume, pore diameter, and total
porosity, were analyzed on the 3Flex Surface Property Analyzer
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produced by Micromeritics Company and measured using — 196 °C ni-
trogen adsorption/desorption isotherms. Before the experiment, degas-
ification treatment was conducted in a vacuum at 150 °C for 8 h, and the
specific surface area of each sample was calculated through the BET
model.

3. Results and discussion
3.1. Toluene removal by the adsorption-ozonization process

The time-dependent changes of toluene concentration in one
adsorption-ozonation regeneration cycle of the four catalysts are shown
in Fig. 1, where all four fresh catalysts are demonstrated to have reached
saturated adsorption (C; = Cp) after 162 min. The saturated adsorption
capacity is displayed in Fig. 2. Fig. 2 shows that with the increase of Mn
loading, the toluene adsorption capacity of fresh catalysts was gradually
reduced, which could be explained by the reduction of their specific
surface area and pore volume. In this case, the pumping of organic waste
gas was stopped, and the catalytic ozonation regeneration of the
adsorbed toluene was implemented. When the catalytic ozonization
regeneration steps started, a very high peak of toluene concentration
(Fig. 1) was detected through the chromatographic detection, indicating
that one part of the toluene adsorbed by catalysts was desorbed. When
the catalytic ozonation regeneration steps were completed, the organic
waste gas flow was fed into the catalyst bed once again under the same
conditions as the first adsorption step. It could be observed from Fig. 1
that the adsorption capacity of Mn/ZSM-5 after the adsorption-
ozonation regeneration cycles obviously recovered better than that of
ZSM-5 and the toluene desorption capacity accounted for a very small
proportion. The specific values could be clearly seen from Fig. 2.
Through the toluene adsorption capacity of the four catalysts as well as
the proportions of toluene desorption capacity and degradation before
and after the reaction, the following conclusions could be drawn: cata-
lytic activity was enhanced after ZSM-5 carried Mn active components,
and 4 wt% Mn/ZSM-5 presented the highest recovery degree of toluene
adsorption capacity and the best toluene degradation performance.

The ozone escape rate in the regeneration process could be calcu-
lated according to the time-dependent changes of outlet ozone concen-
tration versus the inlet one (C; /Cp). As shown in Fig. 3, the ozone escape
rates of the four catalysts were sorted as ZSM-5 (17.3 %)> 2 wt%Mn/
ZSM-5 (7.13 %)> 6 wt%Mn/ZSM-5 (5.40 %)> 4 wt%Mn/ZSM-5 (5.01
%). When the ZSM-5 zeolites were loaded with the active components of
Mn oxides, the activation performance of ozone was considerably
improved because the Mn oxides were the catalyst reaching the highest
ozone activation efficiency among gaseous media. Besides, there were
rich Lewis acid sites on the surface of the ZSM-5 molecular sieves, which
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Fig. 1. Variation of the ratio of the concentration of toluene at the outlet and
inlet (Ci/Cp) of the reactor with time.
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Fig. 2. The degradation capacity of toluene and the adsorption capacity before
and after the reaction of the four catalysts.

60
—e—ZSM-5
509 ——2we% M/zsM-s
—4— 6 Wt% Mn/ZSM-5
40 —e— 4 wt% Mn/ZSM-5
X
=30+
S
Ny
20
10 1
0 = &

0 20 40 60 80 100 120 140 160 180
Time/min

Fig. 3. Variation of the ratio of the concentration of O3 at the outlet and inlet
(Ci/Cp) of the reactor with time.

facilitated the activation of the ozone adsorbed on the surface to
generate reactive oxygen species with stronger oxidation capacity.

The ozone consumption to toluene degradation ratios of the four
catalysts are reflected in Fig. 4. This ratio could serve as a measure of
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Fig. 4. Ratio of ozone consumption to toluene degradation of the four catalysts.
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ozone utilization rate. Next, the theoretical amount of ozone needed by
the catalyst reduction is calculated based on the toluene—ozone reaction
Eq. (4):

C7Hg + 6 O3 —» 7CO;, + 4 H,O 4)

On the precondition of permineralization, the theoretical molar ratio
of ozone to toluene was 6:1, which translates to a mass ratio of
approximately 3.13:1. Fig. 4 shows that the ratios of ozone consumption
versus toluene degradation on Mn/ZSM-5 catalysts with different Mn
contents (2, 4, and 6 wt%) were mostly close to 3.13:1, manifesting that
the adsorption-ozonization regeneration process was very energy-saving
and efficient.

3.2. Catalyst characterization

Given the relatively good catalytic toluene oxidation properties and
low ozone escape rate of 4 wt%Mn/ZSM-5, a further characterization
analysis was performed for this catalyst. First, the phase structures of
ZSM-5 and 4 wt%Mn/ZSM-5 were analyzed; their XRD graphs are
shown in Fig. 5. The results show that both ZSM-5 and 4 wt%Mn/ZSM-5
had high-intensity triple characteristic peaks at the same position
(26 = 23-25°). Clearly, both samples were of typical MFI structures. The
diffractogram of 4 wt%Mn/ZSM-5 was very similar to that of ZSM-5,
indicating that even after ZSM-5 molecular sieves carried Mn active
components, the catalyst still kept its original morphological structure.
However, no obvious MnOy characteristic peak was observed on the
diffraction pattern of 4 wt%Mn/ZSM-5, which might be related to the
low Mn content and its uniform dispersion on ZSM-5.

Next, the surface morphologies of 4 wt%Mn/ZSM-5 were analyzed,
and it was found that the morphologies were not evidently changed
before and after loading. This was possibly because the Mn content was
low, leading to the failure of MnOy to crystallize and grow into specific
morphologies on the ZSM-5 surface. Therefore, mapping characteriza-
tion analysis of 4 wt%Mn/ZSM-5 was also conducted to explore the el-
ements contained in the prepared 4 wt%Mn/ZSM-5 catalyst and their
dispersion status. The results are exhibited in Fig. 6. Mn, Al, Si, and O
elements were observed and uniformly dispersed, thus verifying the
effective loading of Mn.

As shown in Fig. 7, both ZSM-5 and 4 wt% Mn/ZSM catalysts had
hysteresis loops at P/Py = 0.4-1.0, indicating that mesoporous struc-
tures existed both before and after the loading of Mn active components
on ZSM-5 molecular sieves.

The specific surface area, average pore diameter, and total pore
volume of prepared samples are listed in Table 1. The specific surface

4 wt%Mn/ZSM-5

wJJM Rt

Intensity/ (a.u.)

ZSM-5

10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 5. XRD patterns of ZSM-5 and 4 wt%Mn/ZSM-5.
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area of ZSM-5 reached 315 m?/g, which was very important for the high
dispersity of MnOy. The specific surface area of 4 wt%Mn/ZSM-5 was
smaller than that of ZSM-5, and it was gradually reduced with the in-
crease in Mn load along with its pore volume. This was probably because
the introduced MnOy occupied some pores of ZSM-5, giving rise to the
pore blockage. In addition, the four catalysts were only slightly different
in pore size distribution (~2.85 nm), manifesting that the introduced
MnOx only changed the framework loose degree of ZSM-5 but did not
destroy its overall structure.

3.3. Continuous cycling experiment on adsorption—ozonization
regeneration

The four-cycle adsorption-ozonation experimental results of 4 wt%
Mn/ZSM-5 under the same operating conditions are depicted in Figs. 8
and 9. It could be seen from Fig. 8 that after each adsorption-ozonization
cycle, the breakthrough adsorption curves of toluene presented the same
appearance, and the saturated adsorption time was stabilized at around
162 min. A comparison of the toluene adsorption rates before and after
ozonization indicated that the adsorption capacity of the catalysts was
effectively recovered. Likewise, Fig. 8 shows that with the increase of
adsorption-ozonation cycles, the outlet toluene concentration of the
reaction tube was slightly reduced, possibly because of the ozone
regeneration process where the byproducts generated by the non-
permineralization of partial toluene covered some active sites, leading
to the reduction of toluene desorption.

The recovery of adsorption capacity after each adsorption-ozonation
cycle is calculated through Eq. (5), and the results are listed in Table 2:

RE — qﬂ % 100% 5)
1

where RE(%) denotes the recovery rate of adsorption capacity; q is the
adsorption capacity after each adsorption-ozonation cycle, mg/g; and q;
is the adsorption capacity before reaction, mg/g. The recovery rate of
adsorption capacity achieved by 4 wt%Mn/ZSM-5 was 77.2-96.2%. The
recovery status of adsorption capacity was not only associated with the
site regeneration but also with the analytical desorption of partial
toluene in the ozonation process.

3.4. GC-MS analysis of intermediate products in toluene degradation
process

To determine the main intermediate products on the surface of ZSM-
5 and 4 wt%Mn/ZSM-5 in the ozone regeneration process, the products
on the catalyst surface were determined via GC-MS, as shown in Figs. 10
and 11, and the corresponding substances are listed in Tables 3 and 4.
From Fig. 10 and Table 3, the main products on the ZSM-5 surface are
shown to include ethylbenzene, p-xylene, o-xylene, benzaldehyde,
benzyl alcohol, benzyl formate, 2-acetoxyacetophenone, benzoic acid,
and 2,5-dimethyl benzaldehyde. Noteworthy is that toluene did not exist
in the products, which might be attributed to the catalytic reforming of
toluene on the ZSM-5 surface. As revealed by Fig. 11 and Table 4, the
main products on the surface of 4 wt%Mn/ZSM-5 were ethylbenzene, p-
xylene, o-xylene, benzaldehyde, benzyl alcohol, benzyl formate, and
benzoic acid. Different from the products on the ZSM-5 surface, the
product content on the surface of 4 wt%Mn/ZSM-5 was evidently
reduced without the byproducts formed by deep oxidation.

3.5. Deduction of catalytic toluene degradation path

Catalytic ozonation of VOCs is regarded as a heterogeneous reaction
that proceeds on the catalyst surface. The reaction follows the Langmuir
Hinshelwood (L-H) and/or Mars-van-Krevelen (MvK) mechanisms [18].
According to the above mechanisms, there are two high-activity inter-
mediate products in the ozone regeneration process: O*, which is
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Fig. 6. Mapping images of 4 wt%Mn/ZSM-5.
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Fig. 7. N adsorption-desorption isotherms of ZSM-5 and 4 wt%Mn/ZSM-5.

Table 1
Pore structure parameters and Sggr of four catalysts.
Sample Sger (m?/g) V pore (cm®/g) Dyore (nm)
ZSM-5 315 0.23 2.88
2 wt%Mn/ZSM-5 301 0.21 2.85
4 wt%Mn/ZSM-5 292 0.21 2.84
6 wt%Mn/ZSM-5 285 0.20 2.84

generated by the reaction between the adsorbed Os with the active
Lewis acid sites on the catalyst surface, and OH* , which is generated by
the interaction between O3 and the water vapor existing in the reaction
gas. Previous studies have shown that among the toluene molecules, the
C-H bond energy of methyl, C-C bond energy connecting methyl and
benzene ring, and C-H bond energy and C-C bond energy of benzene
ring were 3.7, 4.14, 4.19, and 5.0-5.5 eV, respectively [35]. According
to the GC-MS determination results, the possible paths for catalytic
toluene oxidation on the surface of ZSM-5 and 4 wt%Mn/ZSM-5 were
proposed from the angle of chemical bond energy, as shown in Figs. 12
and 13.

From the perspective of chemical bond energy, among all the
chemical bonds of toluene, C¢H5CHy-H was a chemical bond that could
be easily oxidized the most. The formation paths of C¢HsCH>—OH,

160
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Fig. 8. Time-dependant variation of the ratio between the outlet and inlet
toluene concentrations (C;i/Cop) in the reactor during four consecutive adsorp-
tion—ozonation cycles on 4 wt%Mn/ZSM-5.
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Fig. 9. Comparison of toluene adsorption breakthrough curves after each cycle
of adsorption—ozonization.

Ce¢HsCH=0, and C¢gHsCOOH could be inferred by combining the GC-MS
results. As indicated by the reaction path a in Figs. 12 and 13, toluene
(Ce¢Hs—CH3) was first oxidized into CcHsCH2—-OH by the high-activity
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Table 2
Saturated adsorption capacity and recovery rate (RE%) of toluene after each
cycle of adsorption—ozonization.

Cycles q (mg/g) RE (%)
1st cycle 70.2 -
2nd cycle 67.54 96.2
3rd cycle 62.56 89.1
4th cycle 58.6 83.5
5th cycle 54.2 77.2
1
1
1000000
w
=
< 800000 1 7
>
@
=
< 600000
=
=
2
< 400000
200000
0 T d T d T d T d T d T
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Fig. 10. GC-MS measurements of the products on the surface of ZSM-5 during
toluene degradation process.
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Fig. 11. GC-MS measurements of the products on the surface of 4 wt%Mn/
ZSM-5 during toluene degradation process.

intermediate product OH* or O%, and C¢gHsCH2—OH was then oxidized
into CgH5CH=0, which was further oxidized into C¢HsCOOH. On this
basis, benzyl formate was generated by the esterification reaction be-
tween CcHsCH=0 and HCOOH, as indicated by the reaction path b in
Fig. 12. C¢Hs-CH3 was the bond that could be most easily oxidized just
second to CgHsCHo-H. The formation paths of p-xylene, n-xylene, and
m-xylene could be inferred by combining the GC-MS results. The free
-CHj had four reaction paths. First, it could be continuously oxidized to
generate CO5 and H»O. Second, it could bind to toluene to generate p-
xylene, n-xylene, and m-xylene, as reflected by the reaction path c in
Fig. 12. Third, it could bind to toluene to generate 1,2,4-tritoluene and
be further oxidized into 2,5-dimethyl benzaldehyde by OH* or O*, as
indicated by the reaction path d in Fig. 12. Fourth, it could bind to
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Table 3
Main products on the surface of ZSM-5.

Number Peak time (min) Chemical compound Molecular formula

1 3.917 ethylbenzene CgHio

2 4.017 P-xylene CgHio
m-xylene CgHio

3 4.314 m-xylene CgHio
P-xylene CgHio
O-xylene CgHio

4 5.250 Benzaldehyde C7HO

5 6.300 Benzyl alcohol C7HgO

6 6.975 Benzyl formate CgHgO»

7 8.217 Benzoic acid C;HgO2

8 8.223 Phenacyl acetate C10H1003

9 9.103 2,5-Dimethylbenzaldehyde CoH100

Table 4

Main products on the surface of 4 wt%Mn/ZSM-5.

Number Peak time (min) Chemical compound Molecular formula
1 3.917 ethylbenzene CgHio
2 4.017 P-xylene CgHyo

m-xylene CgHio
3 4.314 m-xylene CgHio

P-xylene CgHio

O-xylene CgHig
4 5.250 Benzaldehyde C7HgO
5 6.300 Benzyl alcohol C;HgO
6 6.975 Benzyl formate CgHgO2
7 8.217 Benzoic acid C;HgO2

HCOOH to generate CH3COOH, react with benzyl alcohol, or be further
oxidized into 2-acetoxyacetophenone by OH* or O*, as revealed by the
reaction path e in Fig. 12. According to the relative intensity of peaks in
Figs. 10 and 11, it could be inferred that apart from the relatively high-
intensity ethylbenzene peak formed by the catalytic reforming of
toluene on the surface of ZSM-5, C¢HsCOOH plays a dominant role
among the numerous byproducts. This is mainly because benzoic acid,
which is relatively stable, cannot be easily oxidatively decomposed.
Therefore, the main way of catalytic degradation of toluene is:

CgHs5-CH3—CgH5CH,-OH—CsHsCH=0—-CgH5sCOOH-

4. Conclusion

In this study, ZSM-5 molecular sieve was used as the carrier and Mn
oxides as the active components to prepare Mn/ZSM-5 catalysts with
different Mn contents (2, 4, and 6 wt%), coupled with the adsorp-
tion—ozonation process to purify toluene. In this process, the toluene
conversion reached 90 % at 30 °C through 4 wt%Mn/ZSM-5 catalytic
oxidation. Moreover, the recovery rate of toluene adsorption capacity,
catalytic activity, and ozone utilization rate of the catalysts were
investigated. Experimental results showed that after one adsorption-
ozonation cycle, 4 wt%Mn/ZSM-5 demonstrated the highest toluene
adsorption capacity and degradation (67.54 and 63.45 mg/g, respec-
tively), along with the lowest ozone escape rate (5.01 %) and the best
degradation performance. Subject to four consecutive adsorption-ozo-
nization cycles, 4 wt%Mn/ZSM-5 still retained good adsorptive prop-
erties (the recovery rate of adsorption capacity was 77.2-96.2 %). In the
regeneration process, the molar ratio of ozone consumption versus
toluene degradation was about 7.7:1, which was approximate to the
theoretical molar ratio (6:1). Hence, it is very reasonable and effective to
purify toluene by combining Mn/ZSM-5, as the adsorbent/catalyst, with
the adsorption-ozonization process.
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