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e2O4, A ¼ Zn, Co, Mn, Cu) as
efficient catalysts for catalytic ozonation of
toluene†

Hongbin Jiang, Xiaochen Xu, * Rao Zhang, Yun Zhang,* Jie Chen and Fenglin Yang

Nano ferrites (AFe2O4, A ¼ Zn, Co, Mn, Cu) were supported on the surface of g-Al2O3 support by

hydrothermal synthesis to prepare a series of novel composite catalysts (AFe2O4/g-Al2O3) for catalytic

ozonation for elimination of high concentration toluene at ambient temperature. The characterization

results showed that the high-purity nano-AFe2O4 particles were uniformly loaded on mesoporous g-

Al2O3. Further, it was confirmed that among the several catalysts prepared, the amount of oxygen

vacancies (Ovs), Lewis acid sites (LAS), and Brønsted acid sites (BAS) of the ZnFe2O4/g-Al2O3 catalyst

were the highest. This meant that the ZnFe2O4/g-Al2O3 catalyst had a strong adsorption capacity for

toluene and ozone (O3), and had a strong catalytic activity. When the temperature was 293 K and the

space velocity was 1500 h�1, the mol ratio of O3 to toluene was 6, the degradation rate of toluene

(600 mg m�3) can reach an optimum of 99.8%. The results of electron paramagnetic resonance (EPR)

and Fourier infrared (FT-IR) proved superoxide radicals and hydroxyl radicals by catalytic ozonation.

Moreover, the GC-MS analysis results indicated that the toluene degradation began with the oxidation of

methyl groups on the benzene ring, eventually producing CO2 and H2O. After repeated experiments, the

toluene degradation rate remained stable, and the residual content of O3 in each litre of produced gas

was less than 1 mg L�1, thereby indicating that the ZnFe2O4/g-Al2O3 catalyst had excellent reusability

and showed great potential for the treatment of toluene waste gas.
Introduction

As a volatile organic compound (VOC), toluene, which has large
emissions from industrial production,1 has a certain carcino-
genic effect and is capable of anaesthetizing the central nervous
system.2 Therefore, the management of toluene pollution is
related to the health of all human beings. There are two broad
categories of techniques to remove toluene: recycling processes
and degradation processes. The recovery process includes
adsorption3 and condensation. Since the recovery method only
enriches the pollutants and does not degrade them, it is usually
not used for the treatment of high concentrations of toluene.
The degradation processes include biological degradation,4

photocatalysis,5 catalytic combustion,6 plasma catalytic degra-
dation7 and some emerging combined processes.8 The degra-
dation process can degrade toluene into environmentally
friendly products, thereby avoiding the toluene re-
contamination in the environment. At present, there are still
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tion (ESI) available. See DOI:
some problems with most toluene degradation methods. The
removal of toluene by biodegradation requires a very long
reaction time (nearly 24 hours), and the degradation rate can
only reach 80%.9 Plasma catalytic degradation is a method of
reaction under ambient temperature and pressure, but the
discharge phenomenon during the reaction process may
produce risks to its practical application.8 Moreover, it is not
suitable for a rapid removal of high concentration pollutants.
Catalytic combustion is an efficient toluene treatment process,
but it requires a large amount of energy consumption,6 which
causes higher costs.

O3 is a highly effective oxidant without harmful by-products.
However, the sole ozone oxidation has limited catalytic degra-
dation capabilities.10–12 Catalytic ozonation process can rapidly
decompose O3 into reactive oxygen species (ROS) with a higher
oxidizing ability (e.g., hydroxyl radicals, superoxide radicals,
and so on) by the action of a catalyst at ambient temperature
and pressure.13 In addition, catalytic ozonation process also has
the advantages of low operating cost, no secondary pollution,
and low safety hazards. Therefore, catalytic ozonation process
has received increasing attention and has been applied to
control gaseous pollution in recent years. Kwong and Chao
compared the effects of different zeolites and MCM-41 mate-
rials to remove toluene in catalytic ozonation process.14 They
found that the decomposition process of ozone was divided into
This journal is © The Royal Society of Chemistry 2020
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two processes: adsorbed on the catalyst surface, and then
decomposed into oxygen or active substances. Park et al.
applied mesoporous Mn/Al2O3 catalyst to the process of cata-
lyzing ozonation to degrade toluene at ambient temperature.
The results indicated that some properties in metal oxides were
essential to improve catalytic activity.15 However, in the eld of
degrading VOC, catalyst research for catalytic ozonation is not
optimistic. Most catalysts do not achieve the desired removal
efficiency (less than 80%) at ambient temperatures.

For the catalytic ozonation process, it is especial to develop
catalysts with higher activity and fewer by-products. For
instance, mono or mixed metal oxides, supported metals and
metal-free materials have been reported to be effective catalysts
in accelerating ozone decomposition to generate reactive radi-
cals. Recently, nanoscale ferrites (AFe2O4 (A ¼ Zn, Co, Mn, Cu))
have received particular attention due to their low synthesis cost
and better recyclability. Not only that, due to the diversity of
elements and valence states in AFe2O4, surface defects are easily
formed, making AFe2O4 have good catalytic activity. This will
also greatly reduce the operating costs of catalytic degradation
of pollutants. Such properties have demonstrated that they had
good application prospects in environmental pollution control
eld.16 Studies have conrmed that spinel ferrite had good
catalytic activity in the ozonation of various pollutants. There-
fore, AFe2O4 can be used as excellent ozonation catalysts for
catalytic ozonation. Supported catalysts can improve the
adsorption capacity and service life of the catalyst. In recent
years, a variety of supports have been applied in the catalytic
ozonation process. Catalytic ozonation is assumed to take place
not only in the gaseous phase, but also on all the interfaces
involved between the different phases. The adsorption of at
least one reagent turns out to be an essential requirement for
the surface reaction and the formation of ROS. Although there
is no unied statement about the reaction mechanism's
participation in the catalytic ozonation reaction, g-Al2O3 is still
one of the most commonly used catalyst supports in the
research of catalytic ozonation due to its large surface area, low
cost and modest chemical activity.17

Herein, the mesoporous alumina-supported AFe2O4 (AFe2O4/
g-Al2O3) were facilely synthesized by the hydrothermal reaction.
The microstructure, morphology and composition of synthe-
sized AFe2O4/g-Al2O3 catalysts were investigated by a scanning
electron microscope (SEM), Brunauer–Emmett–Teller (BET), X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS).
The active sites of the catalyst surface were studied by electron
paramagnetic resonance (EPR) and pyridine-FTIR (Py-IR).
Toluene, commonly found in both residential and industrial
processes, was selected as model pollutant to evaluate the
catalytic activity of AFe2O4/g-Al2O3 catalysts at ambient
temperature, and the optimal catalyst was selected for the
reaction mechanism. A Fourier infrared spectrometer (FT-IR)
and EPR were used to investigate the generation of the cata-
lyst's surface-active factors and changes in adsorbed species
during the reaction. Finally, the degradation intermediates were
detected by GC-MS in the reaction process and the degradation
pathway of toluene was summarized. To the best of the authors'
This journal is © The Royal Society of Chemistry 2020
knowledge, AFe2O4/g-Al2O3 has not been reported as catalysts
for removal of toluene in catalytic ozonation process.

Experimental section
Preparation of AFe2O4/g-Al2O3 catalysts

A schematic illustration of the synthesis of AFe2O4/g-Al2O3 is
shown in Fig. S1.† The purchased mesoporous g-Al2O3, at a size
of 2–3 mm, washed with deionized water and dried in
a constant temperature drying oven. A mixed solution of
0.1 mol L�1 Fe(NO3)3 and 0.05 mol L�1 A(NO3)x was disposed.
The pH of the solution was adjusted to 12–13 with an NaOH
solution. Stirring continued for 30min to completely precipitate
the metal ions and obtain a reddish-brown precipitate. 200 g of
the pre-treated g-Al2O3 support was weighed into the mixed
solution ultrasonically for 15 min at 300 W power. The mixture
was placed in a 200 mL stainless steel autoclave lined with
polytetrauoroethylene, heated at 180 �C for 6 h, cooled and
rinsed with deionized water. The product was air-dried at 80 �C
for 6 h to obtain the AFe2O4/g-Al2O3 catalysts. The mixed solu-
tion of 0.1 mol L�1 Fe(NO3)3 and 0.05 mol L�1 A(NO3)x was
replaced with 0.1 mol L�1 Fe(NO3)3 solution and the above
operation was repeated, the Fe2O3/g-Al2O3 catalyst was obtained
used as a control group for the AFe2O4/g-Al2O3 catalysts in
subsequent studies.

Characterization

The surface morphology was examined using a scanning elec-
tron microscope (NOVA Nano SEM 450) equipped with an
energy dispersive X-ray spectroscopy (EDS) detector. The
specic surface area (BET) was estimated from the N2

adsorption/desorption isotherm at �196 �C by using a Quan-
tachrome SI gas sorption analyser. XRD is mainly used for the
analysis of the crystal structure of materials. The test instru-
ment model was Rigaku D/MAX-2400 powder diffractometer,
using nickel-ltered copper radiation (CuKa, l ¼ 1.5406 �A) as
a monochromatic, monochromatic detector was 40 kV, and at
2q range of 10–80�, respectively. XPS is used to characterize the
surface element content of the material and its presence. The
test instrument was Thermo Scientic's ESCALAB 250 device,
and the device used an Al-Ka target (photon energy of 1486.6
eV). The obtained spectrum was corrected by using the signal
for the carbon peak (C 1s) at 284.5 eV. Acidity properties was
investigated by Py-FTIR using a Thermo Nicolet 380 FT-IR
analyzer under vacuum. EPR spectroscopy was measured at
ambient temperature by Bruker ELEXSYS E500 X-band (�9.8
GHz) spectrometer. FTIR spectra were obtained by using
a spectrometer (EQUINOX55) at a 4 cm�1 resolution with
scanning from 4000 to 400 cm�1.

Evaluation of catalytic activity

The schematic diagram of the experimental apparatus for
catalytic ozonation toluene is shown in Fig. 1. The entire device
included an intake system, a reaction system, and an analysis
and detection system. First, the toluene and oxygen required for
the reaction were supplied from the cylinder; subsequently,
RSC Adv., 2020, 10, 5116–5128 | 5117
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Fig. 1 Experimental setup for toluene catalytic ozonation.
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oxygen was partially converted into O3 by the O3 generator and
entered the reaction column together with the preheated
toluene. During the reaction process, the toluene concentra-
tion, mass ow controller, and toluene preheating system were
adjusted to control the toluene concentration, space velocity,
and reaction temperature. The O3 concentration was detected
by O3 concentration detectors at the inlet and outlet ends.
Finally, the toluene concentration wasmonitored continually by
gas chromatography (SHIMADZU GC-2010), and the toluene
degradation rate was calculated by eqn (1):

Toluene degradation rate ¼ 100% � (Cin � Cout)/Cin (1)

All data provided herein were averages obtained from three
replicate experiment.
Results and discussion
Catalysts characterization

The surface morphologies of the support and the catalyst were
observed using the scanning electron microscope (SEM). As
shown in Fig. 2a, g-Al2O3, which was used as the support, was
porous with an irregular surface. In Fig. 2b–e, aer the hydro-
thermal reaction, many rod-shaped nanoparticles appeared
uniformly in the pores of g-Al2O3. This structure was very
similar to the rod-shaped ferrites particles.18 The EDS element
analysis in Fig. S2† showed that AFe2O4/g-Al2O3 catalysts had
relatively homogeneous distributions of Fe and other elements,
and no contaminated elements were detected. The elemental
compositions of Fe and other elements via EDS analysis
conrmed that the atomic percentage of Fe and other elements
was close to 2 : 1, which was consistent with the atomic
composition of ferrite.

Fig. 2f–j illustrated the characterization of BET and Fig. S3–
S7† showed the pore size distribution. In the characterization of
BET, all samples showed an isotherm belonging to the
5118 | RSC Adv., 2020, 10, 5116–5128
mesoporous structure (type IV of the hysteresis loop of H3).19

The hysteresis loop of g-Al2O3 described a wide morphology in
the range of 0.40–1.00 relative pressure (P/P0), while shrinks of
AFe2O4/g-Al2O3 catalysts were slightly smaller, denoting less
structure. This conclusion was consistent with the phenom-
enon that the pore volume of g-Al2O3 in Table S1† was reduced
aer loading. We can also observe that in Table S1,† compared
with the g-Al2O3, the specic surface area of AFe2O4/g-Al2O3

catalysts was slightly lower and the average pore diameter was
slightly higher. This was mainly due to the nano-ferrite particles
entering the mesoporous g-Al2O3 pores in the hydrothermal
reaction, which caused partial pore plugging, and thereby the
specic surface area and pore volume of the g-Al2O3 aer the
load were reduced. This indicated that nano-ferrite particles
were successfully loaded onto the mesoporous g-Al2O3. At the
same time, because the nano-ferrite particles blocked a part of
the micropores, the average pore diameter of the mesoporous g-
Al2O3 aer loading slightly increased. Among these AFe2O4/g-
Al2O3 catalysts, the ZnFe2O4/g-Al2O3 catalyst had a large specic
surface area, and it was estimated that it had a good ability in
the eld of adsorption and catalysis.

XRD was used to investigate the crystalline structure of the g-
Al2O3 support, Fe2O3/g-Al2O3 catalyst and AFe2O4/g-Al2O3 cata-
lysts. As seen from Fig. 3, the three main characteristic peaks
located ca. 35.60, 45.80 and 67.00 were observed for the g-Al2O3,
whichmay be primarily due to the crystalline phase of g-Al2O3.20

In spectra (e), the signal peaks at 30.28, 43.16, and 57.16 were
characteristic peaks belonging to Fe2O3/g-Al2O3. The XRD
pattern of AFe2O4/g-Al2O3 catalysts showed several character-
istic diffraction peaks attributed to the (111), (200), (220), (311),
(222), (400), (331), (420), (422) crystalline phase of the cubic
uorite structure. And the XRD pattern of AFe2O4/g-Al2O3

catalysts indicated characteristic peaks, including g-Al2O3 and
ferrite. These results indicated that the high-purity ferrite was
loaded on the g-Al2O3 support successfully via hydrothermal
synthesis.
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM images of (a) g-Al2O3, (b) ZnFe2O4/g-Al2O3, (c) CoFe2O4/g-Al2O3, (d) MnFe2O4/g-Al2O3, and (e) CuFe2O4/g-Al2O3, BET of (f) g-
Al2O3, (g) ZnFe2O4/g-Al2O3, (h) CoFe2O4/g-Al2O3, (i) MnFe2O4/g-Al2O3, and (j) CuFe2O4/g-Al2O3, respectively.
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Further, we studied the composition of the catalyst surface
chemical, XPS measurement was performed. As shown in
Fig. S8a,† the presence of Zn at 1044.9 and 1022.5 eV can be
This journal is © The Royal Society of Chemistry 2020
attributed to Zn 2p1/2 and Zn 2p3/2 of Zn
2+ in ZnFe2O4, respec-

tively. Fig. S8b† exhibits two peaks of 779.2 eV and 794.9 eV to
binding energy of Mn 2p3/2 and Mn 2p1/2 respectively. Two
RSC Adv., 2020, 10, 5116–5128 | 5119
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Fig. 3 XRD pattern of (a) ZnFe2O4/g-Al2O3, (b) CoFe2O4/g-Al2O3, (c)
MnFe2O4/g-Al2O3, (d) CuFe2O4/g-Al2O3, (e) Fe2O3/g-Al2O3 and (f) g-
Al2O3.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 4

:2
9:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
characteristic peaks in Fig. S8c† centred ca. 641.8 and 651.4 eV,
respectively, are attributed to Mn 2p3/2 and Mn 2p1/2. In the
Fig. S8d,† the BE of Cu 2p photoelectron peak was observed at
953.3 eV and 933.4 eV represented Cu 2p1/2 and Cu 2p3/2,
respectively.21,22 This again proved that the high-purity ferrite
can be supported on g-Al2O3 by the hydrothermal method of
this study, consistent with the results of XRD.

Fig. 4a shows the Fe 2p spectra of Fe2O3/g-Al2O3 catalyst and
AFe2O4/g-Al2O3 catalysts. In the spectra of Fe2O3/g-Al2O3 cata-
lyst, the characteristic peaks of Fe 2p3/2 and Fe 2p1/2 were
located at 711.5 eV and 724.9 eV, respectively, which was
consistent with the XPS spectra of Fe2O3 reported in the litera-
ture.23 There was a tiny satellite peak around 720 eV, which was
also a typical feature of Fe2O3. As the spectra of AFe2O4/g-Al2O3

catalysts, there were some changes in the positions of Fe 2p3/2
and Fe 2p1/2 in different catalysts. It shows that there was
electron exchange between Fe and other elements in the cata-
lyst.24 Combined with Table 1, the XPS results of AFe2O4/g-Al2O3

catalysts were displayed that Fe/A z 2 was similar to the EDS
result. The Fe 2p3/2 peak was deconvoluted into two peaks with
binding energies at 709 and 713 eV, corresponding to Fe2+ and
Fe3+, respectively,25,26 whose ratios are summarized in Table 1.
The ZnFe2O4/g-Al2O3 catalyst had a relatively high proportion of
Fe2+ on its surface. The proportion of the low-valent state of the
modifying element in the transition metal oxide is closely
related to the generation of Ovs.27 In this study, the change of the
iron element from Fe3+ to Fe2+ indirectly represented the Ovs

introduced into the crystal lattice. The Ovs on the surface of the
catalyst can promote the decomposition of O3 to produce more
oxidizing active substances.28

The corresponding O 1s spectrum of g-Al2O3 and AFe2O4/g-
Al2O3 catalysts in Fig. 4b can be deconvoluted into two distinct
5120 | RSC Adv., 2020, 10, 5116–5128
peaks: surface oxygen (expressed as Oa) at 528.4–530.5 eV, and
lattice oxygen (expressed as Ob) at 526.7–527.9 eV, respec-
tively.29,30 Combined with Table 1, we observed that the
proportion of Oa in the ZnFe2O4/g-Al2O3 catalyst, the CoFe2O4/
g-Al2O3 catalyst and the CuFe2O4/g-Al2O3 catalyst were
increased compared to g-Al2O3, while the ZnFe2O4/g-Al2O3

catalyst was the most. Since Oa was provided by an electro-
statically charged substance such as H2O, $OH on surface of the
catalyst, the higher the proportion of Oa in the oxygen element
distribution, the stronger the adsorption performance of the
catalyst on the O3.31 In the gas phase catalytic ozonation reac-
tion, a high adsorption capacity for O3 was a guarantee of high
catalytic efficiency. This indicated that the adsorption capacity
of g-Al2O3 for O3 was improved by addition of ZnFe2O4, which
provided a foundation for improving the catalytic efficiency.

In order to further determine the type and amount of
AFe2O4/g-Al2O3 catalysts surface active sites, we carried out EPR
and pyridine infrared tests on g-Al2O3 and AFe2O4/g-Al2O3

catalysts without illumination. From Fig. 5a, we observed that
all samples had obvious signal peaks belonging to Ovs at g ¼
2.004.32 Notably, the signal intensity of the g-Al2O3 was signi-
cantly lower than that of ZnFe2O4/g-Al2O3 catalyst, the CoFe2O4/
g-Al2O3 catalyst and the CuFe2O4/g-Al2O3 catalyst. It showed
that the amount of Ovs on the surface of these catalysts was
higher than that of alumina carriers, which was consistent with
our speculation through XPS results. This indicated that the
introduction of suitable ferrite could increase the amount of Ovs

on the g-Al2O3 surface.
In the Py-FTIR test, we used the signal intensity of pyridine at

150 �C to measure the amount of LAS and BAS on the surfaces of
g-Al2O3 and AFe2O4/g-Al2O3 catalysts. Fig. 5b clearly showed
that both the amount of LAS and BAS had a certain degree of
change aer loading. 1630 and 1546 cm�1 were the desorption
peaks aer pyridine was adsorbed to BAS; 1612 and 1458 cm�1

were the desorption peaks aer pyridine was adsorbed to LAS;
1490 cm�1 was pyridine adsorbed simultaneously at BAS and
LAS desorption peak.33 The amount and proportional relation-
ship of each acidic site were summarized in Table S2.† Among
all the samples, the ZnFe2O4/g-Al2O3 catalyst showed the
strongest L acidity and B acidity. Compared with g-Al2O3, the
acidity of other catalysts decreased, which may be due to the
fact that the elements (such as Co, Mn and Cu) were more easily
ion exchanged with protons in g-Al2O3, so that the original
acidic sites of g-Al2O3 were consumed.34 Previous studies have
conrmed that both LAS and BAS had an adsorption effect on
weakly basic aromatic hydrocarbon VOCs molecules such as
toluene.35 Therefore, the adsorption capacity of the catalyst
increased with the increase of the total amount of acidic sites.
From this we could speculate that the ZnFe2O4/g-Al2O3 catalyst
had the best toluene adsorption capacity of all AFe2O4/g-Al2O3

catalysts involved in this study.
Catalytic ozonation for toluene degradation and life cycle of
catalyst

In order to further study the catalytic performance of the cata-
lyst in the catalytic ozonation degradation of toluene,
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 XPS spectra of AFe2O4/g-Al2O3 catalysts, (a) Fe 2p of Fe2O3/g-Al2O3 catalyst and AFe2O4/g-Al2O3 catalysts; (b) O 1s of g-Al2O3, Fe2O4/g-
Al2O3 catalyst and AFe2O4/g-Al2O3 catalysts.
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adsorption and degradation experiments on toluene were
carried out at a concentration of 600 mg m�3. The experimental
conditions were as follows: temperature 303 K and space
velocity 2000 h�1. As illustrated in Fig. 6a, the adsorption
capacities of the g-Al2O3 and AFe2O4/g-Al2O3 catalysts for
toluene were investigated when the O3 concentration was
0 mg L�1. All samples had relatively stable adsorptions to
toluene, and the optimal adsorption efficiency was maintained
above 6 h. The adsorption capacity of the ZnFe2O4/g-Al2O3

catalyst was slightly better than g-Al2O3 and other samples,
which was consistent with the conclusion that the acidic site of
the ZnFe2O4/g-Al2O3 catalyst was higher and its adsorption
capacity was better. The results conrmed that the ZnFe2O4/g-
Al2O3 catalyst had a high toluene adsorption capacity, and the
toluene removal rate was only approximately 40%. Fig. 6b
showed that the toluene removal efficiency of g-Al2O3 and
AFe2O4/g-Al2O3 catalysts system increased signicantly aer the
addition of O3 and became larger with the increase in O3

dosage. Among them, the toluene removal efficiency of the
ZnFe2O4/g-Al2O3 catalyst system exceeded 95% at most.
However, despite the introduction of O3, in the absence of any
catalyst addition, the removal efficiency was still relatively low,
Table 1 XPS results of g-Al2O3 and AFe2O4/g-Al2O3 catalysts

O (%) Fe (%)

ZnFe2O4/g-Al2O3 catalyst 46.57 0.88
CoFe2O4/g-Al2O3 catalyst 46.83 0.83
MnFe2O4/g-Al2O3 catalyst 47.64 0.39
CuFe2O4/g-Al2O3 catalyst 47.37 0.42
Fe2O3/g-Al2O3 catalyst 47.14 1.32
g-Al2O3 55.94

This journal is © The Royal Society of Chemistry 2020
and even lower than the removal efficiency of the catalyst
adsorption. This result demonstrated that with the reaction
conditions, O3 did not have the ability to remove toluene effi-
ciently. In summarizing these conclusions, we may deduce that
the removal of the high concentration toluene by catalytic
ozonation was a combination of adsorption and catalytic
oxidation, rather than a separate adsorption or sole ozonation.
The introduction of a suitable catalyst may effectively increase
the efficiency of catalytic ozonation to remove toluene. The
ZnFe2O4/g-Al2O3 catalyst had a better adsorption capacity and
better application prospects for catalytic ozonation.

To determine the oxidation kinetics of toluene in each
process, the kinetic parameters of the oxidation process were
investigated (the experimental conditions were as follows:
temperature 293 K, space velocity 2000 h�1, initial toluene
concentration: 600 mg m�3). Zero-order and pseudo rst-order
equations were used for tting dynamic data.36 Table S3† shows
the tting results of the toluene oxidation kinetic data for sole
O3, g-Al2O3 and AFe2O4/g-Al2O3 catalysts. Obviously, the corre-
lation coefficients (R2) of pseudo rst-order kinetic were higher
than the zero-order kinetics. Thence, pseudo rst-order kinetics
accurately described toluene-catalyzed ozonation. The reaction
A (%)
Fe2+/(Fe2+ +
Fe3+) (%)

Oa/(Oa +
Ob) (%)

0.43 70.2 52.5
0.43 52.1 37.6
0.22 44.8 34.1
0.18 47.6 36.9

35.8
36.2
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Fig. 5 (a) The EPR spectra of g-Al2O3 and AFe2O4/g-Al2O3 catalysts; (b) Py-FTIR spectra of g-Al2O3 and AFe2O4/g-Al2O3 catalysts after pyridine
desorbed at 150 �C.
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rate k of the other samples was lower than that of the ZnFe2O4/g-
Al2O3 catalyst, which proved that the ZnFe2O4/g-Al2O3 catalyst
had a higher catalytic efficiency.

Studies have investigated that the electronegativity of lower
metal oxides led to higher reducing power. The electron density
of the O2� bond combined with the metal will also become
higher, which is benecial to the decomposition of ozone into
free radicals, due to the electrophilic properties of ozone.37 The
metallicity of Zn is higher than that of the fourth period tran-
sitional metals according to the standard redox potential
order.37 This indicates that ZnFe2O4 is a material with higher
catalytic ozonation activity in ferrites, and our study also have
conrmed this view through experiments.

Aer determining that the ZnFe2O4/g-Al2O3 catalyst was the
best catalyst, we investigated the optimum reaction conditions
for toluene removal by catalytic ozonation with the ZnFe2O4/g-
Al2O3 catalyst.
5122 | RSC Adv., 2020, 10, 5116–5128
Because the concentration of toluene in industrial waste gas
was between 200–400 mg m�3, we selected the toluene simu-
lated waste gas with initial concentrations of 200, 400, 600 and
800 mg m�3 for experimentation. The experimental conditions
were as follows: temperature 303 K and space velocity 2000 h�1.
As shown in Fig. 6c, for an O3 mol dosing ratio of 2, the catalytic
ozonation process had a signicant removal effect on toluene
concentrations from 200 mg m�3 to 800 mg m�3. For toluene
with a concentration greater than 400 mg m�3, it could not be
degraded efficiently when the O3 mol dosing ratio was 1; the
degradation rate was less than 80%. Subsequently, we increased
the amount of O3 added. Toluene at a concentration of 200 mg
m�3 quickly reached a degradation rate close to 100% and
remained stable. For toluene with a concentration of 400–
800 mg m�3, the degradation rate showed a gradual positive
correlation with the O3 mol dosing ratio. When the O3 mol
dosing ratio reached 7, all concentrations achieved a high
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Adsorption efficiency of g-Al2O3, Fe2O3/g-Al2O3 catalyst and AFe2O4/g-Al2O3 catalysts; (b) catalytic efficiency of g-Al2O3, Fe2O3/g-
Al2O3 catalyst and AFe2O4/g-Al2O3 catalysts; (c) removal of toluene at different initial toluene concentrations with ZnFe2O4/g-Al2O3 catalyst; (d)
removal of toluene at different space velocities with ZnFe2O4/g-Al2O3 catalyst; (e) removal of toluene at different reaction temperatures with
ZnFe2O4/g-Al2O3 catalyst and (f) the variation law of toluene degradation rate in long-term test with ZnFe2O4/g-Al2O3 catalyst.
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degradation rate of nearly 100%. Combined with previously
published studies,11 the catalyst surface was speculated to be
the site of O3 decomposition and catalytic ozonation. Therefore,
when the amount of toluene was too large, more O3 was
required to maintain the adsorption equilibrium on the cata-
lysts. The experimental results also proved that the degradation
rate gradually increased aer the O3 dosage improved.

At temperature 303 K and a toluene concentration of 600 mg
m�3, we summarized the effect of the space velocity on the
catalytic reaction. The results are shown in Fig. 6d, with the
same O3 mol dosing ratio, the same trend occurred in the
change of the toluene degradation rate. As the space velocity
decreased, the toluene degradation rate increased. At a space
velocity of 4000 h�1, the degradation rate was lower at each
O3 mol ratio. When the space velocity was reduced to below
1500 h�1, the toluene degradation rates no longer rose and
remained stable. The reason for this experimental situation was
that when the space velocity was large, the adsorption of toluene
by the catalyst was limited, which limited the degradation
ability of the catalytic ozonation process for toluene. When the
space velocity was continuously reduced, the adsorption of
toluene by the catalyst was gradually obvious, the degradation
efficiency was signicantly improved. The effect of the space
velocity on the ability of the catalyst to adsorb toluene was also
manifested when the O3 dosage was 0 in Fig. 6d. In this
condition, we also found that when the space velocity dropped
below 1500 h�1, the adsorption capacity of the catalyst for
toluene still improved. This indicated that aer the adsorption
reached a certain intensity, the catalytic oxidation began to take
the initiative and became the main way to remove toluene. With
This journal is © The Royal Society of Chemistry 2020
the same space velocity condition, the toluene degradation rate
was positively correlated with the O3 mol addition ratio,
showing the same regularity as the previous experiment.

The optimum temperature for the reaction was the key to the
engineering application of a process. The effect of temperature
on the catalytic performance of the ZnFe2O4/g-Al2O3 catalyst to
600 mg m�3 toluene at a space velocity of 2000 h�1 is shown in
Fig. 6e. When the O3 mol ratio was determined, the toluene
degradation rate positively correlated with the reaction
temperature. The toluene degradation rates at 303 K and 308 K
were similar and higher than the other temperatures. On the
other hand, with the introduction of O3, the toluene degrada-
tion rate of each O3 mol dosing ratio showed another kind of
change law. From the two laws of change, the temperature
affected not only the adsorption of toluene on the catalyst but
also the efficiency of the catalytic ozonation. Aer the temper-
ature reached 303 K, the removal efficiency of toluene greatly
improved during the catalytic ozonation process.

As shown in previous studies, the catalytic ozonation reac-
tion accords with the pseudo rst-order kinetics. We kinetically
tted the removal efficiency of toluene at each temperature, and
the results are shown in Fig. S9.† Combined with Table S4,† we
concluded that the reaction rate k of the catalytic ozonation
positively correlated with temperature and tended to be stable
aer the temperature reached 303 K. This was consistent with
our previous conclusions. By incorporating the data in Table
S4† into the Arrhenius formula, the activation energy of the
catalytic ozonation toluene of the ZnFe2O4/g-Al2O3 catalyst was
calculated to be 69.94 kJ mol�1. High-quality catalysts must not
only have a high catalytic efficiency but also have a long service
RSC Adv., 2020, 10, 5116–5128 | 5123
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life. In this study, a long-term comparative experiment was
conducted on the catalytic efficiency and residual O3 concen-
tration of the ZnFe2O4/g-Al2O3 catalyst. The experimental
conditions were as follows: temperature 293 K, space velocity
2000 h�1, and an initial toluene concentration 600 mg m�3.

As shown in Fig. 6f, with the reaction time prolonged, there
was no signicant decrease in the removal efficiency of toluene
and the residual O3 concentration. In this study, the introduc-
tion of the ZnFe2O4/g-Al2O3 catalyst greatly improved the
degradation ability of catalytic ozonation system to toluene, and
the system obtained a stable high toluene removal efficiency
and a suitable residual O3 concentration. The ZnFe2O4/g-Al2O3

catalyst was a catalytic ozonation process catalyst with a high
efficiency and long active life.
O3 utilization efficiency

This study explored the O3 decay during the O3 and catalytic
ozonation processes at different initial O3 concentrations. To
guarantee that the research has certain theoretical value, this
section's methods were carried out under reasonable O3

concentration conditions. According to a comprehensive pub-
lished study, O3 has a mass balance in a gas phase reaction and
can be expressed as shown below:

[O3]t ¼ [O3]w + [O3]s + [O3]u (2)

[O3]t, [O3]w, [O3]s and [O3]u represent the concentrations of total
O3, wasted O3 in the exhaust, surplus O3 in the reaction column
and the utilized O3, respectively. So, [O3]u can be expressed as:

[O3]u ¼ [O3]t � [O3]w � [O3]s (3)

According to the mass balance formula of O3 eqn (3), the O3

utilization efficiency (Ru%), which is considered as a primary
indicator of catalyst performance, can be expressed as follows:

Ru% ¼

ðt
0

yO½O3�tdt�
ðt
0

ðyO þ ytÞ½O3�wdt� V ½O3�sðt
0

y½O3�tdt
� 100 (4)

where yO and yt are the ow rates of gas O3 and gas toluene,
respectively. V is the reaction column volume. Subsequently, the
amount of O3 consumed to remove toluene by different process
systems can be evaluated according to the following equation
eqn (5):38

h ¼
Ru

ðt
0

y½O3�tdtðt
0

yt
�½toluene�0 � ½toluene�t

�
dt

(5)

Since [O3]w and [O3]s exist in a gas phase state in the reaction
system, [O3]s is approximately equal to [O3]w. In Table S5,† [O3]w
and [O3]s in catalytic ozonation was lower than in the sole
ozonation. This conrmed that more O3 was rapidly decom-
posed for catalytic reaction in the presence of g-Al2O3 and the
ZnFe2O4/g-Al2O3 catalyst ozonation than sole ozonation.
5124 | RSC Adv., 2020, 10, 5116–5128
The evolution of the Ru value in Fig. 7a indicated that
compared with the sole ozonation and g-Al2O3 ozonation
processes, the catalytic ozonation process with the ZnFe2O4/g-
Al2O3 catalyst had a higher Ru value, during O3 concentrations
of 5–20 mg L�1. On the contrary, the change trend of the h value
was different. Fig. 7b clearly showed that the h value of the
ZnFe2O4/g-Al2O3 ozonation processes was lower than the sole
ozonation at each O3 concentration interval, and was also
slightly lower than g-Al2O3 ozonation. This meaned that O3 can
effectively decompose and produce active substances with the
help of the catalyst, and the ZnFe2O4/g-Al2O3 catalyst had
a higher Ru value and a lower h value. Compared to direct O3

reaction and conventional catalytic ozonation, the degradation
efficiency of toluene was greatly improved.
The catalytic ozonation mechanism of toluene oxidation

Recent studies have demonstrated that Ovs was a key role in
catalytic ozonation systems. First, the Ovs adsorbed O3 on the
catalyst surface by combining with an oxygen atom in the ozone
molecule. Then, two electrons were transferred to the O atom,
forming $O� and O2 (eqn (6)). The formed $O� can react with
another O3 molecule to form O2 and superoxide ($O2

�) (eqn (7)).
Superoxide ($O2

�) can decompose and release oxygen vacancies
and O2 (eqn (8)), they may participate in the next O3 decom-
position cycle.11,39,40 Therefore, as a reaction site, the Ovs not
only enhances the absorption of O3 by the catalyst but also
forms superoxide radicals with the O3, thereby enhancing
catalytic oxidation.

Ovs + O3 / O2 + $O� (6)

$O� + O3 / O2 + $O2
� (7)

$O2
� / O2 + Ovs (8)

We investigated the catalytic ozonation process to degrade
toluene according to the following reaction steps (eqn (9) and
(10)). The reaction pathway for catalytic ozonation can be
summarized as follows:41

O* + toluene / intermediates; CO2 and CO (9)

Intermediates and CO + O3 and O* / H2O + CO2 (10)

From eqn (9) and (10), we noticed that there was H2O
generation in the degradation process of toluene. On the other
hand, the $O2

� also had the following reactions from eqn (11) in
the presence of H2O.11 Based on these ndings, we conclude
that during the degradation of toluene, due to the formation of
the H2O or humidity of the gas during the reaction, hydroxyl
radicals ($OH) are generated and participate in the degradation
process. They can directly extract H atoms from toluene methyl
groups to form benzyl groups, making subsequent degradation
of toluene easier.11

$O2
� + H2O / 2$OH (11)
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Ru% in sole ozonation and catalytic ozonation processes, respectively; (b) h in sole ozonation and catalytic ozonation processes,
respectively.
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In this paper, the EPR DMPO spin trap technique was
applied to verify the presence of radicals. According to the
experimental conditions, the O3 was continuously introduced
into the mixed solution of the ZnFe2O4/g-Al2O3 catalyst, 10 mL
of liquid toluene and a 1 mM DMPO solution at ambient
temperature with an space velocity of 2000 h�1. The signals of
$O2

� and $OH were observed as depicted in Fig. 8a.41 From the
analysis of EPR, the addition of ZnFe2O4 was benecial to the
production of radicals. The superoxide radicals and hydroxyl
radicals had signicantly higher oxidation rates than O3 alone.
Therefore, we concluded that the oxygen activity factor and $OH
generated during the reaction accelerated the degradation of
toluene, which was in line with the abovementioned specula-
tion about the degradation mechanism of toluene.

FT-IR was used to study the changes of adsorbed compo-
nents during the degradation of the ZnFe2O4/g-Al2O3 catalyst,
and the reaction pathways were discussed. We performed FT-IR
characterization of the catalyst before and aer the degradation
Fig. 8 (a) EPR spectra of superoxide radicals and hydroxyl radicals; (b) F
after use in gaseous mixture of O3 and toluene.

This journal is © The Royal Society of Chemistry 2020
experiment, the results are shown in Fig. 8b. For two spectra,
there were two distinctly characteristic peaks at 559 cm�1 and
425 cm�1, which were generally considered to be characteristic
peaks of the infrared spectrum of the ferrite composite.42 In the
crystal structure, each oxygen atom was shared by one tetrahe-
dral cation and three octahedral cations, so the vibration of O2

�

was related to both the tetrahedron and octahedron, and the
characteristic peak at 559 cm�1 was tetrahedral Zn–O. And the
characteristic peak of 425 cm�1 was the vibration of a typical Fe–
O bond.43 The characteristic peaks found at 1638 cm�1 and
3490 cm�1 were derived from the surface hydroxyl groups of
samples.42 This nding was consistent with XPS analysis, where
the catalyst surface contained a higher proportion of Oa. Aer
the oxidation reaction, the strength of the surface hydroxyl
group was slightly reduced, thereby explaining that some Oa

would participate or be temporarily covered during the reaction.
Aer being used in the catalytic ozonation, the FT-IR spectrum
showed a strong characteristic peak at 1381 cm�1 aer the
T-IR spectra of g-Al2O3 and ZnFe2O4/g-Al2O3 catalyst in unozonation,

RSC Adv., 2020, 10, 5116–5128 | 5125
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reaction. This characteristic peak was usually attributed to the
surface oxide produced by the combination of O3 and LAS.44,45

This phenomenon conrmed the fact that both the g-Al2O3 and
the ZnFe2O4/g-Al2O3 catalyst contained a certain amount of LAS
in the Py-IR, and also indicated that the active site was not
completely covered during the reaction. The active substance
produced by the decomposition of O3 was the key to catalyze the
ozonation reaction. In referring to the relevant literature,25,26 the
reaction process of the catalyst surface during the reaction may
be summarized as shown in Fig. S10.† We also observed that
a characteristic peak appeared at 1078 cm�1, which was the
characteristic peak position belonging to C–O. We presumed
that this was due to the production of intermediates during the
degradation of toluene, which were adsorbed on the surface of
the catalyst. During the degradation of toluene, small molecules
such as alcohols, carboxylic acids, and so on were produced and
stay on the surface of the material and continue to decompose.

To investigate the degradation process of toluene during the
reaction, in this study, aer the catalytic ozonation experiment,
we collected the produced gas and the organic matter adsorbed
on the surface of ZnFe2O4/g-Al2O3 catalyst. The experimental
conditions were as follows: an initial toluene concentration of
600 mg m�3, a temperature of 293 K, and a space velocity of
1000 h�1. With these conditions, toluene had a sufficiently high
conversion rate to produce enough intermediates for measure-
ment. As shown in Fig. S11a, b and Table S6,† the ZnFe2O4/g-
Al2O3 catalyst revealed the main substances, including: toluene
(C7H8), benzyl alcohol (C7H8O), benzaldehyde (C7H6O), benzyl
methyl ether (C8H10O), benzaldehyde dimethyl acetal
(C9H12O2), acetic acid, phenylmethyl ester (C9H10O2), benzyl
ether (C14H14O), benzene (C6H6), cyclobutanone (C4H6O), pro-
panedioic acid (C3H4O4), ethyl hydrogen malonate (C5H8O4),
acetic acid (C2H4O2), ethanol (C2H6O), methyl formate
(C2H4O2), and methanol (CH4O). In the produced gas, there was
only one carbonaceous material – carbon dioxide (CO2). The
Scheme 1 Proposed toluene catalytic ozonation routes over catalysts.
process of water.

5126 | RSC Adv., 2020, 10, 5116–5128
difference between the main components of the produced gas
and the organic matter adsorbed on the ZnFe2O4/g-Al2O3 cata-
lysts surface conrmed that most of the catalytic ozonation
process took place on the ZnFe2O4/g-Al2O3 catalyst's surface
(including toluene and intermediates) in the case of the effi-
cient removal of toluene.

Based on our analysis, GC-MS results and published
studies,11,12 the high concentration toluene catalytic ozonation
routes using the ZnFe2O4/g-Al2O3 catalyst with ambient
temperature and pressure were proposed in Scheme 1. In
general, the methyl group on the benzene ring in toluene was
most easily oxidized, and the free radical can directly extract the
H atom from the methyl group to be further converted into
a benzyl group. The benzyl peroxy radicals can interact to form
a tetraoxide, and the tetraoxide can be further decomposed by
the Russell reaction. At the same time, benzyl radicals were
directly oxidized to benzaldehyde and benzyl alcohol. At this
stage, we suspected that benzoic acid would also be formed by
the process of oxidizing benzaldehyde and benzyl alcohol.
Subsequently, along with the ring-opening process of the
benzene ring, a series of long-chain oxygen-containing small
molecules and cyclobutanone were generated. These interme-
diates continued to be degraded by the catalytic ozonation on
the catalyst surface. Among them, benzyl acetate was derived
from the synthesis of acetic acid and benzyl alcohol. Finally,
CO2 and H2O were generated and discharged with the produced
gas. From this analysis, we conrmed that the degradation of
toluene was achieved by the adsorption and oxidation processes
on the ZnFe2O4/g-Al2O3 catalyst's surface. In order to further
explore the carbon conversion pathways in this process, we also
studied the effect of space velocity on the product. The experi-
mental data were collated in Fig. S12.† With the increase of
space velocity, not only the removal rate of toluene decreased,
but the conversion rate of CO2 also decreased signicantly.
When the space velocity was above 1500 h�1, the CO2
Note: this proposed mechanism was lack of the specific production

This journal is © The Royal Society of Chemistry 2020
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conversion rate is low. At this time, a large amount of by-
products adhere to the catalyst surface, which affects the
degradation rate of toluene. During the catalytic ozonation
process, except for undegraded toluene and CO2, almost no
other products were discharged with the produced gas.
Conclusion

Several high-purity AFe2O4/g-Al2O3 (A ¼ Zn, Co, Mn, Cu) cata-
lysts with strong catalytic performance was prepared by hydro-
thermal synthesis. The performance of the catalyst was mainly
attributed to the large number of surface oxygen vacancies,
Lewis acid sites, Brønsted acid sites. The ZnFe2O4/g-Al2O3

catalyst exhibited excellent and stable catalytic ozonation
activity towards the degradation of toluene waste gas simulated
at ambient temperature. The catalyst exhibited a strong catalytic
efficiency, and the removal efficiency exceeds 99.8% under the
optimal reaction conditions. The catalytic ozonation degrada-
tion pathway of toluene was identied using GC-MS. Themethyl
group on the benzene ring was preferentially attacked by the
oxidizing substance, and then, the benzene ring was opened to
form a series of small molecular groups, eventually generating
CO2 and H2O. In addition, $O2

� and $OH were identied as the
main active substances in the catalytic ozonation degradation.
More importantly, the developed catalyst demonstrated excel-
lent reusability. This indicated that the catalyst might be
a valuable candidate for the high concentrations of industrial
toluene waste gas degradation.
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