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ABSTRACT: The simultaneous removal of multi-VOCs
(C3H6O/C6H6/C7H8/C8H10) and NO/SO2 by catalytic ozonation
on the CoOx-CrOx/γ-Al2O3 (SCC) catalyst was studied on a
laboratory scale and in industrial field testing, respectively. It was
discovered that the removal efficiencies of aromatic VOCs
gradually increased as the excess ozone ratio (λ), the ratio of the
actual number of moles of ozone to the theoretical number,
increased. With the help of a wet scrubbing system, multi-VOCs
and SO2 can be completely removed. The removal efficiency of NO remained above 95%, and the NO2 selectivity was only 2%. The
applicability of the SCC catalyst at lower temperatures was verified by achieving conversion efficiencies of multiple pollutants of
more than 80% at 50 °C, with the scrubbing system. In an industrial field-scale test performed in a textile mill in Anhui Province,
China, it was proven that in the absence of catalyst assistance, VOCs with high molecular weight were gradually degraded and small
molecules such as methanol, formaldehyde, and formic acid were generated more. Coupled with the SCC catalyst, at λ = 3, the
concentrations of almost all major VOC pollutants could be degraded to <3 ppm. Analyzed by XRD, O2-TPD, H2-TPR, XPS, and
ICP-OES characterizations, the excellent activity and stability of the SCC catalysts are attributed to the good dispersion of metal
oxides, strong intermetallic interactions, excellent reducibility, rapid redox cycles of Cr3+/Cr6+ and Co2+/Co3+, and abundant
chemisorbed oxygen. The slight deactivation of the SCC catalysts utilized continuously in the textile mill may be related to the loss
of active Cr6+ and Co2+. The results show that the combination of catalytic ozonation technology and the wet scrubbing system can
realize the efficient and simultaneous removal of multiple pollutants, providing an experimental and practical basis for further
industrial application.

1. INTRODUCTION
Due to rapid industrialization in many countries, such as
China, substantial quantities of various air pollutants, including
NOx, SO2, and volatile organic compounds (VOCs), are
emitted from industries such as power plants, steel production,
and building materials.1 VOCs, characterized by boiling points
ranging from 50 to 260 °C, are recognized as precursors of PM
2.5 and O3, contributing to the formation of secondary
photochemical smog and organic aerosols in the atmosphere.2

These pollutants interact with each other, causing serious
environmental problems, such as haze, photochemical smog,
acid rain, etc., threatening human health and environmental
ecology.3 Under stricter regulations of pollutant emission by
the Chinese government in recent years, breakthroughs in NOx
and SO2 control technologies have been made in major
industrial sectors.4 Following the effective control of NOx, SO2,
and other conventional pollutants, VOCs have attracted a lot
of attention in recent years.1 The emission control of VOCs in
China started late. The national emission standard “Integrated
emission standard of air pollutants” (GB 16297-1996)
stipulated the maximum emission concentration limit and

emission rate of benzene, toluene, xylene, phenols, and other
VOCs. The Air Pollution Prevention and Control Law of the
People’s Republic of China (2015) for the first time included
emission control of VOCs in the scope of legal supervision.
During the “12th Five-Year Plan” period, China has
successively formulated a series of national emission standards
and put forward stricter requirements for VOC emission
control in key industries, including the rubber products
industry pollutant emission standard (GB 27632-2011), steel
rolling industry air pollutant emission standard (GB 28665-
2012), petroleum refining industry emission standard (GB
31570-2015), petrochemical industry emission standard (GB
31571-2015). During the “13th Five-Year Plan” period, the
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“13th Five-Year Plan” Work Plan for VOCs Pollution
Prevention and Control issued by the Ministry of Environ-
mental Protection in 2017 put forward the main goals for VOC
emission reduction: By 2020, total emissions will be decreased
by more than 10% compared with 2015. The Chinese
government has set more rigorous targets, aiming to reduce
VOC emissions by at least 10% compared with 2020 levels by
the year 2025.2 In the new released plan, the air pollution
evaluation index was revised from “SO2 and NOx” to “VOC
and NOx”.

2 However, the removal of VOCs becomes more
difficult due to the wide variety, with various physical and
chemical properties.5

Traditional methods of pollutant removal usually contain a
series of individual processes, such as selective catalytic
reduction (SCR) and selective noncatalytic reduction
(SNCR) for NOx abatement, flue gas desulfurization for SO2
removal, needing an amount of capital investment, more space,
and more complex systems and processes, respectively.2,6

Simple combinations always lead to an increase in capital and
operating costs.3 However, for the existing flue gas purification
technology, a feasible method for SCR reactors to remove
multiple pollutants simultaneously has not been identified.2

The complex interactions among various pollutants also make
it knotty.2,5 Besides, due to inappropriate temperature ranges
and complex flue gas compositions, these technical routes are
usually not easily utilized in many industries.3 Therefore,
further investigation and exploration of integrated technology
in the simultaneous and efficient removal of VOCs and
conventional pollutants, i.e., NOx, SO2, and PM, are more
attractive to meet the requirements of ultralow emissions
standards and good economic performance,6 especially based
on the existing air pollution control devices.1,2

Catalytic oxidation technology is widely considered to be
one of the most promising strategies for eliminating VOCs,2

with harmless CO2 and H2O as final products with relatively
low temperatures. For NOx removal, besides SCR/SNCR
technologies, oxidation technology for the removal of NOx is
also attractive through the oxidation of low-solubility NO,
which accounts for at least 95% of NOx in typical combustion
flue gas,6,7 into more soluble NO2 or N2O5. For SO2 removal,
wet flue gas desulfurization (WFGD) technologies are widely
used for their simple operation, low cost, and good
performance. Catalytic ozonation, one of the promising
technologies, utilizes the stronger oxidation ability of ozone
and catalysts, which can oxidize both NO and VOCs under low
temperatures.3,5,8,9 Catalytic ozonation technology can also
assist the typical WFGD system in simultaneously removing
NOx, SO2, and VOC pollutants.3

The noble metal oxide catalysts exhibit remarkable catalytic
activities and stabilities; however, their higher cost and
susceptibility to catalyst poisoning caused by SO2 and moisture
in the flue gas present challenges.2,10 As a more cost-effective
alternative, first-row transition-metal oxide catalysts are
considered optimal for catalyzing the oxidation of VOCs due
to their reasonable price, high catalytic activity, selectivity, and
strong resistance to toxicity.2 The application of single or a
combination of transition-metal oxide catalysts for VOC
degradation has been widely reported.2,5,8,9,11 However, the
worse chemical and thermal stabilities of single metal oxides
can result in particle clustering, leading to a decrease in
catalytic performance.2,12 To address this issue, bimetallic or
multiple transition-metal oxide catalysts have been explored to
enhance thermal stability, adjust the electronic structure, and

modify surface properties,2 which are more flexible due to the
diversity of the active components.13 The introduction of
secondary metal oxides can effectively reduce the crystallinity
and produce intermetallic synergies, generating more oxygen
vacancies, to improve the catalytic activity.2 It is reported that
CrOx catalysts perform effectively in VOC removal under low
temperatures,5,9,13 especially with a Cr content of 1.5%. CoOx-
based catalysts have also obtained wide attention in VOC
catalytic oxidation, of which the high activity is related to its
mobile oxygen species and high oxygen-binding rate,2 with Co
content of 2.5%. Additionally, a catalyst support with a high
specific surface area and porous characteristics can improve the
mass-transfer efficiency and adsorption capacity of VOCs.2

According to the work reported,8,14,15 the catalysts supported
by γ-Al2O3 have better activity than those supported by TiO2
or SiO2 for catalytic ozonation by VOCs. Therefore, Co2.5%-
Cr1.5%/γ-Al2O3 catalysts were prepared in this article for the
simultaneous and efficient removal of multiple pollutants,
including multi-VOCs, NOx, and SO2.
Due to the small scales and dispersed distributions, most

industrial boilers and furnaces have not yet completed ultralow
emission retrofit, becoming the main emission source.3 The
field testing and research of multiple pollutant removal in
realistic industries is even less studied. The catalytic ozonation
technology for the degradation of VOCs can be coupled with
ozone deNOx technology, combined with the existing
scrubbing tower in the plant to absorb the oxidation products,
with less transformation difficulty, basically no pressure loss,
and less change in the flue gas channel, so that it can be applied
to most of the industrial boilers of various types, such as chain
furnaces, carbon black drying furnaces, and fluidized bed
boilers. It is also suitable for the removal of a variety of VOCs,
including benzene, toluene, xylene, chlorobenzene, form-
aldehyde, acetone, dichloromethane, dichloroethane, vinyl
chloride, and PCDD/FS.
This article addresses the gap by presenting research on the

simultaneous removal of multipollutants (VOCs/NO/SO2)
through catalytic ozonation technology, in both the laboratory
and in industrial on-site testing. The findings provide a feasible
integrated system for the comprehensive treatment of multiple
pollutants in industrial application.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. The spherical CoOx-CrOx/γ-

Al2O3 (SCC) catalyst was prepared using a two-step
isovolumic impregnation method, involving active spherical
γ-Al2O3 as the support and the sequential loading of CrOx and
CoOx. The preparation steps were as follows: (1) The active
spherical γ-Al2O3 with a diameter of 3−5 mm underwent
pretreatment by calcination at 600 °C for 2 h. (2) 1.1 mL of
Cr(NO3)3 solution with a concentration of 104.934 g/L was
added dropwise and evenly onto 1 g of a calcinated spherical γ-
Al2O3 support and then under ultrasonication for 1 h and
settlement for 23 h. (3) The liquid−solid mixture was then put
in the oven and dried at 100 °C for 7 h, followed by calcination
at 500 °C for 4 h, to obtain the Cr1.5%/γ-Al2O3 catalyst,
recorded as Cr1.5%. (4) 1 g of Cr1.5% was used as the support
of the secondary impregnation, and 1.1 mL of Co(NO3)2
solution (concentration 112.107 g/L) was uniformly dropped
into the Cr1.5% support. As for Cr1.5% before, Co2.5%-
Cr1.5%/γ-Al2O3 was obtained after calcination at 500 °C for 4
h, written as the SCC catalyst. In the preparation process, the
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calcination heating rate was 2 °C/min, and the prepared
catalysts were spherical with 3−5 mm diameter.
2.2. Catalyst Characterization. X-ray powder diffraction

(XRD) patterns of catalysts were obtained from an X-ray
diffractometer (X-pert powder, PANalytical B.V.) at 40 kV and
40 mA with Cu Kα radiation (λ = 0.1540598 nm), and the
radiation range was 10−80° (2θ, diffraction angle). The actual
loadings of Co and Cr elements on the SCC catalysts before
and after application were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES). The 50 mg
of SCC catalyst was finely ground, digested by an 8 mL
digestion solution prepared with the volume ratio of
HCl:HNO3 = 1:3, and then diluted to a 500 mL solution for
ICP-OES characterization. The measurements of O2 temper-
ature-programmed desorption (O2-TPD) and H2 temperature-
programmed reduction (H2-TPR) were conducted with an
automatic temperature-programmed chemisorption analyzer
(AutoChem II 2920, Micromeritics). XPS spectra of the SCC
catalysts were collected by an X-ray photoelectron spectrom-
eter (ESCALAB 250Xi, Thermo Scientific), which was
equipped with a standard Al Kα (1486.6 eV) source, with all
binding energies calibrated with the C 1s peak (284.8 eV) as a
reference.
2.3. Catalyst Activity Evaluation on the Laboratory

Scale. The schematic diagram of the laboratory-scale catalyst
activity evaluation system is shown in Figure S1, comprising a
gas supply system, reaction system and measurement system.
The simulated exhaust gas was mainly composed of five kinds
of gases, all of which are cylinder gases (Jingong Gas Co.,
Ltd.), including N2 (99.999%), O2 (99.999%), NO (2000
ppm/balance N2), SO2 (1000 ppm/balance N2), and multi-
VOCs (10 ppm acetone/30 ppm benzene/30 ppm toluene/30
ppm o-xylene/balance N2), with a simulated flue gas flow rate
of 1 or 4 L/min. Initial concentrations of NO and SO2 were
100 and 200 ppm, respectively. The initial concentrations of
various VOCs were configured to be 5 ppm acetone, 15 ppm
benzene, 15 ppm toluene, and 15 ppm o-xylene. The O2 gas
entered a dielectric barrier discharge ozone generator (VMUS-
1S type, 1 g, Canada AZCO) to generate ozone, and the O3/
O2 mixture was divided into two streams. One stream flowed
through a wide-range ozone analyzer (BMT-964BT, OSTI
Inc., 0 to 20 g/Nm3, ±0.1 g/Nm3), aiming to quantitatively
measure the ozone concentration in O3/O2 mixtures. The
other stream was controlled by a mass flow controller (Alicat
Scientific, Inc.) and then evenly mixed with the other four
gases, N2, NO, SO2, and VOCs, which were controlled by mass
flow controllers (Beijing Sevenstar Flow Co., Ltd.). A quartz
tube with an inner diameter of 13 mm was placed in the
tubular furnace, filled with 1 g of SCC catalyst in the middle.
The reaction temperature was monitored by a K-type
thermocouple. The outlet of the tubular furnace was connected
to a wet scrubbing system, of which the liquid phase was the 3
L NaOH solution with a concentration of 0.125 mol/L, with
the pH value adjusted to ∼5.5 by adding phosphoric acid, and
the liquid−gas ratio was set to 2.5 L/h. The Gasmet Dx4000
exhaust gas analyzer was utilized to determine the concen-
trations of all components in the exhaust gas before and after
the catalytic ozonation system and scrubbing system.
The conversion efficiencies of multi-VOCs/NO/SO2 are

calculated with eq 1 as follows

= [ ] [ ]
[ ]

×M M
M

100%in out

in
M (1)

where ηM refers to the conversion efficiency of target pollutant
M and M refers to one of the multipollutants, including
acetone/benzene/toluene/o-xylene/NO/SO2. [M]in means the
initial concentration of the target pollutant M, and [M]out
means the outlet concentration of the target pollutant M.
The selectivity of NO2 is calculated with eq 2 as follows

= [ ]
[ ] [ ]

×NO
NO NO

100%out

in out
NO

2
2 (2)

where ΦNOd2
refers to the selectivity of NO2. [NO2]out is the

outlet concentration (ppm) of the NO2. [NO]in is the initial
concentration (ppm) of the NO. [NO]out is the outlet
concentration (ppm) of NO.
2.4. Catalyst Activity On-Site Evaluation in Industrial

Testing. The on-site industrial testing facility was built within
a textile company located in Anhui province, China, as shown
in Figure S2. The textile mill has 7 production lines, and the
production process will generate waste gas containing organic
pollutants. Some removal devices have been equipped but fail
to meet the emission requirements due to the lower removal
efficiency. The whole process includes exhaust gas collection,
primary scrubbing, heat conversion, high-voltage electrostatic
treatment, and secondary scrubbing, during which the flue gas
temperature at the entrance of the primary spray tower is <150
°C. The components of the exhaust gas before the secondary
scrubbing may include acetone, benzene, toluene, heptane, o-
xylene, and butyl acetate. The flue gas for the reaction came
from the exhaust gas of the textile mill before the primary
scrubbing and before the secondary scrubbing. The compre-
hensive evaluation system comprised an adjustable ozone
generator, a catalytic reactor, and measurement equipment.
The ozone output from the ozone generator was adjustable,
and the outlet flow was determined by a float flowmeter. The
catalytic reactor utilized a previously prepared 2.5 kg SCC
catalyst coupled with ozone to remove multiple VOCs in the
exhaust gas. The measurement equipment was one exhaust gas
analyzer (Gasmet Dx4000), aiming to confirm the VOC
compositions and concentrations in the exhaust gas before and
after the catalytic ozonation process. The flow rate of exhaust
gas was 17−25 N m3/h, and GHSV (gas hourly space velocity)
was 680−1000 mL/(g·h).
The conversion efficiencies of multi-VOCs are also

calculated with eq 3 as follows

= [ ] [ ]
[ ]

×V V
V

100%in out

in
V (3)

where ηV refers to the conversion efficiency of target pollutant
V and V refers to one of the multi-VOCs. [V]in means the
initial concentration of the target pollutant V, and [V]out means
the outlet concentration of the target pollutant V.

3. RESULTS AND DISCUSSION
3.1. Catalytic Activity Evaluation on a Laboratory

Scale. The simultaneous removal of multi-VOCs (acetone/
benzene/toluene/o-xylene) and NO/SO2 by catalytic ozona-
tion over the SCC catalyst was first carried out in the
laboratory to evaluate the catalytic activity of the SCC catalyst.
The effects of different parameters on multipollutant
degradation processes, including ozone dosage, temperature,
GHSV, and the existence of SO2, were investigated by
experimental catalytic activity evaluation, aiming to provide
experimental data for further practical application in industry.
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3.1.1. Effect of Ozone Dosage. In catalytic ozonation
technology, the dosage of ozone, acting as a more potent
oxidizer, plays a significant role in ensuring optimal activity
performance. To achieve cost-effectiveness and prevent the
unnecessary release of excess ozone, proper ozone dosage
should be confirmed by an experimental test to provide the
basis for parameter adjustment in practical industrial
application. The excess ozone ratio (λ) was defined to describe
the ozone dosage introduced into the catalytic ozonation
system, referring to the ratio of the actual number of ozone
moles to the theoretical number. The theoretical moles of
ozone means the sum of the ozone moles for the equivalent
ratio of four kinds of VOC oxidation reactions. The initial
concentrations of multiple VOCs were 5 ppm acetone, 15 ppm
benzene, 15 ppm toluene, and 15 ppm o-xylene. When the
excess ozone ratio λ was 1, the ozone concentration was 283
ppm; when the excess ozone ratio λ was 2, the ozone
concentration was adjusted to 567 ppm. An excess ozone ratio
λ of 3 refers to an ozone concentration of 850 ppm. The
activity measurement results of different excess ozone ratios λ
are shown in Figure 1.
Figure 1 illustrates the degradation outcomes of multi-

pollutants under different temperatures and different gas flows
without the assistance of a wet scrubbing system, during which
different dosages of ozone are introduced and λ varies from 1

to 3. It is obvious that among different reaction conditions, the
trends in conversion efficiencies with the increase in λ are
similar. Taking Figure 1(a) as an example, under 120 °C, when
the λ increased from 1 to 3, the removal efficiency of NO was
always maintained at around 100%, and there was little
difference in NO2 selectivity, generally less than 10%. This is
corroborated by the research16 showing that when the O3/NO
molar ratio is >1, ozone can further oxidize NO2 to N2O5. The
removal efficiency of SO2 also increased with the increase in
ozone dosage, the maximum of which reached ∼50% without a
scrubbing system.
In Figure 1(a), focusing on the removal of multi-VOCs, a

progressive enhancement in the removal efficiencies of
aromatic VOCs corresponds to the gradual increase in the
excess ozone ratio (λ) from 1 to 3. Notably, the removal
efficiencies of toluene and o-xylene were less differentiating.
The removal efficiencies of toluene and o-xylene were near
75% when λ was 1 and approached ∼90% when λ increased to
2. When λ increased to 3, toluene and o-xylene could be
completely removed. However, the removal efficiency of
benzene was slightly lower than that of toluene and o-xylene,
which was less than 50% when λ was 1. It increased to 80%
when λ was 2 and was close to 96% when λ was 3. It can be
seen that the SCC catalyst exhibited excellent activity for
aromatic VOC removal, which may be related to the ratios of

Figure 1. Effect of ozone dosage on the conversion efficiencies of multipollutants without the assistance of wet scrubbing under (a) 120 °C, 60000
mL/(g·h); (b) 50 °C, 60000 mL/(g·h); and (c) 50 °C, 240000 mL/(g·h).

Figure 2. Conversion efficiencies of multipollutants with λ = 3 assisted by wet scrubbing under (a) 120 °C, 60000 mL/(g·h), with 200 ppm SO2;
(b) 50 °C, 60000 mL/(g·h), with 200 ppm SO2; (c) 50 °C, 240000 mL/(g·h), without SO2; and (d) 50 °C, 240000 mL/(g·h), with 200 ppm SO2.
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Cr6+/Cr3+ and Co2+/Co3+ and abundant chemical-adsorbed
oxygen of the catalyst,17 as shown in the XPS results below. In
the process of the catalytic ozonation of VOCs, highly active
oxygen atom species generated by ozone decomposition on the
catalyst surface are also crucial for the oxidation of VOCs.18,19

The observed correlation indicates that a higher ozone
concentration results in the generation of more active oxygen
atoms generated by its decomposition, thereby contributing to
the increase in the oxidation efficiencies of VOCs.
The removal of acetone is quite different from that of

aromatic VOCs, as shown in Figure 1. For example, when λ
increased from 1 to 3, in Figure 3(a), the removal efficiency of
acetone gradually decreased from above 80% to ∼30% and
finally to a negative value, which showed that acetone was not
completely degraded, even some of which was formed.
According to the literature,20 acetone is one of the
intermediates in the decomposition processes of benzene,
toluene, and o-xylene. When the ozone dosage gradually
increases, more ozone preferentially reacts with aromatic
VOCs, producing more intermediates, including acetone,
resulting in a decline in the acetone removal efficiency and
even turning it negative. This is consistent with the trends
mentioned in the literature21−25 that aromatic VOCs are more
easily destroyed than ketone VOCs. The difference in the
conversion efficiencies of various VOCs is mainly due to the
different affinities of the catalyst surface for different VOCs,
which depend on the chemical structures,21 the competition of
high-energy electrons and active radicals, and the interactions
among various VOC molecules.5,22 In addition, the H2O and
CO2 produced by the catalytic ozonation of aromatic VOCs26

and the carbonaceous substances produced by incomplete
oxidation23,27 will also inhibit the acetone conversion process.
As discussed above, a series of factors could bring about the
lower acetone removal efficiency compared to those of
aromatic VOCs.5 This is highly consistent with the
experimental phenomena reported in the literature.23 In this
article, three kinds of different aromatic VOCs and acetone
were intended to be removed simultaneously, although the
removal efficiency of acetone turned out to be even worse.
Therefore, further improvement from assistance with the wet
scrubbing system remains to be investigated.

3.1.2. Effects of Temperature, GHSV, and SO2. Aiming to
improve the removal efficiency of acetone, characterized by its
high solubility in water, as well as SO2 and NO2, a scrubbing
system was integrated with the catalytic ozonation setup to
facilitate further removal processes.
In Figure 2(a), under the higher temperature of 120 °C,

combined with the wet scrubbing system, the removal
efficiency of NO was maintained above 95%, and the produced
NO2 that escaped was about 2 ppm, for which the selectivity
was only 2%. With wet scrubbing, SO2 was basically removed
completely. For multi-VOCs, acetone, toluene, and o-xylene
could be completely removed during the 3 h reaction process.
The removal efficiency of benzene also fluctuated slightly in
the range of 90−100%. This phenomenon was different from
the results shown in Figure 1(a) without access to the
scrubbing tower. With the incorporation of wet scrubbing, the
removal efficiency of SO2 was significantly increased, with NO2
further absorbed into the liquid phase, and the removal
efficiency of acetone was also significantly increased to nearly
100%. The results showed that the catalytic ozonation
integrated with wet scrubbing technology could achieve the
efficient and simultaneous removal of multipollutants, such as

VOCs, NOx, and SO2, which provided an experimental basis
for further industrial application.
Applicability in wide temperature ranges is also crucial for

catalytic ozonation technology in industrial applications. In
laboratory-scale experiments, the activity of the SCC catalyst
on multipollutant simultaneous removal was also investigated
under low temperatures. As can be seen from Figure 2(a),(b),
the removal efficiencies of multiple pollutants decreased to
varying degrees when the temperature was decreased to 50 °C.
With the scrubbing system in Figure 2(b), SO2 was basically
removed completely, and the NO removal efficiency can also
be maintained at 85%, with all VOC removal efficiencies
maintained above 85%. Compared with activity measured
under 120 °C in Figure 2(a), the activity of the SCC catalyst
decreased slightly at 50 °C, but the conversion efficiency of
85% for multipollutant simultaneous removal could also be
reached in combination with the scrubbing system, which also
verified the applicability of the SCC catalyst at a lower
temperature.
When the simulated flue gas flow was set as 1 L/min in

Figure 2(a),(b), the calculated GHSV was 60000 mL/(g·h). In
Figure 2(c),(d), the performance of the SCC catalyst in
multipollutant simultaneous removal under a higher GHSV of
240000 mL/(g·h), with the simulated flue gas flow set as 4 L/
min, was exhibited. In Figure 2(d), with a higher GHSV of
240000 mL/(g·h), at 50 °C, compared with the performance
of the SCC catalyst under lower GHSV, the removal
efficiencies of acetone and benzene were significantly reduced
to ∼50%, after being combined with the scrubbing system,
which may be due to the more serious deactivation
phenomenon of the SCC catalyst caused by larger flow of
the simulated flue gas.
The presence of SO2 is inevitable in the exhaust gas of

various industries, the effect of which also should be
investigated to evaluate the SO2-resistance ability of applied
catalysts. The simultaneous removal efficiencies of multiple
pollutants without SO2 were measured to explore the effect of
the SO2. It can be observed that in Figure 2(d) in the presence
of SO2, the degradation efficiencies of acetone and benzene
decreased to ∼50%, while in Figure 2(c), without the presence
of SO2, the removal efficiencies of all VOCs fluctuated above
90%, indicating that the presence of SO2 will inhibit the
catalytic ozonation process of VOCs, especially for acetone and
benzene, which might be ascribed to partial poisoning of the
SCC catalyst, caused by the accumulation of sulfates and
sulfites produced on the catalyst surface, as verified by H2-TPR
results in Section 3.3.3.5,8,9

3.2. Application of Multi-VOCs’ Simultaneous Re-
moval in a Textile Mill. 3.2.1. Catalytic Activity Perform-
ance of the SCC Catalyst before Primary Scrubbing. Apart
from the catalytic activity evaluation on a laboratory scale, the
catalytic performance of prepared catalysts in industrial
application is of high importance in verifying the realistic
application feasibility of catalytic ozonation technology. Table
S1 shows the main components and their maximum
concentrations in the exhaust gas measured by a Gasmet
Dx4000 gas analyzer before primary scrubbing. Six kinds of
main components in the exhaust gas before primary scrubbing
could be observed from Table S1, which were, respectively,
ethanol, acetone, carbonyl sulfur, trichloromethane, dichloro-
ethane, and butyl acetate. Except ethanol, the initial maximum
concentrations of the other five kinds of VOCs were all larger
than 100 mg/Nm3, among which, that of dichloroethane was
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up to 202.64 mg/Nm3, and initial concentrations of acetone
and trichloromethane were also above 150 mg/Nm3.
During the activity evaluation, the ozone output was

adjusted to 13 g/h and λ was 2. The removal efficiencies
were calculated, as shown in Figure 3(a). When λ was 2, the
removal efficiencies of acetone and butyl acetate were close to
100%, and the removal efficiencies of carbonyl sulfur,
dichloroethane, and trichloromethane were also maintained
at ∼85%. The removal efficiency of ethanol was slightly lower,
which can be dissolved in water; therefore, it is speculated that
a higher removal efficiency can be achieved after the
subsequent primary and secondary scrubbing.
When λ = 2, the changing trends in the concentrations of

main VOC components and the small molecular VOCs
generated are shown in Figure 3(b), divided into a degradation
zone and a generation zone. The degradation components
included the above six kinds of main VOCs pollutants with
higher concentrations in Table S1 and methanol, but the
removal efficiency of methanol was lower than those of the six
major VOC pollutants, which might be ascribed to the fact that
methanol was also one of the intermediate products during the
multi-VOCs’ degradation processes. The generated products
mainly included hydrogen chloride, formaldehyde, and
benzaldehyde, which were the main intermediate products
produced in the catalytic ozonation process of multi-VOCs.
The results were consistent with the conclusion in the
literature11 that the organic compounds mainly observed
during acetone oxidation included formaldehyde, methanol,
ketene, acetaldehyde, formic acid, and acetic acid, charac-
terized and quantified by proton-transfer-reaction time-of-flight
mass spectrometry (PTR-TOF-MS). The reaction mechanism
of acetone oxidation in a dielectric barrier discharge (DBD)
reactor was analyzed in detail:11 first, acetone molecules were
broken to form methyl radicals, acetyl groups, and H atoms,
and then methyl radicals and acetyl groups were oxidized by O
or OH radicals to form acetaldehyde, methanol, and other
compounds. It might explain the lower removal efficiency of
methanol in Figure 3(a). Acetaldehyde is the main
intermediate produced by the oxidation of acetone, which
will be decomposed and oxidized into other compounds, such
as acetic acid and formaldehyde. This is consistent with the
practical experimental results above, and formaldehyde in the
generation zone in Figure 3(b) was the main generated
product.

3.2.2. Catalytic Activity Performance of the SCC Catalysts
before Secondary Scrubbing. The significance of the SCC
catalyst in VOCs’ simultaneous removal by ozonation assisted
by wet scrubbing was investigated further. Before secondary

scrubbing, homogeneous ozonation and catalytic ozonation
experiments were conducted in succession, compared, and
recorded as cycle 2-1. The catalyst applied previously was
utilized again for the second cycle of catalytic ozonation
performance, recorded as cycle 2-2. The main components and
their maximum concentrations in the exhaust gas before the
secondary scrubbing are shown in Table S2, from which it was
visible that the main components of the exhaust gas before the
secondary scrubbing obtained from the two tests were
consistent. There were four kinds of main components:
phenol, o-xylene, heptane, and ethanol. It could be concluded
by comparing Table S1 with Table S2 that there were large
differences in the initial compositions of exhaust gas before
primary and secondary scrubbing, such as the significant
reduction of ethanol after primary scrubbing.
In the homogeneous ozonation process, without the SCC

catalyst applied, the ozone dosage was adjusted to be increased
from 13 to 30 g/h, and λ was 1−3. The removal efficiencies
under different experimental conditions of homogeneous and
catalytic ozonation processes are illustrated in Table 1. It is

shown in this table that, without the assistance of the SCC
catalyst, increasing the ozone dosage, with λ increasing from 1
to 3, could also lead to higher removal efficiencies for the three
main VOC pollutants. When λ was 2, the removal efficiencies
of phenol, o-xylene, and heptane all reached above 93%, and
under an λ of 3, the removal efficiencies of all VOC pollutants
were close to 100%.
After the homogeneous ozonation process, the performance

of ozonation coupled with the SCC catalyst was also explored,
as shown in Figure 4, from which it could be concluded that,
without catalytic assistance, VOCs with high molecular weight,
including heptane, phenol, and xylene, were gradually
degraded, but more small molecular VOCs such as methanol,
formaldehyde, and formic acid were generated. Coupled with
the SCC catalyst, with λ increasing from 1 to 3, small
molecular VOCs were also gradually decomposed. Under λ =

Figure 3. (a) Conversion efficiencies of multi-VOCs. (b) Concentration of multi-VOCs before and after the catalytic ozonation treatment.

Table 1. Removal Efficiencies of Different Components
before Secondary Scrubbing (%)

Components
Phenol
C6H6O

o-Xylene
o-C8H10

Heptane
C7H16

Homogeneous ozonation
in cycle 2-1

λ = 1 50.09 50.05 22.83
λ = 2 97.45 93.15 93.09
λ = 3 99.07 98.52 100

Catalytic ozonation in cycle
2-2

λ = 1 56.51 2.96 19.89
λ = 2 79.63 59.32 60.71
λ = 3 98.21 98.56 87.50
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3, the concentrations of major VOC pollutants could be
degraded to below 3 ppm, as shown in Figure 4.
For industrial applications, the catalytic activity for recycling

applied catalysts makes great sense for reducing costs and for
simpler operation. In cycle 2-2, with the assistance of the SCC
catalyst already applied in cycle 2-1, the removal efficiencies of
multiple VOCs were clarified in Figure 5(a) and the
efficiencies between the two cycles were compared in Figure
5(b), under different experimental conditions shown in Table
1. The trends were consistent with those of cycle 2-1, and the
main VOC pollutants were still phenol, o-xylene, and heptane.
By catalytic ozonation, small molecular VOCs such as
methanol, formaldehyde, and formic acid were generated.
When λ was 3, the removal efficiencies of phenol and o-xylene
were 98%, and the removal efficiency of heptane was also
above 87%, which verified the excellent catalytic activity of the
SCC catalyst in the continuous industrial application of multi-
VOCs’ simultaneous removal.
Acetic acid and formic acid are important intermediates of

acetone oxidation, according to the complete oxidation
pathway of acetone on the 0.57 wt % CeO2-0.05 wt % Pt/
TiO2 catalyst summarized in the literature.28 And these are also
the main intermediate products during the overall degradation
reaction of the toluene/acetone binary mixture confirmed in
the literature.23 The intermediate products produced by
incomplete oxidation from experimental results in this article

mainly included formic acid, methanol, and formaldehyde,
consistent with the research results above.
3.3. Catalyst Characterization. 3.3.1. XRD Character-

ization. Crystalline structures of the catalysts usually affect the
catalytic performance of different catalysts in the process of
oxidation and ozonation. The SCC catalyst prepared in this
article was characterized by powder X-ray diffraction (XRD),
and the XRD results are shown in Figure S3. As can be seen,
the XRD curves of Cr1.5 and Co2.5-Cr1.5 catalysts prepared
have strong diffraction peaks at 37.7, 45.8, and 66.8°, referring
to the characteristic peaks of γ-Al2O3 (PDF no. 79-1558).29 In
addition, the XRD curve of the Cr1.5 catalyst also has several
weak diffraction peaks of 35.1, 57.4, 43.3, and 25.5°,
corresponding to the structure of Al1.92Cr0.08O3 (PDF no. 87-
0711). However, in the XRD curve of the Co2.5-Cr1.5 catalyst,
the diffraction peak intensity of the Al2O3 structure is
weakened, and the diffraction peaks of Cr2O3 and CoOx can
hardly be seen, indicating that CoOx has good dispersion on
the catalyst surface. After loading CoOx, the relative intensities
of all peaks gradually decrease, indicating the enhancement of
the metal interaction.30

3.3.2. ICP-OES Characterization. The actual loadings of Co
and Cr in the prepared SCC catalysts were determined by ICP-
OES (inductively coupled plasma optical emission spectros-
copy). The characterization results are shown in Table S3.
There is little difference between the actual loading and the
designed one, and it can be confirmed that the mass fractions
of Co and Cr are 2.5 and 1.5%, respectively.
The catalyst after the laboratory activity test was also

characterized by ICP, and the results are shown in Table S3. It
can be seen from the values in Table S3 that the mass fractions
of Co and Cr in the catalyst decreased after the reaction, which
is speculated to be related to catalyst deactivation. Along with
the gradual reaction process, active Cr will be gradually lost,
thus affecting the stability of chromium oxide catalyst
activity,10 which is in agreement with the deactivation
phenomenon in the previous laboratory acetone degradation
work. The mass loss of the Co element may also be related to
the removal reaction of VOCs.

3.3.3. Temperature-Programmed Performance. The O2-
TPD curves are commonly used to evaluate the desorption and
mobility of oxygen,8,31 and those of fresh and spent SCC
catalysts in this article are shown in Figure S4(a). Oxygen
species can be divided into chemically desorbed oxygen Oα,
surface lattice oxygen Oβ, and bulk lattice oxygen Oγ, according
to increasing desorption temperature.31 The desorption peaks

Figure 4. Concentrations of multi-VOCs in cycle 2-1.

Figure 5. (a) Concentrations of multi-VOCs in cycle 2-2. (b) Comparison between conversion efficiencies of multi-VOCs in two reaction cycles.
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below 300 °C illustrate the release of chemisorbed oxygen
species.31,32 The peaks at 300−650 °C and above 700 °C refer
to the desorption of surface oxygen and bulk lattice oxygen,
respectively.8,31,32 The results in Figure S4(a) show that the
fresh SCC catalyst possesses more active sites for O2
desorption than the spent SCC catalyst applied for catalytic
ozonation. Although there is no significant difference in the
amount of chemisorbed oxygen in all SCC catalysts, the
amount of surface oxygen species over the SCC catalyst
decreased significantly after catalytic ozonation, which may
affect the sustainment of SCC catalytic activity,8,32 leading to
the deactivation observed from catalytic ozonation exper-
imental results. The above conclusions are consistent with the
analysis of O 1s spectra in XPS below.
In Figure S4(b) depicting the H2-TPR curves, a broad

reduction peak appears at 320 °C, corresponding to the
reduction from Co2+ to Co08 or from Cr6+ to Cr3+.33 This peak
overlaps with a weaker peak at 395 °C, which indicates the
reduction of highly dispersed Cr2O3.

33,34 The H2-TPR
illustrates excellent reducibility of the fresh SCC catalyst at
low temperatures, contributing to its high catalytic activity. It is
acknowledged that with more H2 consumption, the catalysts
possess more oxygen vacancies and stronger reducibility, over

which adsorbed oxygen species could be desorbed more
easily.8,35,36 Following application in the textile mill, all
reduction peaks of the SCC catalyst become weaker,
suggesting reduced H2 consumption and weaker redox abilities.
This phenomenon may be attributed to the decrease in the
average oxidation valence,8 consistent with the XPS results
shown in Figure 6. This might be due to the loss of active Cr6+

and Co2+, explaining the slight deactivation of the SCC catalyst
continuously applied in the textile mill. From the H2-TPR
curve of the SCC catalyst applied on a laboratory scale, one
sharper and stronger reduction peak shows up at higher
temperature (530 °C), which is ascribed to the reduction of
sulfates.37 Because of the multiple pollutants’ simultaneous
removal in laboratory-scale experiments, including NO/SO2
and multi-VOCs, the active metal oxides of the SCC catalyst
are consumed and the surface becomes covered by metal
sulfates or metal sulfides, causing the decrease in the
reducibility, eventually leading to the deactivation of the
SCC catalyst.

3.3.4. XPS. The redox ability of the catalysts depends on the
different valences of the transition metals and their behavior in
the catalytic reaction process also relies on the conversion of
the different valence states, so it is of great significance to

Figure 6. X-ray photoelectron spectra of different SCC catalysts: (a) Cr 2p, (b) Co 2p, and (c) O 1s.

Table 2. Distributions of Chromium, Cobalt, and Oxygen Species

Cr distribution Co distribution O distribution

catalysts Cr6+/Cr Cr3+/Cr Co3+/Co Co2+/Co Oα Oβ Oγ Oβ/Oα

SCC fresh 0.64 0.36 0.49 0.51 0.22 0.52 0.26 2.37
SCC spent on a laboratory scale 0.67 0.33 0.71 0.29 0.22 0.52 0.26 2.37
SCC spent in the textile mill 0.51 0.49 0.58 0.42 0.23 0.51 0.26 2.25

Figure 7. Valence distributions of different SCC catalysts: (a) Cr 2p, (b) Co 2p, and (c) O 1s.
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analyze the change in the valence states of the elements on the
catalyst surface.37 The surface properties of different SCC
catalysts before and after the ozonation reaction were obtained
by XPS characterization, as shown in Figure 6. In Figure 6(a),
the Cr 2p peak is divided into Cr 2p3/2 and Cr 2p1/2 parts,

33,38

which are located at 577.1−580.3 and 583.2−588.7 eV,
respectively. Cr 2p3/2 peaks could be deconvolved by XPS
peak 41 software into different-valence peaks of Cr3+ and Cr6+,
located at 577.7 and 580.3 eV, respectively.33,39 Analogously,
the peaks of Cr 2p1/2 are deconvolved into two peaks at 585.7
and 588.7 eV, corresponding to Cr3+ and Cr6+, respec-
tively.33,39

According to the literature,33,34,40,41 the redox ability of Cr6+
is stronger than that of Cr3+, which is more conducive to the
deep oxidation of VOCs. As can be seen from Table 2, the
ratio of Cr6+/Cr in the fresh SCC catalyst reached 0.64,
indicating the higher proportion of Cr6+, which is consistent
with the excellent performance of the SCC catalysts in multi-
VOC ozonation as described above, whether on the laboratory
scale or in practical application.33 In Figure 7, the content of
Cr6+ in the fresh SCC catalyst is the highest, and those in spent
SCC catalysts are reduced. This is consistent with the ICP
results in Table S3, which may be due to the loss of the active
Cr6+ during catalytic ozonation processes.5 As the reaction
proceeded, the active Cr6+ in the SCC catalysts was gradually
consumed, which changed the oxidation state, particle size, and
dispersion of the catalyst and thus inhibited the activity of the
SCC catalyst,5 also consistent with the deactivation phenom-
enon observed in our previous acetone degradation work.9

As shown in Figure 6(b), the XPS spectra of Co 2p include
Co 2p3/2 and Co 2p1/2 peaks, respectivel,y located at 781.1−
783.5 and 796.4−800.6 eV and two corresponding satellite
peaks, consistent with XPS results in the literature.42−44 After
deconvolution, the two valence states Co3+ (781.3 and 796.6
eV) and Co2+ (782.9 and 797.8 eV) can be observed, mainly
existing in the form of Co2O3 and Co(OH)2, which is
consistent with the XPS results in the literature.44−46 By
calculating from the integration of the peak area, as Table 2
shows, on fresh SCC catalyst, the molar ratio of Co3+/
(Co2++Co3+) is 0.49, indicating that two Co ions with two
different valences are in an equilibrium distribution on a fresh
SCC catalyst.37 A study47 shows that the electron-transfer
ability of Co2+ is higher than that of Co3+ in the process of
catalytic ozonation, resulting in a higher conversion rate of
ozone and a higher VOC conversion efficiency. As shown in
Figure 7(b), the decrease in Co2+ content and the increase in
Co3+ content are both visible after the catalytic reaction, which
illustrates the participation of Co ions in the catalytic reaction
process.43,48 It could be deduced that a part of Co2+ was
transferred to Co3+ in the catalytic ozonation process of
multipollutants. It is also reflected in Table 2 that the ratio
Co3+/Co increased after the catalytic reaction, both on the
laboratory scale and in practical application.
Concerning the O 1s spectra of the fresh SCC catalyst, it

could be deconvolved into three peaks, of 530.4, 531.1, and
532.4 eV, which correspond to Oα, Oβ, and Oγ, respectively.
Oα, located at ∼530 eV, indicates the lattice oxygen, with
sharper and stronger peak Oβ referring to chemical-adsorbed
oxygen, such as O−, O2−, O2

−, and O2
2−.8,38,49 Oγ demonstrates

the presence of adsorbed H2O/OH− or carbonates.35,50

Besides, with higher mobility, Oβ usually contributes as active
sites for the adsorption of the gaseous O2 into the oxygen

vacancy, which has a significant effect on the catalytic
activity.8,51−53

It could be noticed that the peak areas of Oβ peaks in Figure
7(c) are similar, as well as Oβ/O of different SCC catalysts in
Table 2, although the Oβ/O ratio of the SCC catalyst applied
in the textile mill is a bit lower, which might be ascribed to its
participation in the redox process of cobalt and chromium
ions.43,46 This is consistent with the high activities and
stabilities of those SCC catalysts, even those of applied ones.
According to the literature,8,51,52 Oβ, chemically adsorbed
oxygen, plays a dominant role in catalytic ozonation because of
higher mobility causing more active surface oxygen vacancies
as reaction sites. However, some shift to the lower binding
energy of Oβ could also be observed in spent SCC catalysts,
meaning lower electron density and higher mobility after
practical application.32,54

The above XPS results show that rapid redox cycles of Cr3+/
Cr6+ and Co2+/Co3+ and chemical-adsorbed oxygen all
contribute to the catalytic performance of the SCC catalysts
in the simultaneous removal of multipollutants.43 The former
pairs of Cr3+/Cr6+ and Co2+/Co3+ may provide donor−
acceptor chemisorption sites for the reversible adsorption/
desorption of oxygen on the SCC catalysts.44

4. CONCLUSIONS
Different experimental parameters of multipollutant catalytic
ozonation were investigated, including ozone dosage, temper-
ature, and GHSV. With the increase in ozone dosage, removal
efficiencies of most pollutants are improved, except that of
acetone, which is one of the aromatic VOC degradation
intermediates and is more difficult to degrade than BTX
(benzene, toluene, and xylene). That is ascribed to the
different structures, interactions among various VOC mole-
cules, accumulation of CO2/H2O generated by complete
oxidation, and carbonaceous substances from incomplete
oxidation. Combined with the wet scrubbing method, by
catalytic ozonation, conversion efficiencies could further be
improved, achieving the simultaneous and efficient removal of
multiple pollutants, including VOCs/NO/SO2.
The lower temperature of 50 °C can cause inferior activity

performance than that under the higher temperature of 120
°C, still with conversion efficiencies of multipollutants above
80%, verifying the applicability of low-temperature industrial
conditions. Even for larger-flow flue gas, removal efficiencies of
acetone and benzene decline to ∼60% and those of others still
stay above 90%, illustrating that the SCC catalyst coupled with
ozone and wet scrubbing can adapt to multipollutant removal
in flue gas within a certain range of gas flow or can apply to
industrial conditions with less acetone and benzene, which
could perform better without the existence of SO2. The specific
applications need to be adjusted according to the practical
industrial conditions.
According to practical application in the textile mill, the

main components of flue gas before the primary scrubbing are
6 different kinds of VOCs, of which most initial concentrations
are larger than 100 mg/N m3. By catalytic ozonation
technology, all removal efficiencies can achieve values >85%.
The main intermediates are formaldehyde, hydrogen chloride,
and benzaldehyde. The main components after the primary
scrubbing are different from those before it, among which
ethanol in particular decreased a lot by wet scrubbing. Without
the SCC catalyst, the homogeneous ozonation reaction could
also degrade the macromolecular VOCs with efficiencies above
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90%, but micromolecular VOCs such as methanol, form-
aldehyde, and formic acid would still be generated, which are
also the main intermediates of incomplete oxidation. The
assistance of the SCC catalyst could contribute further to the
decomposition of those micromolecular VOCs further.
The extraordinary activity of the SCC catalyst is ascribed to

the good dispersion of CoOx on the catalyst surface and the
strong metal interaction. And the Cr6+/Cr3+ and Co2+/Co3+
rapid redox cycles and chemically adsorbed oxygen also
contribute to its high catalytic activity and stability. It is also
discovered that the deactivation of the SCC catalyst results
from the decrease in Cr6+ and Co2+ as well as metal sulfates
generated by the existence of SO2.
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