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The temperature of waste gas in refuse transfer station, airport smoking area, and RTO terminal is low,
which needs deep oxidation. Catalytic ozonation is one of the most effective treatment techniques in
these scenarios. In this study, we reported that catalysts were modified under the condition of mag-
netic field to simulate the low temperature dynamic conditions of low concentration toluene for catalytic
ozonation. This paper aims to explore the relationship between oxygen vacancy and active oxygen species,
and the specific pathways of toluene oxidation. The study found that citric acid can enhance the syner-
gistic effect between Mn and Ce, and promote the generation of oxygen vacancies. The surface molecule
adsorption oxygen is more conducive to catalytic oxidation than subsurface atom adsorption oxygen. Fi-
nally, we proposed the main pathways of toluene in this reaction system, which runs through the whole

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Volatile organic compounds (VOCs) are important precursors
of many atmospheric environmental problems. Among many air
pollution treatment methods, regenerative thermal oxidizer (RTO)
and regenerative catalytic oxidation (RCO) are widely used. Both of
them have high purification efficiency. Among them, RCO has high
cost, selectivity to pollutant types and small concentration range
of waste gas treatment [1]. RTO has low cost and wide application
range of waste gas concentration, and can treat a variety of organic
waste gases [2]. After many considerations, the industry of phar-
macy, printing, coating, paint coating [3] line and so on usually
adopts RTO method to deal with the exhaust gas. With the change
of external environment and the strictness of relevant standards,
some of the tail gas after RTO treatment cannot meet the emis-
sion standard. At this time, the exhaust gas temperature is in the
range of 0-90 °C [4], which has the characteristics of low concen-
tration, low temperature and constant fluctuation of temperature
range. Therefore, in order to solve this problem, this study sim-

* Corresponding author at: School of Environment and Energy, South China Uni-
versity of Technology, Guangzhou, China.
E-mail address: mlfu@scut.edu.cn (M. Fu).

https://doi.org/10.1016/j.cclet.2021.09.006

ulated the catalytic oxidation of low concentration toluene under
low temperature dynamic conditions of 30-130 °C.

There are many methods to remove VOCs at low tempera-
ture. Among them, photocatalysis, low temperature plasma and
catalytic ozonation are widely used. Photocatalysis is more sensi-
tive to light and requires higher light conditions. Low temperature
plasma method requires high discharge and high energy consump-
tion. Considering the complexity and economy of practical indus-
trial application, catalytic ozonation method magnifies its advan-
tages. Due to the strong oxidation of ozone, VOCs can be removed
efficiently under mild conditions. In addition, when the catalyst
and ozone cooperate to remove VOCs, ozone can also be decom-
posed, so as to achieve the purpose of simultaneously complete
purification of VOCs and O3 [5-7]. However, in previous studies,
the mineralization rate of VOCs is generally low, the service life is
short, especially the CO, selectivity is low. If we want to improve
the mineralization rate of VOCs, we need to increase the reaction
temperature, which is difficult to fully reflect the strong oxidation
advantage of Os. Even under such conditions, CO, selectivity is still
very low. Therefore, this study aims to solve the mentioned-above
problems in the field of catalytic ozonation of VOCs.

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (A) XRD images; (B) UV-Raman-fresh; (C) UV-Raman-used; (D) H,-TPR. (a) MnCe/Al,03; (b) MnCe/Al,05-CA; (c) MnCe/Al,03-PEG.

In the field of catalytic oxidation, Al,03 is widely used as the
carrier of catalyst because of its low price, large specific surface
area and mechanical strength [8,9]. For active components, stud-
ies have shown that manganese based catalysts have advantages
in catalytic ozonation of VOCs [10-12], especially in the decompo-
sition ability of ozone [13-15]. In the catalytic ozonation of VOCs,
it is necessary for the catalyst to have strong ozone decomposition
performance [16]. The active oxygen species [17-20] decomposed
by Mn can promote the decomposition of VOCs, so as to achieve
the purpose of VOCs abatement [21-23].

Catalytic ozonation of VOCs requires not only higher oxidation
rate of VOCs, but also higher mineralization rate. The addition of
Mn can effectively improve the decomposition rate of toluene, but
its contribution to the mineralization rate of toluene is not ideal.
The rare earth element Ce has strong electron transfer ability be-
cause of its more d and f empty orbitals, which is conducive to
the generation of oxygen vacancies [24,25]. Studies have shown
that rich oxygen vacancies are conducive to the decomposition
and mineralization of VOCs [26]. Therefore, the addition of rare
earth element Ce can effectively improve the mineralization rate
of toluene.

The results show that active oxygen species and oxygen vacancy
are beneficial to improve the decomposition rate and mineraliza-
tion rate of VOCs. However, the species of reactive oxygen species
and their relationship with oxygen vacancies have not been stud-
ied thoroughly. Therefore, we prepare the modified and unmodi-
fied MnCe/Al,03 under the condition of magnetic field by using
the effect of electrostatic adsorption. The three properties (activity,
selectivity and stability) of the catalyst were evaluated under sim-
ulated conditions. The catalysts were characterized by XRD, SEM,
TEM, EDS, BET, XPS, Raman, H,-TPR, O,-TPD, FTIR and TA-MS to ex-
plore the synergistic effect between Mn and Ce. In addition, the re-
lationship among oxygen vacancy, active oxygen species and cata-
lyst properties was studied. The decomposition pathway of toluene
in this reaction system was further specified.

XRD characterization can qualitatively study the structure of
the catalyst. Fig. 1A shows the XRD patterns of MnCe/Al,03,
MnCe/Al,03-CA and MnCe/Al,03-PEG. The XRD peaks at 26 of
19.1°, 28.9°, 36.2°, 50.9° and 60.1° are attributed to the (101), (112),
(211), (105) and (215) planes [27,28] of Mn304 respectively, which
are consistent with the standard card (JCPDS No. 24-0734). The
XRD peaks at 26 of 32.5° and 38.2° belong to (222) and (400)
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planes of Mn,03, respectively [29]. The XRD peak at 26 of 44.4°
belongs to the (003) plane of Ce,05 (JCPDS No. 89-8434). Three
catalysts mainly show the characteristic structure of Mn,03 and
Mn30y4, and their peak intensity are generally relatively decrease.
Their characteristic peaks of Al,0; and CeOyx are no obvious. It
shows that MnOy and CeOy are distributed uniformly on Al,03 sur-
face [30]. This is consistent with the EDS results (Fig. S1 in Sup-
porting information). The peak of MnCe/Al,03 is narrow, indicat-
ing that the crystal particles of MnCe/Al,03 are relatively large,
and the specific surface area is the smallest, which is consis-
tent with the BET results (Fig. S2 in Supporting information). The
peaks of MnCe/Al,03-CA are broad and not obvious, while those
of MnCe/Al,03 are sharp and obvious, indicating that the modifier
destroys the crystal structure of the catalyst. The results should be
assigned to the destruction of citric acid makes the crystallinity of
MnCe/Al,03-CA is lower and the lattice fringes are not shown in
TEM (Fig. S3 in Supporting information), which indicates that the
lattice pattern is more amorphous. Amorphous can help to expose
more defect sites, which indicates that the modified catalyst can
produce more defect sites and expand the active area of the cata-
lyst surface [31].

In order to detect the structure of the catalysts, UV Raman was
characterized shown in Fig. 1B. The diffraction peaks at 325 cm™!,
465 cm~!, 815 cm~1, 1065 cm~! and 1430 cm~! belong to the
peaks of the Mn,0s, F,g type fluorite structure of CeO,, 02-, sec-
ond order longitudinal photon vibration 2LO of CeO, and Al,0s3,
respectively [32-35]. The Mn,05 and 02~ of MnCe/Al,05-CA and
MnCe/Al,03-PEG are red shifted. The results show that citric acid
and polyethylene glycol affect the crystal structure of the support
[36], leading to the formation of highly defect structure [37], and
promoting the generation of oxygen vacancies. This is consistent
with the SEM image of the catalyst (Fig. S1). The diffraction peak
at 650 cm~! belongs to the vibration peak of oxygen defect site
species [38], which is caused by the synergistic effect of Mn and
Ce [39]. The relative oxygen vacancy concentration of the catalyst
can be expressed by the peak area ratio Ap/Apg at 650 cm~! and
465 cm~! [40]. The results showed that the oxygen vacancy con-
centration of the three catalysts followed the order of MnCe/Al,05-
CA (0.67) > MnCe/Al,03-PEG (0.63) > MnCe/Al,05 (0.61). Compar-
ing the oxygen vacancy concentration measured by XPS and UV-
Raman (denoted by (O + Oc)/(Oa 4+ O, + Oc) and Ap/Agpg, re-
spectively), it was found that the oxygen vacancy concentrations of
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the three catalysts were consistent. The oxygen vacancy caused by
Ce is determined by XPS, while the total oxygen vacancy concen-
tration of the catalyst was determined by UV-Raman. The results
show that the total oxygen vacancy of the catalyst is caused by the
interaction of Mn and Ce. Mn plays an important role in it.

The catalyst used for several times and recycled was character-
ized by UV-Raman, as shown in Fig. 1C. It can be seen from the
figure that there is no obvious change in the peaks of Mn,03. The
Fyg peak of MnCe/Al,03-CA and MnCe/Al,03-PEG did not change
obviously, but the F», peak of MnCe/Al,05 changed obviously. The
results show that MnCe/Al,05-CA and MnCe/Al,03-PEG exist sta-
bly before and after the reaction, while the structure of the cat-
alyst MnCe/Al,03 changes greatly after several cycles. Compared
with the fresh catalyst, the peak area of oxygen defect site D of the
three catalysts increased significantly. It shows that a large amount
of oxygen in the catalyst escapes to form oxygen vacancies and
participates in the reaction.

In order to investigate the reducibility of the catalyst and the
mobility of oxygen on its surface, the H,-TPR is shown in Fig. 1D.
The peak below 250 °C is formed by the synergistic effect between
MnOy and CeOy, which promotes the reduction of oxygen adsorp-
tion on the surface of oxygen vacancy [41]. The peak appeared at
about 300 °C is formed by the transformation of MnO, to Mn,05
[42,43]. The reduction peak of 420-460 °C is attributed to the
transformation from Mn;03 to Mn304 [44]. The reduction peak at
about 500 °C is attributed to the transformation of Mn304 to MnO
[45,46]. Among them, the area I is lower than 300 °C, which is
attributed to the reduction of surface oxygen (SO) of the catalyst;
the area II is from 300 °C to 500 °C, which is attributed to the
reduction of subsurface oxygen (SSO) of the catalyst; the region
Il higher than 500 °C is attributed to the reduction bulk oxygen
(BO) of the catalyst [47]. The relative content of different oxygen
species is calculated as shown in Table S2 (Supporting informa-
tion). The SO of MnCe/Al,05-CA was significantly higher than the
other two. The total relative content of SO and SSO of the three
catalysts was higher. The results show that the addition of modi-
fier changes the structure of catalyst carrier, promotes the syner-
gistic effect of manganese oxide and cerium oxide, and improves
the mobility of oxygen on the catalyst surface. Among them, citric
acid has the greatest contribution to oxygen mobility. The addition
of citric acid improves the CO, selectivity and mineralization rate
of the catalyst, and improves the stability of CO, production.

The removal rate of toluene is shown in Fig. S7 (Supporting
information). In order to prove the role of Os; in the reaction,
the activity of MnCe/Al,03, MnCe/Al,05-CA and MnCe/Al,03-PEG
catalysts were evaluated in the presence and absence of O3, as
shown in Fig. S7A. In the absence of O3, the removal rates of
toluene by the three catalysts were all close to 0, indicating that
03 played a very important role in this study. In Figs. S7B-D are
the multiple catalytic ozonation cycle reactions of the three cat-
alysts. It can be seen from the figure that the five cycle reaction
curves of MnCe/Al,05 deviate from each other slightly, followed
by MnCe/Al,05-CA. The results show that MnCe/Al,03 has better
stability in toluene removal, and MnCe/Al,03-CA takes the second
place. Fig. S8 (Supporting information) shows the COy productiv-
ity of the three catalysts, in which Figs. S8A, C and E correspond
to the CO, selectivity of the three catalysts respectively, and Figs.
S8B, D and F correspond to the mineralization rate of the three
catalysts respectively. It can be seen from Figs. S8A, C and E that
in the five cycle reactions, MnCe/Al,03-CA has relatively high CO,
selectivity, while MnCe/Al,03 has relatively high CO, stability. It
can be seen from Fig. S8B, D and F that the mineralization rates
of the three catalysts are similar in the five cycles. However, in the
later stage of the reaction, the mineralization rate of MnCe/Al,053-
CA MnCe/Al,03-CA is relatively high, and the stability of COx pro-
duction is relatively strong.
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With the repeated cycles of the reaction, the three properties of
the catalyst all decreased to a certain extent. Combined with the
analysis of UV-Raman characterization before and after the reac-
tion, it may be due to the excessive oxygen vacancies in the cata-
lyst, resulting in the serious change of charge distribution [48], re-
sulting in the deformation and collapse of the catalyst framework
structure. At the same time, the addition of modifier can promote
the generation of oxygen vacancies and maintain the concentration
of oxygen vacancies. The addition of citric acid enhanced the sur-
face acidity and specific surface area of the catalyst to a certain
extent. The increase of appropriate surface acidity did not destroy
the catalyst structure due to the expansion of specific surface area.
Therefore, citric acid has better contribution to the maintenance of
catalyst structure and generation of oxygen vacancy. Through the
comprehensive analysis of toluene removal rate and COx produc-
tivity, it is found that MnCe/Al,03-CA has the best performance.

In order to further study the specific changes of catalysts in the
reaction process, the three catalysts were characterized by in-situ
Raman spectroscopy, as shown in Fig. 2. In O, atmosphere: from
the initial stage of the reaction (i.e., heating from 30 °C) to the
middle stage of the reaction (130 °C), the D peak gradually be-
comes not obvious. The results showed that the relative oxygen
vacancy concentration of the three catalysts decreased gradually.
From the middle stage of reaction (130 °C) to the end stage of
reaction (i.e., cooling to 30 °C), the D peak gradually became ob-
vious. The results showed that the relative oxygen vacancy con-
centration of the three catalysts increased gradually. It also shows
that the oxygen vacancy is recovered and basically returned to the
initial state of reaction. It is proved that the relative oxygen va-
cancy concentration of the catalyst is restored to the surface be-
fore the reaction, and the catalyst in this study has good stability
and can be recycled for many times. The changes of the three cata-
lysts in O3 atmosphere are basically consistent with those in O, at-
mosphere. However, in O3 atmosphere, the D peak of MnCe/Al,04
and MnCe/Al,03-PEG gradually becomes not obvious from the ini-
tial stage to the end of the reaction, which is slower than that of
MnCe/Al,05-CA. And the relative oxygen vacancy concentration of
MnCe/Al;03-CA recovered from the initial stage to the end of the
reaction. The results show that MnCe/Al,05-CA can produce liv-
ing oxygen species more quickly and the ability of oxygen vacancy
recovery is relatively strong. The strong oxygen vacancy recovery
ability makes the catalyst reusable and has more practical value.

In order to explore the synergistic relationship between various
influencing factors, Tgg and its characteristic results were compre-
hensively analyzed, as shown in Figs. 3A-D. The Tgy of the three
catalysts in Fig. 3A is almost the same. With the increase of cy-
cle reaction times, the T90 of citric acid tends to be stable, in-
dicating that it can help to improve the stability of the catalyst.
[D] and [Ce] represent the relative oxygen vacancy concentration
formed by the synergistic action of Mn and Ce and the action of
Ce in Fig. 3B. The [D]/[Ce] of MnCe/Al,05 is less than 1, while the
other two are more than 1. It show that the modifier is benefi-
cial to the synergistic production of more oxygen vacancies by Mn
and Ce. [Ce]/[Mn] of three catalysts are basically the same, while
[Ce]/[O] and [D]/[O] have the opposite trend. It shows that the ef-
fect of modifier on the behavior of Mn is stronger than that of
Ce. The ratio of [D] to [Mn], [O] and [Ce] all followe the order
of MnCe/Al,03-CA > MnCe/Al,03-PEG > MnCe/Al,03. The results
show that modifier can enhance the synergistic effect between Mn
and Ce. In Figs. 3C and D, the change trend of oxygen vacancy and
active oxygen species density is basically the same. The higher the
density of oxygen vacancy and surface active oxygen species, the
better the performance of the catalyst.

In Tables S2 and S3 (Supporting information), the corresponding
values of SO:SSO:BO and 04:04:0, of three catalysts are basically
the same, which indicates that the surface atom adsorbed oxy-
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gen species volume density of catalysts. (a) MnCe/Al,03; (b) MnCe/Al,05-CA; (c)
MnCe/Al,03-PEG. [Ce] means Ce3*/(Ce3* + Ce**); [0] means Opgs/(Oadgs + Otart);
[Mn] means (Mn?* + Mn3*)/(Mn?* + Mn3>* + Mn*"); [D] means D/F,,. (I) means
[D/Fy]/PV; (II) means [O-XPS]/PV; (I) in (C) represents the area density of [D], (II)
in (C) represents the area density of [O], (IlI) in (C) represents the area density of
surface oxygen measured by H,-TPR, and (IV) in (C) represents the area density of
surface oxygen measured by O,-TPD; (I) in (D) represents the volume density of
[D], (I) in (D) represents the volume density of [O], (Ill) in (D) represents the vol-
ume density of surface oxygen measured by H,-TPR, and (IV) in (D) represents the
volume density of surface oxygen measured by O,-TPD.

gen and sub-surface molecule adsorbed oxygen of the three cat-
alysts are basically the same. In this study, the proportions of sur-
face oxygen (SO) and molecular oxygen (Oy), sub surface oxygen
(SS0O) and atomic oxygen (Op) are almost equal. The results show
that one of the main reasons for the performance difference of
the three catalysts is the difference in the relative concentration of
surface molecule adsorbed oxygen and sub-surface atom adsorbed
oxygen. Comparing the same oxygen species of the three catalysts,
it is found that the relative contents of surface oxygen and molec-
ular adsorbed oxygen of MnCe/Al,05-CA are higher than those of
other catalysts. It shows that surface molecules adsorb oxygen (SO-
Oy ) play a major role.

In most studies on catalytic oxidation of toluene, the general
conclusion is that toluene is firstly oxidized to benzyl alcohol, then
to benzaldehyde and benzoic acid, and finally to water, carbon
dioxide and other reaction by-products [49-51]. However, the spe-
cific pathway is not clear. In order to further explore the path-
way of catalytic ozonation of toluene, quasi in-situ GC-MS (Fig. S9
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in Supporrting information) was carried out, combined with Ra-
man and FFTIR (Figs. 1B and C) comprehensive analysis. We can
find that the main substance detected in the reaction process is
toluene, and the content of other substances is very little. Accord-
ing to the CAS numbers and substances corresponding to various
peaks, and combined with the relevant theories of chemical re-
action, the specific catalytic ozonation pathway of toluene is de-
duced, as shown in Scheme 1.

The active oxygen species produced by ozone oxidation firstly
oxidizes toluene to benzyl alcohol, and then benzyl alcohol is oxi-
dized to allene, carbon suboxide and 3-butyne-1-ol. Among them,
(1) Allene is oxidized to cyclopropene and propyne, and cyclo-
propene can be self converted to propyne. Propyne is oxidized to
acetic acid and carbon dioxide, and acetic acid is oxidized to car-
bon dioxide and water. (2) Carbon suboxide is oxidized to carbon
monoxide and carbon dioxide successively. (3) 3-Butyne-1-ol was
oxidized successively to propionaldehyde, propionic acid, and fi-
nally to carbon dioxide and water. In this study, the reaction path-
way runs through the whole reaction system.

Oxygen vacancies and reactive oxygen species are important
participants in catalytic oxidation. Reasonable control of the rel-
ative content of oxygen vacancies and active oxygen species can
effectively improve the performance of the catalyst. In order to ex-
plore the relationship between oxygen vacancy and active oxygen
species, and the pathway of toluene decomposition in the process
of catalytic ozonation of toluene, this study used citric acid and
polyethylene glycol as modifiers to prepare the catalyst under the
condition of magnetic field.

Combined with the characterization and three properties evalu-
ation of the catalyst, it was found that citric acid could enhance the
synergistic effect between Mn and Ce in the catalytic ozonation of
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low concentration toluene at low temperature. The closer the con-
centration ratio of oxygen vacancy formed by Ce to the surface ac-
tive oxygen species is to 1, and the closer the concentration ratio of
oxygen vacancy formed by the synergistic action of Mn and Ce to
the surface active oxygen species is to 2, the better the three prop-
erties of catalyst are. In addition, higher surface molecule adsorbed
oxygen is beneficial to the improvement of the three properties of
the catalyst. Finally, the main decomposition pathway of toluene
was proposed, which runs through the whole reaction system.

This study provides an important theoretical basis for the cat-
alytic ozonation of VOCs at low temperature, and has a certain
reference significance for the application and development in this
field. It will be deepened on this basis in the future, such as ex-
ploring the influence of water vapor on catalytic ozonation, so as
to make the research more practical.
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