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activity at relative humidity of 50% and a space velocity of 360 L/(g × hr), giving 93% con-
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version of 600 ppm O3 after 5 hr. Moreover, this sample still maintained highly activity and
stability in humid air with 50%–70% relative humidity. Series of physicochemical character-

Keywords:

ization including X-ray diffraction, temperature-programmed technology (NH3 -TPD and H2 -

Manganese oxide

TPR), X-ray photoelectron spectroscopy and oxygen isotopic exchange were introduced to

ZSM-5 zeolite

disclose the structure-performance relationship. The results indicated that moderate Si/Al

Ce promoter

ratio (81) of zeolite support was beneficial for ozone decomposition owing to the syner-

Adsorbed oxygen

gies of acidity and hydrophobicity. Furthermore, compared with 20Mn/ZSM-5-81, Ce doping

Ozone decomposition

could enhance the amount of low valance manganese (such as Mn2+ and Mn3+ ). Besides,
the Ce3+ /Ce4+ ratio of 8Ce20Mn/ZSM-5-81 sample was higher than that of 4Ce20Mn/ZSM5-81. Additionally, the synergy between the MnOx and CeO2 could easily transfer electron
via the redox cycle, thus resulting in an increased reducibility at low temperatures and high
concentration of surface oxygen. This study provides important insights to the utilization of
porous zeolite with high surface area to disperse active component of manganese for ozone
decomposition.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In recent years, the air quality has been improved continuously, but the ozone pollution is increasingly serious especially in summer. Ozone causes serious threat to health problems and ecological economy systems owing to its strongly
oxidative property (Hoffmann et al., 2012). As an extremely
strong oxidant, ozone has been widely used in wastewater
∗
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treatment, disinfection and food preservation. However, the
residual ozone in the exhaust gas exceeded the required level
by emission standard. Besides, modern office equipment such
as photocopiers and laser printers can also contribute to increasing the indoor ozone concentration by high-pressure
discharge. Several studies have reported that indoor ozone
can induce the secondary pollutants such as formaldehyde,
organic acids, and ultrafine particles (Fadeyi, 2015). World
Health Organization (WHO) suggested that ozone concentra-
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tion should not exceed 50 ppb in eight hours. Therefore, it is
an urgent need to decompose ozone in consideration of public
health.
Variety of techniques has been adopted for ozone treatment such as thermal decomposition, adsorption, and catalytic decomposition (Hellen et al., 2012; Beltran et al., 2013;
Dhandapani and Oyama, 1997; Li et al., 2020a). Among them,
catalytic decomposition was considered as the most promising and sustainable method because of high efficiency, economy, and no secondary pollution. To date, various catalysts including noble metals and transition metal oxides have been
widely investigated for ozone removal (Naydenov et al., 2008;
Zhang et al., 2019b; Yu et al., 2009; Gong et al., 2020a, 2020b;
Mathew et al., 2011; Tang et al., 2014; Li et al., 1998). Among
these reported catalysts, manganese oxides especially MnO2
was considered to be suitable for ozone decomposition due
to its high catalytic performances and low cost. Recent researches have shown that the catalytic activities of manganese oxides were closely related to the density of oxygen
vacancies (Jia et al., 2016; Li et al., 2020b). Unfortunately, the
catalytic activity of MnO2 gradually decreased due to the lack
of sufficient oxygen vacancies. Therefore, researchers have
taken a variety of strategies to improve the concentration of
oxygen vacancies. For examples, it was reported that Ce doped
OMS-2 possessed the highest catalytic activity for O3 decomposition because the Ce4+ replaced the K+ and Mn4+ in OMS2, resulting in formation of lattice distortion and surface defects (Ma et al., 2017). In addition, according to the literature,
among different Fe precursors (Fe(NO3 )3 , FeSO4 , and FeCl3 ),
MnFe0.5 Ox -Fe(NO3 )3 displayed excellent catalytic performance
of high level ozone decomposition owing to the abundance of
manganese in low valence state (Mn2+ and Mn3+ ) (Lian et al.,
2015). Besides, α-MnO2 nanofibers with the abundance of surface oxygen vacancies were synthesized by vacuum deoxidation method, causing the transformation of manganese to
low valence state and the enhancement of adsorbed oxygen
species (Zhu et al., 2017).
In general, mangnese oxides (MnOx ) were supported on
porous materials (Al2 O3 , TiO2 , activated carbon, and zeolite) to
obtain more active sites and low flow resistance (Kwon et al.,
2017; Einaga et al., 2005; Jiang et al., 2013; Huang et al., 2016).
From this perspective, zeolites with high porosity, large surface areas and abundant acid sites are regarded as ideal supports for ozone decomposition. The present studies showed
that ozone could be initially adsorbed on weak Lewis acidic
sites and then decomposed into oxygen radicals (O• ) on strong
Lewis acid sites (Alejandro et al., 2011). It was reported that
ZSM-5 zeolite with different Si/Al ratios (78, 360, and 2100)
was used for ozone decomposition and the total amount of removed ozone was directly related to the total content of Lewis
acid sites (Brodu et al., 2013). As is known to all, ZSM-5 with
low Si/Al ratios usually contain high density of hydrophilic Al
sites, while high Si/Al ratios correspond to large amount of hydrophobic Si-rich surface. Accordingly, the Mn/USY samples
with Si/Al ratios of 180 showed excellent catalytic activities
for benzene oxidation with ozone at room temperature in the
presence of water vapor owing to the hydrophobicity of USY
(Einaga et al., 2011). Besides, the MnO2 /ZSM-5 got deactivation
in humidity during catalytic oxidation of benzene by O3 due
to water molecular occupying of catalytic active sites and ad-

sorption centers (Huang et al., 2015). Hence, it is meaningful
to clarify the effect of Si/Al ratios of zeolite on steam adsorption/desorption behavior as well as the related catalytic activity of ozone decomposition.
Based on the above literature study, Ce-modified Mn/ZSM5 catalysts are prepared for ozone decomposition in this work.
So far as we know, there is no report on CeO2 −MnOx composite oxides supported on zeolites for the elimination of ozone
in humidity. The as-prepared sample of 8Ce20Mn/ZSM-5-81
showed 93% ozone conversion at room temperature. In addition, varieties of physicochemical characterizations were carried out to declare the relationship between structure properties of zeolite and their catalytic performances, aiming at
designing an effective zeolite catalyst for ozone elimination
under high humidity conditions.

1.

Experimental section

1.1.

Preparation of catalysts

Preparation of 20Mn/ZSM-5-x catalysts: ZSM-5 zeolite (Si/Al ratio = 27, 81, and 200, Nankai Catalyst Company) supported
MnOx samples were prepared by traditional impregnation
method. Manganese acetate (0.89 g) was dissolved in deionized water (15 mL) and then ZSM-5 powder (1 g) was added
into above mixture under stirring for 12 hr at 25°C. Afterwards,
the mixed solid sample was separated by rotary vacuum evaporation. Finally, the solid catalysts were dried at 100°C for 10 hr
and then calcined in air at 550°C for 3 hr. The as-obtained samples were denoted as 20Mn/ZSM-5-x, where x and 20 present
the Si/Al ratio and the mass fraction of Mn, respectively.
Preparation of yCe20Mn/ZSM-5-81 catalysts: yCe20Mn/ZSM-581 was prepared by the same method as 20Mn/ZSM-5-x. Manganese acetate (0.89 g) and cerium nitrate (0.25 g) were dissolved in deionized water (15 mL) and then ZSM-5 powder (1 g)
was added into above mixture under stirring for 12 hr. The asobtained samples were denoted as yCe20Mn/ZSM-5-81, where
y represents the loading amount of Ce. The real Ce and Mn
contents were determined by ICP-AES, and the results showed
that it was close to the theoretical value (Table 1).

1.2.

Characterization

1.2.1.

XRD

The crystalline structure of the catalysts was analyzed by Xray diffraction (D8-Advance, Bruker, Germany) with Cu Kα radiation. The dates of 2θ were collected from 5° to 80°.

1.2.2.

ICP-AES

The real contents of two elements (Mn and Ce) in the samples
were detected by ICP-AES (Vista MPX, Agilent, USA). Hydrofluoric acid (HF) was added to dissolve insoluble zeolite before
testing.

1.2.3.

N2 physisorption

The specific surface area of the samples was analyzed by
Brunauer-Emmett-Teller (BET) and the N2 adsorption and desorption experiments were conducted on a physisorption analyzer (iQ3 , Quantachrome, USA) at −196°C. Besides, the pore
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Strong acide
(μmol/g)
152
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Ce contentd (%)
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Pore sizec
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0.78
0.82
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a

SBET was calculated by BET method.
Pore volume and c Pore size were analyzed by DFT method.
d
Mn content and d Ce content were detected by ICP-AES.
e
Weak acid, strong acid, total acid were calculated by NH3 -TPD.
f
Crystal size was calculated by Scherrer equation.
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Temperature programmed technology

The NH3 temperature programmed desorption (NH3 -TPD) experiment was taken on a device with a TCD (Huasi, China). The
sample (100 mg) was first pretreated at 300°C under nitrogen
flow for 0.5 hr. After cooling to 50°C, the sample was saturated
in 10% NH3 /N2 atmosphere for 1 h and then exposed in nitrogen atmosphere for 0.5 hr to eliminate the influence of physisorbed NH3 . Finally, the signals of TCD were collected from
50°C to 700°C in nitrogen flow.
The H2 -TPR experiment was carried out on the same equipment as NH3 -TPD. The sample (100 mg) was heated to 300°C
in nitrogen atmosphere to remove the absorbed water on the
catalyst surface. When the temperature dropped to 100°C, the
H2 consumption amount of the sample from 100°C to 700°C in
5% H2 /N2 was recorded on a TCD.

1.2.6.

Pore volumeb
(cm3 /g)
0.24
0.32
0.23
0.24

XPS

The Mn2p, O1s, and Ce 3d XPS of the samples were tested on
instrument (ESCALAB 250, Thermo Fisher, USA) and the C 1 s
peak was used for calibration.

70

11.3
12.8
15.3
13.4

1.2.4.

SBET a
(m2 /g)
20Mn/ZSM-5-27
305.4
20Mn/ZSM-5-81
290.1
20Mn/ZSM-5-200 291.6
4Ce20Mn/ZSM-5- 262.5
81
8Ce20Mn/ZSM-5- 259.9
81
Sample

Table 1 – BET, pore volume, actual Mn or Ce loading, acid content, and crystal sizes of the samples.
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structures (volume and size) were calculated by DFT method.
In the pre-treatment process, samples were degassed at 300°C
under vacuum to remove physisorbed moisture.

Total acide
(μmol/g)
258
95
88
87

Crystal sizef (nm)
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Oxygen isotopic exchange (OIE) reaction

Oxygen isotopic exchange measurement was taken on a selfassembly device with an annular U-tube reactor (V = 70 cm3 )
and the signals of reactants were recorded by mass spectrometer (OmniStar, Pfeiffer, Germany). The sample (200 mg) was
pretreated in O2 atmosphere by heating to 450°C. When the
temperature dropped to 200°C, redundant 16 O2 was removed
under the condition of dynamic vacuum for 30 min. Then,
Oxygen isotopic (18 O2 ) was introduced into the reaction system for OIE reaction, and the catalyst was heated to 600°C.
The concentration changes of 18 O2 (P36), 16 O2 (P32), 16 O18 O
(P34), and N2 (P28) during the oxygen exchange reaction were
recorded by mass spectrometer. The mechanism of OIE had
been accorded to the previous studies of our group (Yang et al.,
2012; Li et al., 2017).

1.3.

Catalytic activity evaluation

The catalytic performance of the as-prepared samples for
ozone decomposition was conducted on a fixed-bed continuous flow quartz reactor at 25°C. The ozone was produced
by a high-voltage discharge ozone generator (Nicey Technology, China) and tested by ozone detector (Model 202, 2B Technologies, USA). The relative humidity (RH) was obtained by
flowing N2 through a bubbler and measured by a hygrometer (Center 313, Taiwan Center Electronics Co., Ltd., China).
The detailed reaction conditions were described as followed.
Firstly, the sample (100 mg, 40–60 mesh) was loaded in the
quartz tube (i.d. = 5 mm). The feed gas consists of 600 ppm
O3 , 50% RH and N2 balance and was introduced into the reaction system subsequently. The total flow rate was 0.6 L/min,
which corresponded to the gas hourly space velocity (GHSV)
of 360 L/(g × hr). The O3 conversion (XO3 ) was evaluated ac-
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Fig. 1 – XRD patterns of (a) 20Mn/ZSM-5-x and (b) yCe20Mn/ZSM-5-81 and 20Ce/ZSM-5-81.

cording to the following formula:
XO 3 (%) =

Cin − Cout
× 100%
Cin

(1)

Where Cin and Cout represent the inlet and outlet concentration of ozone, respectively.

2.

Results and discussion

2.1.

Crystal structure, BET surface area and acidity

Fig. 1 shows the patterns of 20Mn/ZSM-5-x, yCe20Mn/ZSM-5–
81 and the standard XRD patterns of ZSM-5 and metal oxides. All of the samples showed similar typical diffraction
peaks at 2θ = 7.9°, 8.9°, 23.1°, 23.9°, 45.1°, which corresponded
to the typical MFI structure of commercial ZSM-5 sample
(Zhang et al., 2015b). The results suggested the loading of
MnOx and CeO2 did not change the microstructure of ZSM5 support. Besides, the characteristic peaks of crystal phases
belongs to Mn oxides could be detected. As for the 20Mn/ZSM5-x samples (Fig. 1a), the diffraction peaks at 2θ = 32.9°, 55.1°
were assigned to the Mn2 O3 [PDF#76-0150], and the diffraction
signals at 2θ = 36.2°, 59.9° were ascribed to the Mn3 O4 [PDF#240734]. As for Ce-modified 20Mn/ZSM-5-81 sample (Fig. 1b),
no obvious diffraction peaks of CeO2 were observed, which
was ascribed to the low content of Ce or the highly dispersion of Ce species (Li et al., 2018). However, the intensity of
manganese oxides (Mn3 O4 and Mn2 O3 ) greatly decreased after doping Ce species, which was due to the strong Mn-Ce interaction (Wang et al., 2018).
The N2 adsorption-desorption isotherms of samples are
shown in Fig. 2. All of the samples showed the well-order
structure of microporous zeolite due to similar N2 adsorptiondesorption isotherms. The isotherm displayed a step at the
low relative pressure range (p/p0 < 0.05) corresponded to the
microporous structure of the ZSM-5 supports (Wang et al.,
2020). In addition, the isotherms of the samples displayed

H3 hysteresis loop in the relative pressure range of 0.45–1.0,
demonstrating the existence of mesopores due to the accumulation of MnOx nanoparticles (Zhang et al., 2019a). As further proof, the pore size distributions (Fig. 2b) of the samples
calculated by DFT method exhibited the pore size within 0.5–
6 nm, suggesting that the presence of microporous and mesoporous structure. Table 1 summarizes the pore volume and
pore size of the samples. The BET surface areas of 20Mn/ZSM5-x were similar. However, after doping with Ce from 4% to
8%, the surface areas and pore volumes decreased slightly, indicating that the introduction of CeO2 slightly blocked the zeolite channel during impregnation (Wang et al., 2019).
As shown in Fig. 3, the NH3 -TPD profiles showed two distinct desorption peaks suggesting at least two types of acid
sites on the surface of samples. In generally, the desorption
peaks at low temperature (100°C–300°C) and high temperature (300°C–500°C) were corresponded to weak and strong acid
sites, respectively. As for 20Mn/ZSM-5-x, one can observe that
the catalysts acidities decreased in the sequence 20Mn/ZSM5-27 (258 μmol/g) > 20Mn/ZSM-5-81 (95 μmol/g) > 20Mn/ZSM5-200 (88 μmol/g). This was because that the lower Si/Al ratio
relates to higher amount of total acid sites (Al-Dughaither and
Lasa, 2014). However, low Si/Al ratio was indicative of poor
hydrophobicity at the same time, which would cause the deactivation of O3 decomposition owing to the strong adsorption of water molecules (Kawai and Tsutsumi, 1992). Hence,
it is speculated that only appropriate Si/Al ratio was favor
for the removal of ozone. Besides, the existence of framework
Al in zeolite with low Si/Al ratio could provide the exchange
site for Mn species (Wang et al., 2020). Therefore, low Si/Al
ratio is likely to contribute to the high dispersion of active
components. When Ce was added into 20Mn/ZSM-5-81 catalysts, the NH3 desorption peaks decreased markedly, which
followed the sequence of 8Ce20Mn/ZSM-5-81 (70 μmol/g) <
4Ce20Mn/ZSM-5-81(87 μmol/g) < 20Mn/ZSM-5-81(95 μmol/g),
suggesting more Ce species could occupy the acid sites. However, the addition of Ce could adjust the Brønsted and Lewis
acid sites and enhance Lewis acidity according to the litera-
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Fig. 2 – (a) Nitrogen adsorption-desorption isotherms and (b) Pore-size distributions of 20Mn/ZSM-5-x and
yCe20Mn/ZSM-5-81.

Fig. 3 – NH3 -TPD patterns of 20Mn/ZSM-5-27,
20Mn/ZSM-5-81, 20Mn/ZSM-5-200, 4Ce20Mn/ZSM-5-81,
and 8Ce20Mn/ZSM-5-81.

ture (Weng et al., 2017). It was accepted that ozone was easy to
be adsorbed on Lewis acid site and decomposes to form atom
oxygen on strong Lewis acid site (Valdes et al., 2012). Therefore, it is promising that 8Ce20Mn/ZSM-5-81 with appropriate
Si/Al ratio and Ce doping would show excellent catalytic activity for ozone decomposition.

2.2.
state

Reducibility, surface composition and metal oxidation

As shown in Fig. 4, the reducibility of the samples was studied by H2 -TPR experiments. Due to being lack of redox ability of ZSM-5, the reduction peaks over the catalysts were

Fig. 4 – H2 -TPR patterns of 20Mn/ZSM-5-x,
yCe20Mn/ZSM-5-81 and 20Ce/ZSM-5-81.

assigned to the reduction of Mn or Ce oxides. As for the
20Ce/ZSM-5-81 sample, a wide reduction peak centered at
ca. 475°C could be observed, which was assigned to the reduction of surficial CeO2 in the catalyst. Besides, as for the
20Mn/ZSM-5-x samples, an asymmetrical reduction peak centered at ca. 420°C were detected and subsequently decomposed into two main peaks of hydrogen reduction. It was generally accepted that the β peak at ca. 380°C was ascribed to
the reduction of MnO2 or Mn2 O3 to Mn3 O4 , while the other
peak γ at ca. 430°C was assigned to the reduction of Mn3 O4
to MnO (Mishra et al., 2008). For comparison, the Ce-modified
20Mn/ZSM-5-81 samples displayed another asymmetrical reduction peak centered at 320°C which was lower than the
20Mn/ZSM-5-81 catalyst, suggesting that Ce could improve the
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Table 2 – H2 consumption of the 20Mn/ZSM-5-x and yCe20Mn/ZSM-5-81 samples.
H2 consumption (mmol/g)
Catalysts
20Mn/ZSM-5-27
20Mn/ZSM-5-81
20Mn/ZSM-5-200
4Ce20Mn/ZSM-5-81
8Ce20Mn/ZSM-5-81

Position
(°C)

328
295

Peak
α

Position
(°C)

Peak
β

Position
(°C)

Peak
γ

0.91
0.63

387
384
383
395
400

0.56
0.34
0.38
0.30
0.53

427
432
430
431
445

0.53
0.77
0.65
0.36
0.67

Total H2
Consumption
(mmol/g)
1.09
1.11
1.03
1.57
1.83

Table 3 – XPS results of 20Mn/ZSM-5-x and yCe20Mn/ZSM-5-81.
O (%)
Catalyst
20Mn/ZSM-5-27
20Mn/ZSM-5-81
20Mn/ZSM-5-200
4Ce20Mn/ZSM-5-81
8Ce20Mn/ZSM-5-81

Mn (%)
2+

Olatt

Oads

OHsur

Mn

28.9
18.2
25.9
17.7
12.9

19.6
20.2
19.8
22.5
23.8

51.5
61.6
54.3
59.8
63.3

33.8
27.0
34.0
28.4
35.6

reducibility of MnOx . The peak at ca. 445°C was ascribed to
the reduction of CeO2 to Ce2 O3 overlapped with the reduction peak of Mn3 O4 (Tang et al., 2006). Furthermore, the total amount of H2 consumption was listed in Table 2. It was
concluded that the amount of total H2 consumption was similar among 20Mn/ZSM-5-x, indicating the Si/Al ratio of ZSM-5
had little influence on the reducibility of MnOx oxides. Furthermore, due to the reduction of CeO2 , the H2 consumption
of yCe20Mn/ZSM-5 was higher than that of 20Mn/ZSM-5-81.
Therefore, the lower temperature of reduction peak was indicative of the enhanced redox properties of the Ce-doped
samples, which could show excellent activity for ozone removal.
The metal chemical states and oxygen species of the catalysts are measured by XPS characterization and the molar ratios of the surface oxygen species and different oxidation states are calculated and listed in Table 3. As shown
in Fig. 5a, the asymmetric peaks at binding energy (BE) ca.
642.0 eV were assignable to the Mn 2p3/2 signals. According to
peak-fitting deconvolution, the components at BE = 640.9 eV
were ascribed to the surface Mn2+ species, whereas the ones
at BE = 642.1 and 643.3 eV were ascribed to the surface
Mn3+ and Mn4+ species (Wang et al., 2020; Tao et al., 2019).
This result indicated a mixed state of manganese in oxides
was finally achieved, consistent with the XRD results. From
Table 3, one can observe that the (Mn2+ +Mn3+ )/Mn molar ratios over 20Mn/ZSM-5-x decreased in the order of 20Mn/ZSM5-81 (70.2%) > 20Mn/ZSM-5-200 (69.1%) > 20Mn/ZSM-5-27
(68.9%), indicating the existence of mainly low valence manganese species. Furthermore, it could be noted that the ratio of (Mn2+ +Mn3+ )/Mn improved with the addition of Ce,
and the 8Ce20Mn/ZSM-5-81 sample exhibited the highest
(Mn2+ +Mn3+ )/Mn ratio of 73.2%. According to the literature
reported by Oyama and coworkers, the low oxidation state of
Mn was favor to the formation of free electrons which could

Mn

3+

35.1
43.2
35.1
43.9
37.6

Mn

4+

31.1
29.8
30.9
27.7
26.8

(Mn

2+

68.9
70.2
69.1
72.3
73.2

+Mn

3+

)

Ce3+ /Ce4+
(%)

13.3
14.2

be transferred from Mn sites to ozone (Radhakrishnan and
Oyama, 2001). Hence, a high (Mn2+ +Mn3+ )/Mn molar ratio was
likely beneficial for ozone decomposition.
The Ce 3d spectra of the yCe20Mn/ZSM-5-81 samples were
shown in Fig. 5b. The XPS peaks at BE = 901.4 (u), 903.4
(u ), 907.4 (u  ), and 917.0 (u   ) eV were attributed to Ce 3d3/2 ,
while the ones at BE = 882.7 (V), 884.8 (V ), 889.4 (V  ), and
898.7 (V   ) eV were assigned to Ce 3d5/2 . According to the
peak fitting, these peaks could be classified into two parts.
The signals located at BE = 884.8 and 903.4 eV were ascribed
to the Ce3+ species, while the others were assigned to the
Ce4+ species (Liao et al., 2013). From Table 3, the Ce3+ /Ce4+
ratio of 8Ce20Mn/ZSM-5-81 sample was higher than that
of 4Ce20Mn/ZSM-5-81. The existence of Ce3+ might be attribute to electron transfer between low oxidation state of Mn
(Mn2+ and Mn3+ ) and Ce4+ via the route of Mn2+ + Ce4+ ↔
Mn3+ + Ce3+ and Mn3+ + Ce4+ ↔ Mn4+ + Ce3+ . Hence, the redox pairs of Mn4+ / Mn3+ / Mn2+ and Ce4+ /Ce3+ were facilitated
to enhance the ability of activated oxygen.
Fig. 5c shows the XPS spectra for O1s. The asymmetric
peaks could be classified into three segments. The peak located at BE = 529.5–530.1 eV was attributed to the surface
lattice oxygen (Olatt ), while the peaks at BE = 531–531.7 eV
were corresponded to adsorbed oxygen species (Oads ) such
as O2 − , O2 2− or O− species (Zhang et al., 2015a). Besides, the
signals at BE = 531.9–532.9 eV were attributed to surface adsorbed water and hydroxyl species (OHsur ) (Li et al., 2011).
The amount of OHsur in all samples (> 50%) was the highest due to the existence of hydroxyl groups on HZSM-5 surface. It was observed that the content of Oads decreased in the
sequence 8Ce20Mn/ZSM-5-81 (23.8%) > 4Ce20Mn/ZSM-5-81
(22.5%) > 20Mn/ZSM-5-81 (20.2%) > 20Mn/ZSM-5-200 (19.8%)
> 20Mn/ZSM-5-27 (19.6%). The results confirmed that the Cemodified samples possessed higher amount of Oads than that
of 20Mn/ZSM-5-81, suggesting the improved oxygen vacancy
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Fig. 5 – (a) Mn 2p3/2 , (b) Ce 3d, and (c) O 1s XPS spectra of the 20Mn/ZSM-5-27, 20Mn/ZSM-5-81, 20Mn/ZSM-5-200,
4Ce20Mn/ZSM-5-81, and 8Ce20Mn/ZSM-5-81 samples.

after doping Ce species. Similar results were reported by Tao
and coworkers who found the formation of oxygen vacancy by
the characterization of EPR with the addition of Co in MnOx Al-fiber (Tao et al., 2019).

2.3.

Oxygen isotopic exchange reaction

The oxygen exchange capacity of the samples was characterized by OIE reaction. The total amount of oxygen isotopic exchange and the exchange rate of the samples were recorded as
Ne and Re, respectively. As shown in Fig. 6a, it was obvious that
the Ne increased sharply along with the addition of Ce. Besides, the difference among three samples was the temperature of oxygen activation. The temperature window of isotopic
exchange for 20Mn/ZSM-5–81 catalyst was started at 300°C.
When Ce was doped into 20Mn/ZSM-5-81, the exchange temperature window of yCe20Mn/ZSM-5–81 was shifted to lower
temperature (250°C). The results implied that addition of CeO2

was favor to enhance the oxygen activation and was consistent with the content of Oads characterized by XPS.
The curves of the exchange rate were shown in Fig. 6b.
There is a maximum (Remax ) in the curve when the concentration of the 18 O in gas phase and the catalyst surface reached
dynamic equilibrium. In general, the Remax at low (< 400°C)
and high (> 500°C) temperatures were corresponded to the
surface and bulk oxygen exchange, respectively (Yang et al.,
2012). That is to say, the lower the Remax temperature was, the
better the surface oxygen mobility exhibited (Li et al., 2017). As
shown in Fig. 6b, the Remax temperature of 8Ce20Mn/ZSM-581 (376°C) or 4Ce20Mn/ZSM-5-81 (400°C) was essentially lower
than that of 20Mn/ZSM-5-81 (415°C), suggesting Ce-modified
MnOx had better ability for surface oxygen migration. Therefore, the above results indicated that the Ce modification on
Mn/ZSM-5 catalysts showed excellent ability of oxygen activation and migration due to high oxygen storage capacity of
CeO2 (Liu et al., 2013).
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Fig. 6 – (a) Curves of the total amount of exchanged 18 O (Ne) and (b) the exchange rate (Re) of the samples.

Fig. 7 – (a) Ozone conversion of the samples. Reaction conditions: 600 ppm O3 , 50% RH, N2 balance, and GHSV 360 L/(g × h)
and (b) the effect of RH on O3 conversion over 8Ce20Mn/ZSM-5-81.

2.4.
Ozone decomposition performance and
structure-effect relationship
Fig. 7a shows the conversion of ozone decomposition over
ZSM-5 supported Mn or Ce-modified samples. The conversion
of ozone maintained 60% at 25°C after 5 hr for 20Mn/ZSM-5-81,
higher than those of 20Mn/ZSM-5-27 (45%) and 20Mn/ZSM-5200 (44%). Considering the same Mn loading and MFI structure of zeolite support, it concluded that the Si/Al ratio of zeolite could influence catalytic activity of ozone decomposition. Obviously, with the addition of Ce into the 20Mn/ZSM-581 sample, the ozone conversion was significantly improved
in the sequence of 20Mn/ZSM-5-81 (60%) < 4Ce20Mn/ZSM5-81 (82%) < 8Ce20Mn/ZSM-5-81 (93%). For comparison, the
catalytic activity of 20Ce/ZSM-5-81 was also investigated
and the conversion of ozone was only 8%. This result confirmed the Ce-Mn composite oxide was favorable for ozone
decomposition.

As we all know, the effect of water should be taken into
consideration for ozone removal due to the coexistence of
water and ozone in practical environment. Therefore, the influence of RH on ozone decomposition was investigated over
8Ce20Mn/ZSM-5-81. From Fig. 7b, it was obvious that the
ozone conversion declined significantly with the increasing of
RH. The ozone conversion was 70% and 50% at RH of 70% and
90% lower than RH of 50%. According to the previous literature,
the competitive adsorption between ozone and water vapor
was the main reason for the deactivation under the existence
of water (Huang et al., 2015).
Herein, from the results of XRD and BET, all samples were
composed of the mixed Mn3 O4 and Mn2 O3 phases and the
diffraction peaks of ZSM-5 zeolite did not obviously change,
while the specific surface area decreased after doping with
Ce. First of all, the effect of Si/Al ratio of zeolite was realized
based on our investigation. As well known, the framework Al
in ZSM-5 support can serve as not only the acid center but
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also exchange site for Mn species. Therefore, low Si/Al ratio
is likely beneficial for better dispersion of active component
for the corresponding reaction. Moreover, the hydrophobicity
of catalysts associated with high Si/Al ratio can effectively inhibit the aggregation of water molecule to cover active sites.
Overall, the best-performing zeolite catalyst must be obtained
with an optimal Si/Al ratio, with a value of 81 in this work.
When the cerium atom was added into 20Mn/ZSM-581 catalyst, as supported by H2 -TPR, higher redox properties would benefit for ozone decomposition. Moreover, the
OIE reaction analysis verified that the oxygen mobility improved over Ce modified 20Mn/ZSM-5-81, which significantly
increased the catalytic activity. Furthermore, the high content of Mn2+ and Mn3+ on the surface of 8Ce20Mn/ZSM5-81 accounts for the improved ozone decomposition activity, which was confirmed by XPS. After doping with Ce,
the 8Ce20Mn/ZSM-5-81 catalyst have redox pairs including
Mn2+ /Mn3+ /Mn4+ and Ce3+ /Ce4+ , which generate more oxygen vacancies. In nature, the CeO2 additives introduced into
20Mn/ZSM-5-81 catalysts system results in enhanced interaction between CeO2 and MnOx , which leads to improve redox
properties of MnOx and facilitates the generation of Mn3+ and
Mn2+ species on the catalyst surface.

3.

Conclusion

In this article, ZSM-5 zeolite with different Si/Al ratio (27, 81,
and 200) supported manganese oxides were synthesized by
impregnation method and investigated for ozone decomposition. The 20Mn/ZSM-5-81 sample exhibited higher conversion of ozone decomposition than those of 20Mn/ZSM-5-27
and 20Mn/ZSM-5-200 due to the suitable acidity and ideal hydrophobicity. Based on the characterizations of XRD, the manganese species supported on the ZSM-5 were in mixed oxidation states. Subsequently, when Ce with good oxygen storage/release ability doping, the low valance oxides of Mn and
oxygen vacancy increased due to the synergy between Mn and
Ce proved by H2 -TPR, XPS, and OIE. The 8Ce20Mn/ZSM-5-81
sample showed highest catalytic activity for ozone decomposition, maintaining 93% conversion of 600 ppm ozone at 25°C
under the condition of GHSV = 360 L/(g × hr) and RH = 50%.
Hence, the significant improvement of catalytic performance
was associated with the existence of redox pairs between Mn
and Ce, good reducibility at lower temperature and increased
adsorbed oxygen species.
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