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a b s t r a c t 

The control of ethyl acetate emissions from fermentation and extraction processes in the 

pharmaceutical industry is of great importance to the environment. We have developed 

three Mn 2 O 3 catalysts by using different Mn precursors (MnCl 2 , Mn(CH 3 COO) 2 , MnSO 4 ), 

named as Mn 2 O 3 -Cl, -Ac, -SO 4 . The tested catalytic activity results showed a sequence with 

Mn precursors as: Mn 2 O 3 -Cl > Mn 2 O 3 -Ac > Mn 2 O 3 -SO 4 . The Mn 2 O 3 -Cl catalyst reached a 

complete ethyl acetate conversion at 212 ◦C (75 ◦C lower than that of Mn 2 O 3 -SO 4 ), and this 

high activity 100% could be maintained high at 212 ◦C for at least 100 hr. The characteri- 

zation data about the physical properties of catalysts did not show an obvious correlation 

between the structure and morphology of Mn 2 O 3 catalysts and catalytic performance, nei- 

ther was the surface area the determining factor for catalytic activity in the ethyl acetate 

oxidation. Here we firstly found there is a close linear relationship between the catalytic 

activity and the amount of lattice oxygen species in the ethyl acetate oxidation, indicat- 

ing that lattice oxygen species were essential for excellent catalytic activity. Through H 2 

temperature-programmed reduction (H 2 -TPR) results, we found that the lowest initial re- 

duction temperature over the Mn 2 O 3 -Cl had stronger oxygen mobility, thus more oxygen 

species participated in the oxidation reaction, resulting in the highest catalytic performance. 

With convenient preparation, high efficiency, and stability, Mn 2 O 3 prepared with MnCl 2 will 

be a promising catalyst for removing ethyl acetate in practical application. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 
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Introduction 

Volatile organic compounds (VOCs) emitted in a great diversity
of chemical and industrial processes, as an important class
of air pollutants, contributing to various environmental prob-
lems (photochemical smog, haze, and so on). Among the VOCs,
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thyl acetate, which is used as organic chemical raw material,
xtracting agent, and solvent, makes up a large proportion of 
missions in the pharmaceuticals industry from fermentation 

nd extraction processes ( He et al., 2012 ; Zhou et al., 2015 ). For
nstance, He et al. (2012) assessed the VOC emission charac- 
eristics of 8 typical pharmaceutical enterprises in Zhejiang 
rovince. The results indicated that the 30.41% of VOC pol- 
ution was ethyl acetate in fermentation processes while the 
gure was 36.64% in extraction processes, revealing the neces- 
ity of removing ethyl acetate. 

Catalytic combustion is recognized as an effective method 

or controlling VOC emissions ( Everaert and Baeyens, 2004 ; 
im and Shim, 2010 ; Kamal et al., 2016 ). There are two main

ypes of catalysts for VOC catalytic oxidation including pre- 
ious metal-based catalysts ( Fu et al., 2017 ; Huang et al., 2013 ; 
a et al., 2008 ; Pei et al., 2019 ; Wang, 2004 ; Wang et al.,

013 ) and non-noble metal oxide catalysts ( Jia et al., 2020 ; 
eng et al., 2009 ; Li et al., 2016 ; Yang et al., 2015 ). Precious
etal catalysts are among the main candidates for the re- 
oval of VOCs. However, precious metals have limited re- 

ources and high prices, which limit their large-scale appli- 
ation. Transition metal oxides (such as Fe, Cu, Mn, Co) have 
een widely studied in the field of catalytic combustion due to 
heir high electron mobility and variable metal ion valences 
 Djinovic et al., 2020 ; Lu et al., 2015 ; Spivey, 1987 ; Wang and
struc, 2017 ; Zhang et al., 2020a ). 

Manganese oxide is one of most active catalysts for re- 
oving various VOCs among the transition metal oxides 

 Bastos et al., 2009 ; Guo et al., 2019 ; Huang et al., 2018 ;
iang et al., 2019 ; Zhang et al., 2020b ). Wang et al. (2012) evalu-
ted the toluene removal catalytic activity of α-MnO 2 with var- 
ous morphologies, and found that rod-like α-MnO 2 displayed 

he best performance and achieved 90% toluene removal at 
25 ◦C. They concluded that the superb catalytic activity of α- 
nO 2 nanorods would be attributed to the high concentra- 

ion of oxygen species and good reducibility at low temper- 
ture. Chen et al. (2020a) prepared different crystal phases 
nO 2 catalysts ( α-, β-, γ -, and δ-), and tested their perfor- 
ance in the benzene oxidation. The α- and γ -MnO 2 cata- 

ysts owed much better activity than β- and δ-MnO 2 , resulting 
rom the surface lattice oxygen species. For ethyl acetate oxi- 
ation, cryptomelane-type manganese oxide, prepared via the 
eflux approach, could completely convert the ethyl acetate 
nto CO 2 at 220 ◦C ( Santos et al., 2009 ). In addition to MnO 2 ,

n 2 O 3 has also been widely used in catalytic oxidation; for 
xample, CO oxidation ( Han et al., 2006a , 2006b ), oxidative re- 
oval of toluene ( Deng et al., 2015 ), catalytic oxidation of ben- 

ene ( An et al., 2013 ), and complete ethanol and toluene cat- 
lytic oxidation ( Chen et al., 2020b ). Kim and Shim (2010) com- 
ared the toluene oxidation activity of Mn 2 O 3 and MnO 2 , find- 

ng that the activity of Mn 2 O 3 ( T 50 = 280 ◦C, T 90 = 295 ◦C) was
igher than that of MnO 2 ( T 50 = 340 ◦C, T 90 = 375 ◦C). Giving the
utstanding catalytic oxidation performance of Mn 2 O 3 , there- 
ore, we will optimize the Mn 2 O 3 material for the utilization 

f ethyl acetate oxidation in this work. 
The use of different precursors would affect the cat- 

lytic performance, resulting from the change in the prop- 
rties of catalysts, such as crystallinity, surface area, redox 
roperties, and so on ( Cai et al., 2012 ; Wang et al., 2015 ;
ang and Li, 2010 ). For purpose of investigating the suit- 
ble precursor, the Mn 2 O 3 catalyst prepared with three dif- 
erent Mn precursors (MnCl 2 , Mn(CH 3 COO) 2 (abbreviated as 
nAc 2 ), MnSO 4 ) was evaluated in the catalytic oxidation of 

thyl acetate in this study. The catalytic activity was sig- 
ificantly different among the three Mn 2 O 3 catalysts. Com- 
ared to the Mn 2 O 3 -Ac and Mn 2 O 3 -SO 4 , the Mn 2 O 3 -Cl cata-

yst possessed the best catalytic performance, achieving al- 
ost 100% conversion of 1000 ppmV ethyl acetate only at 

12 ◦C. The morphology, structure, chemical state and redox 
roperties of the three catalysts were systematically charac- 
erized by X-ray diffraction (XRD), N 2 adsorption-desorption 

sotherm, scanning electron microscopy (SEM), transmission 

lectron microscopy (TEM), X-ray photoelectron spectroscopy 
XPS), H 2 temperature-programmed reduction (H 2 -TPR), and 

 2 temperature-programmed desorption (O 2 -TPD) measure- 
ents to elucidate behaviors of catalysts derived from various 

recursors. 

. Materials and methods 

.1. Catalyst synthesis 

he manganese oxide materials were prepared by the homo- 
eneous precipitation method. First, 0.3 mol/L MnCl 2 �4H 2 O,
.3 mol/L MnAc 2 �4H 2 O, and 0.3 mol/L MnSO 4 �H 2 O, was dis-
olved in 370 mL deionized water under stirring, respectively.
ubsequently, 2.7 mol/L urea was added into the above mixed 

olution. Finally, the mixed solution was maintained at 90 ◦C 

or 24 hr followed by filtration, and the resulting precipitate 
as washed with deionized water. The solid product was 
ried at 100 ◦C and then calcined at 500 ◦C for 3 hr. The man-
anese oxides prepared with MnCl 2 �4H 2 O, MnAc 2 �4H 2 O, and 

nSO 4 �H 2 O precursors were denoted as Mn 2 O 3 -Cl, Mn 2 O 3 -Ac,
nd Mn 2 O 3 -SO 4 , respectively. 

.2. Characterization 

he XRD patterns of the catalysts were recorded by the XRD 

iffractometer (X’Pert Pro, PANalytical B.V., Netherlands) with 

u K α radiation ( λ = 1.5406 Å). N 2 physisorption analysis was 
easured at −196 ◦C using an ASAP 2020 N instrument (Mi- 

romoertics, USA). The morphology of the catalysts was char- 
cterized by FE-SEM (S-4800, Hitachi, Japan). HR-TEM was per- 
ormed on a JEOL JEM 2010 TEM (Hitachi, Japan) at 200 kV. The

ass ratio S/Mn of the catalysts was analyzed using an in- 
uctively coupled plasma optical emission spectrometry (ICP- 
ES) (Varian700, Agilent, USA). 

XPS measurements were performed on an ESCALAB250 
Thermo Fisher Scientific, USA) spectrometer equipped with a 

ono-chromated Al K α X-ray source (1486.6 eV). The H 2 -TPR 

easurements were used a Micromeritics AutoChem 2920 
hemisorption analyzer (Micromoertics, USA) with a thermal 
onductivity detector (TCD) detector. About 60 mg catalysts 
ere pretreated at 150 ◦C for 1 hr in a flow of air (50 mL/min),
nd cooled the reactor to 30 ◦C. The catalysts were heated to 
00 ◦C in a 5 vol.% H 2 /Ar at a ramp rate of 10 ◦C/min. O 2 -TPD
easurements were carried out with the same equipment 
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Fig. 1 – (a) Ethyl acetate conversion and (inset) CO 2 selectivity, (inset) carbon balance over different Mn 2 O 3 catalysts prepared 

with different precursors, (b) stability test for ethyl acetate oxidation with time-on-stream over Mn 2 O 3 -Cl catalysts. Reaction 

conditions: [Ethyl acetate] = 1000 ppmV, [O 2 ] = 20 vol.%, gas hourly space velocity (GHSV) = 78,000 hr -1 . Mn 2 O 3 -Cl: Mn 2 O 3 

prepared with MnCl 2 ; Mn 2 O 3 -Ac: Mn 2 O 3 prepared with Mn(CH 3 COO) 2 ; Mn 2 O 3 -SO 4 : Mn 2 O 3 prepared with MnSO 4 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with the H 2 -TPR. A 100 mg sample was pre-treated in He at
300 ◦C for 1 hr, then cooled down to room temperature, and
saturated with 5 vol.% O 2 /He mixture gas for 1 hr. Finally, the
temperature was raised in He flow at a rate of 10 ◦C/min to
1000 ◦C. The products were monitored by a mass spectroscopy
(MS) (LC-D200M PRO, Tilon, USA). 

1.3. Catalytic tests of VOC oxidation 

The catalytic oxidation experiments for ethyl acetate were
conducted in a fixed-bed quartz reactor in the range of 150–
400 ◦C. Reaction conditions were as follows: 200 mg catalyst;
1000 ppmV ethyl acetate, 20 vol.% O 2 , N 2 balance, 300 mL/min;
gas hourly space velocity (GHSV) = 78,000 hr -1 . The ethyl ac-
etate, CO 2 , and CO concentration were analyzed online by a
gas chromatograph (Agilent 7890B, Agilent, USA, HP-5 capil-
lary column). The detection accuracy was about 1 ppmV. The
ethyl acetate conversion was calculated following Eq. (1) : 

Conversion ( % ) = 

(
1 − [ Ethyl acetate ] out 

[ Ethyl acetate ] in 

)
× 100% (1)

The CO 2 selectivity was defined as Eq. (2) : 

C O 2 selectivity ( % ) = 

[ C O 2 ] out 

[ C O 2 ] out + [ CO ] out 
× 100% (2)

The main products from the test were CO and CO 2 , so the
carbon balance was calculated by Eq. (3) : 

Carbon balance ( % ) 

= 

[ CO ] out + [ C O 2 ] out × 100% (3)

4 × ( [ Ethyl acetate ] in − [ Ethyl acetate ] out ) 
2. Results 

2.1. Catalytic performance 

Fig. 1 a compares the ethyl acetate conversion over Mn 2 O 3 cat-
alysts prepared with different precursors as a function of re-
action temperature. It was apparent that the catalytic perfor-
mance of Mn 2 O 3 -SO 4 was the worst, approaching 90% ethyl
acetate conversion at 274 ◦C. The activity of Mn 2 O 3 -Ac was
much better, with the T 50 and T 90 at 197 and 215 ◦C, respec-
tively. Mn 2 O 3 -Cl possessed the highest catalytic activity, with
T 90 of 206 ◦C, which was 69 ◦C lower than that of Mn 2 O 3 -SO 4 . In
addition, the CO 2 selectivity in the inset of Fig. 1 a revealed that
the Mn 2 O 3 -Cl and Mn 2 O 3 -Ac catalysts possessed higher CO 2

selectivity than Mn 2 O 3 -SO 4 . Meanwhile, the Mn 2 O 3 -Cl owned
the most stable carbon balance. 

The stability of Mn 2 O 3 -Cl catalyst (the optimal catalysts
mentioned above) was tested, and the evolution of ethyl ac-
etate conversion with time-on-stream is shown in Fig. 1 b. Dur-
ing the period of 106 hr test at 212 ◦C, the removal rate of ethyl
acetate over the Mn 2 O 3 -Cl catalyst was well sustained at 100%
without noticeable activity loss. Meanwhile, in order to com-
prehensively investigate the stability of the Mn 2 O 3 -Cl catalyst,
the conversion of ethyl acetate at 192 ◦C was measured con-
tinuously for about 100 hr, and the catalytic activity slightly
dropped. The above results indicated the Mn 2 O 3 -Cl catalyst
possessed outstanding durability. 

2.2. Crystalline and morphological structure of catalysts 

XRD was carried out to investigate the crystalline phases of
the prepared catalysts, and the XRD patterns are shown in
Fig. 2 . The peaks at 2 θ = 18.9 °, 23.1 °, 33.0 °, 38.2 °, 45.2 °, 49.4 °,
55.2 °, 60.6 °, and 65.8 ° were assigned to the (200), (211), (222),
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Fig. 2 – Powder XRD of Mn 2 O 3 catalysts prepared with 

different precursors. 

Table 1 – Surface area, pore volume and crystallite size of 
Mn 2 O 3 prepared with precursors. 

Sample 
Surface 
area (m 

2 /g) 
Pore diameter 
(nm) 

Crystallite 
size (nm) 

Mn 2 O 3 -Cl 41.1 11.39 23.6 
Mn 2 O 3 -Ac 43.7 19.29 24.5 
Mn 2 O 3 -SO 4 29.7 25.08 24.9 

Crystallite size: calculated by the Scherrer equation at 2 θ = 33 °. 
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400), (332), (431), (440), (611), and (622) lattice planes of Mn 2 O 3 ,
espectively (JCPDS 41-1442) ( Zhang et al., 2017 ; Zhao et al.,
018 ). Using the Scherrer equation for the peak due to the (222) 
lane, the crystallite size of all the Mn 2 O 3 catalysts was cal- 
ulated ( Table 1 ), giving values to be 23.6, 24.5, 24.9 nm for
n 2 O 3 -Cl, Mn 2 O 3 -Ac, and Mn 2 O 3 -SO 4 , respectively. The XRD

nalysis confirmed that the facile homogeneous precipitation 

mployed in this study was favorable for the formation of 
n 2 O 3 , and the precursors had little effects on the crystal 

hase and size. 
The morphologies and structures of Mn 2 O 3 were obtained 

y SEM and HR-TEM ( Fig. 3 ). As shown in Fig. 3 a, all of the sam-
les consisted of large quantities of cubes, similar to the re- 
ults of a previous study by Lei et al. (2006) , regardless of the
recursor used. The HR-TEM analyses for all catalysts are pre- 
ented in Fig. 3 b. The apparent lattice spacing of 0.27 nm were 
scribed to the (222) plane of Mn 2 O 3 ( Biswas et al., 2015 ), in
onsistence with the XRD results. 

The isotherms of the three catalysts displayed a type IV 

sotherm with H1-type hysteresis loop (shown in Fig. 4 ), in- 
icating that all the samples are typical mesoporous materi- 
ls ( Shu et al., 2018 ). Compared with Mn 2 O 3 -Cl, the hystere- 
is loops of Mn 2 O 3 -Ac and Mn 2 O 3 -SO 4 were closer to rela-
ive pressure ( P/P 0 ) = 1, suggesting that some small pores 
ere blocked and large pores were formed in their pore struc- 

ures ( Fang et al., 2015 ). The pore size distribution (the inset in
ig. 4 ) testifies that the pore diameters of Mn 2 O 3 -Cl, Mn 2 O 3 -Ac,
nd Mn 2 O 3 -SO 4 were 11.39, 19.29 and 25.08 nm, respectively.
able 1 lists the surface area, pore diameter and crystallite size 
f the catalysts. The Brunner −Emmet −Teller (BET) surface ar- 
as followed the order: Mn 2 O 3 -Ac (43.7 m 

2 /g) > Mn 2 O 3 -Cl (41.1
 

2 /g) > Mn 2 O 3 -SO 4 (29.7 m 

2 /g). 

.3. Chemical states and oxygen species of catalysts 

he XPS measurements were used to investigate the composi- 
ion and oxidation state. As shown in Fig. 5 a, over all the sam-
les two obvious peaks were observed at 641.6 and 653.3 eV,
hich assigned to Mn 2p 3/2 and Mn 2p 1/2 , separately. The re- 

ults are consistent with previously reported data, confirming 
hat all the catalysts were Mn 2 O 3 ( Stranick, 1999 ). The average 
xidation state (AOS) of the surface Mn in the manganese ox- 
de could be calculated by the formula: AOS = 8 . 956 −1 . 126�E
 �E is the splitting width of Mn 3s) ( Santos et al., 2009 ). The
OS values of all the Mn 2 O 3 catalysts were 3.12, 3.04, and 

.83, with Mn 2 O 3 -Cl > Mn 2 O 3 -Ac > Mn 2 O 3 -SO 4 , respectively
 Fig. 5 b). Obviously, the AOS values of the catalysts are closely
orrelated with the corresponding catalytic activities, same as 
he previous study reported by Santos et al. (2009) . 

The XPS results of O 1s in Mn 2 O 3 catalysts are shown in
ig. 6 . The peak at 529.7 eV was ascribed to the lattice oxygen
marked as O latt ), while the signal at 531.3 eV was assigned to
he surface adsorbed oxygen (marked as O surf ) ( Zhang et al.,
015 ). The ratios O latt /O surf were calculated and summarized 

n Fig. 6 . The O latt /O surf ratios followed the sequence Mn 2 O 3 -
l (3.23) > Mn 2 O 3 -Ac (2.91) > Mn 2 O 3 -SO 4 (2.12). The oxy-
en temperature-programmed desorption (O 2 -TPD) experi- 
ent has been carried out to investigate the oxygen species 

shown in Fig. 6 b). All catalysts exhibited a broad peak be- 
ow 650 ◦C and a prominent desorption peak at around 850 ◦C,

hich were attributed to surface oxygen and lattice oxygen,
eparately ( Liu et al., 2017 ). According to the results of O 2 -TPD,
he amount of lattice oxygen species on three Mn 2 O 3 catalysts 
as calculated by integral area of the peak at around 850 ◦C,

nd the results were shown in Fig. 6 b. Obviously, the amount 
f lattice oxygen species followed the same sequence with the 
 latt /O surf ratios (in Fig. 6 a): Mn 2 O 3 -Cl (142) > Mn 2 O 3 -Ac (121)
 Mn 2 O 3 -SO 4 (89). 

Minicò et al. (2000) have observed that the high activity of 
u/Fe 2 O 3 towards VOC oxidation could be attributed to the 
igh dispersion of Au which weakened the Fe-O bond and thus 

ncreased the mobility of lattice oxygen, which was probably 
nvolved in the VOC oxidation through a Mars-van Krevelen 

echanism. Zhang et al. (2015) found that the performance of 
nO 2 catalyst with different crystal structures in HCHO ox- 

dation was also closely interrelated to the amounts of O latt 

pecies. In this study, the lattice oxygen concentration of the 
n 2 O 3 catalysts was related to the activity of the catalysts,

ndicating that the lattice oxygen was of great importance in 

xidizing the ethyl acetate. 
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Fig. 3 – (a) Scanning electron microscopy (SEM) and (b) high resolution transmission electron microscopy (HR-TEM) images 
of Mn 2 O 3 catalysts prepared with different precursors. 

Fig. 4 – N 2 adsorption-desorption isotherms and the pore size distribution plots (inset) of Mn 2 O 3 catalysts prepared with (a) 
Mn 2 O 3 -Cl, (b) Mn 2 O 3 -Ac, and (c) Mn 2 O 3 -SO 4 . d V : pore volume per unit diameter; STP: standard temperature and pressure. 

Fig. 5 – X-ray photoelectron spectroscopy (XPS) results of (a) Mn 2p and (b) Mn 3s in Mn 2 O 3 catalysts. AOS: average oxidation 

state. 
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Fig. 6 – XPS results of (a) O 1s and (b) O 2 temperature-programmed desorption (O 2 -TPD) results in Mn 2 O 3 catalysts. O latt : 
lattice oxygen; O surf : surface adsorbed oxygen. 

Fig. 7 – H 2 temperature-programmed reduction (H 2 -TPR) 
results of Mn 2 O 3 catalysts prepared with different 
precursors. 
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.4. Reducibility of catalysts 

 2 -TPR was measured to investigate the reducibility of the 
hree Mn 2 O 3 catalysts, and the results are presented in Fig. 7 .
ll of the Mn 2 O 3 catalysts displayed two peaks: the first re- 
uction peak at low temperature was ascribed to the sec- 
nd reductive transition of Mn 2 O 3 to Mn 3 O 4 , while the peak 
t high temperature was attributed to the reductive transi- 
ion of Mn 3 O 4 to MnO ( Biswas et al., 2015 ; Tang et al., 2006 ;
hang et al., 2017 ). The temperature of the first reduction 

eak on Mn 2 O 3 -Cl catalyst was the lowest (271 ◦C), followed 

y Mn 2 O 3 -Ac (275 ◦C), and Mn 2 O 3 -SO 4 (351 ◦C). Similarly, the
emperatures of the second reduction peak on Mn 2 O 3 cat- 
lysts were in the same order. Judging from the tempera- 
ure order of the reduction peak, the reducibility of all the 
n 2 O 3 samples followed the trend: Mn 2 O 3 -Cl > Mn 2 O 3 -Ac
 Mn 2 O 3 -SO 4 , indicating that Mn 2 O 3 -Cl had stronger redox
roperties. The reducibility measured by H 2 -TPR could reflect 
he oxygen mobility in the samples ( Zhao et al., 2020 ): since
he temperature of the first reduction peak on Mn 2 O 3 -Cl cata- 
yst was the lowest, proving that the Mn 2 O 3 -Cl possessed the 

ost mobile oxygen species among the three catalysts. Con- 
equently, high oxygen mobility of Mn 2 O 3 -Cl catalyst leads 
o more oxygen being adsorbed and then exciting to active 
xygen species, which would promote the catalytic oxidation 

eaction. 

. Discussion 

.1. Effect of physical properties of catalysts on catalytic 
erformance 

he ethyl acetate conversion over all the Mn 2 O 3 catalysts was 
trongly dependent on the precursor. According to the results 
f XRD, SEM, and TEM, it was obvious to find that the use of dif-
erent precursors had no obvious effect on the structure and 

orphology of Mn 2 O 3 catalysts. That is to say, there is little 
orrelation between the structure and morphology of Mn 2 O 3 

atalysts and catalytic activity. Besides, Mn 2 O 3 -Ac owed the 
argest BET surface area ( Table 1 ), while Mn 2 O 3 -Cl possessed
he best activity for ethyl acetate oxidation ( Fig. 1 a), manifest- 
ng that the surface area was not also the determining factor 
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Fig. 8 – XPS results of (a) Cl 2p in Mn 2 O 3 -Cl catalysts and (b) S 2p in Mn 2 O 3 -SO 4 catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in the ethyl acetate oxidation. From the above analysis, we can
know that the effect of physical properties of Mn 2 O 3 catalysts
was marginal. 

3.2. Effect of surface deposition species of catalysts on 

catalytic performance 

Previous studies showed that the chlorine deposited on the
catalyst surface is a primary cause for catalyst deactivation
( Lopez et al., 2006 ; Kamal et al., 2016 ). So, the presence of chlo-
rine in Mn 2 O 3 catalysts was measured by XPS, and the results
are shown in Fig. 8 a. The characteristic chlorine peak did not
appear in the spectra of Mn 2 O 3 -Cl, indicating that chlorine
does not exist on the surface of the Mn 2 O 3 catalyst produced
with the MnCl 2 precursor. 

Meanwhile, XPS measurements were also carried out to in-
vestigate the sulfur content ( Fig. 8 b). Clearly, the characteris-
tic peaks of S were only observed for the Mn 2 O 3 -SO 4 catalyst.
The peak at 169.3 eV was attributed to SO 4 

2- , while the peak
at 168.2 eV was due to SO 3 

2- ( Wu et al., 2009 ). In order to deter-
mine whether surface sulfates deactivate the Mn 2 O 3 -SO 4 cat-
alyst, the surface sulfates were removed through treatment
with NH 3 at 480 ◦C as reported by Lian et al. (2020) . The ICP re-
sults in the inset of Fig. 9 a verified that after NH 3 treatment
the surface sulfate content of the Mn 2 O 3 -SO 4 catalyst de-
creased dramatically. However, contrary to our expectations,
the ethyl acetate conversion of the Mn 2 O 3 -SO 4 catalyst treated
by NH 3 did not improve, but instead slightly decreased (shown
in Fig. 9 ). Therefore, the presence of sulfur on the Mn 2 O 3 -SO 4

catalyst has little influence on the catalytic performance. As
mentioned in Section 2.3 , the activity of the catalysts was cor-
related with the average oxidation state of the manganese ox-
ides. In order to study the effects of NH 3 treatment on the
average oxidation state of Mn 2 O 3 -SO 4 catalyst, the XPS was
measured and the result of Mn 3s in Mn 2 O 3 -SO 4 catalyst was
shown in Fig. 9 b. It was clear to observe that the AOS value
of Mn 2 O 3 -SO 4 catalyst treated by NH 3 was similar with that
of the Mn 2 O 3 -SO 4 catalyst indicating that the NH 3 treatment
had no influence on the catalyst. Through the above analysis,
the influence of residual Cl or S on the catalytic performance
could been completely excluded. 
3.3. Effect of chemical properties of catalysts on catalytic 
performance 

As described in the previous literatures, the Mars–van Krev-
elen mechanism, occurred in some oxidation reactions on
MnO x catalysts, implied that the lattice oxygen could play an
important role during the reaction ( Song and Hensen, 2013 ;
Xu et al., 2006 ; Zhang et al., 2015 ). Tang et al. (2006) have found
that the lattice oxygen in MnO x –CeO 2 catalysts was beneficial
for HCHO oxidation. Chen et al. (2020a) quantitatively corre-
lated the concentration of oxygen species with the reaction
rates in benzene oxidation, and suggested that surface lattice
oxygen species were decisive during the oxidation reaction.
The key role of surface lattice oxygen was further proved by
the Isotopic experiments: the surface lattice oxygen firstly ox-
idized the C 6 H 6 , and simultaneously produced the oxygen va-
cancies which could be subsequently refilled by gas-phase O 2 .

In this work, it is interesting to note that a good linear cor-
relation exists between the ratio of O latt /O surf and the ethyl
acetate conversion, as shown in Fig. 10 a. The linear relation-
ship provides clear evidence that lattice oxygen species played
the key role in the ethyl acetate oxidation. The importance of
the lattice oxygen species was further confirmed by the good
linearity between the integral area of the lattice oxygen and
the catalytic activity toward ethyl acetate ( Fig. 10 b). Further-
more, a close linear correlation between the low initial re-
duction temperature and ethyl acetate conversion was also
drawn, as shown in Fig. 10 b. The low initial reduction temper-
ature indicates that the catalyst has stronger oxygen mobility,
so more oxygen species could participate in the oxidation re-
action, thus possessing much better catalytic performance. 

On the basis of the above discussions, we summarize the
schematic illustration of ethyl acetate oxidation following
Mars-van-Krevelen mechanism over Mn 2 O 3 catalysts ( Fig. 11 ).
Firstly, the ethyl acetate adsorbs at the lattice oxygen and is
oxidized, while the Mn cations are reduced and oxygen partic-
ipated in the reaction to produce the CO 2 and H 2 O, and then
forming the oxygen vacancies (green circles in the Fig. 11 );
finally, the reduced catalyst is re-oxidized, while the lattice
oxygen of catalyst is replenished by gaseous oxygen. More-
over, the strong oxygen mobility could promote more oxy-
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Fig. 9 – (a) Ethyl acetate conversion over Mn 2 O 3 -SO 4 and Mn 2 O 3 -SO 4 treated by NH 3 and (b) XPS result of Mn 3s in 

Mn 2 O 3 -SO 4 catalyst treated with NH 3 . ICP: inductively coupled plasma. 

Fig. 10 – Relationship between (a) the ratio of O latt /O surf and the catalytic activity toward ethyl acetate; (b) the integral area of 
the lattice oxygen and the catalytic activity toward ethyl acetate, and (c) the low initial reduction temperature and the 
catalytic activity toward ethyl acetate. T x : the temperature at which a conversion of x % was obtained. 

Fig. 11 – Scheme of the ethyl acetate oxidation reaction over 
Mn 2 O 3 catalysts. 
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. Conclusions 

he effects of different precursors on the structure and ethyl 
cetate catalytic oxidation activity of Mn 2 O 3 catalysts were in- 
estigated in this study. The Mn 2 O 3 catalysts prepared using 
nCl 2 as precursor displayed higher ethyl acetate conversion 

nd CO 2 selectivity than catalysts prepared using MnSO 4 or 
nAc 2 . Moreover, the Mn 2 O 3 -Cl catalyst still maintained close 

o 100% conversion at 212 ◦C after 106 hr. For all the Mn 2 O 3 cat-
lysts, the amount of lattice oxygen species was linearly corre- 
ated with the ethyl acetate catalytic oxidation activity. The re- 
ationship showed that lattice oxygen species on the catalyst 
urface are essential to the high catalytic performance. The 
esults of H 2 -TPR revealed that the reducibility of the Mn 2 O 3 

amples followed the trend: Mn 2 O 3 -Cl > Mn 2 O 3 -Ac > Mn 2 O 3 -
O 4 . In other words, Mn 2 O 3 -Cl possessed the highest oxygen 
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mobility, promoting more active oxygen involved in the ethyl
acetate oxidation reaction. This study can improve our under-
standing of ethyl acetate oxidation on Mn 2 O 3 catalysts and
serve as a guide in using Mn 2 O 3 for removal of ethyl acetate. 
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