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ABSTRACT

A series of Mn–Ce composite oxides catalysts (MnyCe1-yOx) prepared by co-

precipitation method and ball-milling-assisted solid-state synthesis were tested

for the catalytic combustion of 1,2-dichlorobenzene. The results showed that ball

milling process as a green chemistry method can significantly promote the

catalytic activity. The Mn/Mn ? Ce ratio also has an important influence on the

degradation of dichlorobenzene. Complete combustion of 1,2-dichlorobenzene

is achieved on Mn0.85Ce0.15Ox at 193 �C, which is much lower than the catalysts

reported in the references. Characterization by BET, HRTEM, XRD, XPS, H2-TPR

and NH3-TPD revealed that the high activity at low temperature was attributed

to the advantages of the formation of Mn–O–Ce solid solution, abundant sur-

face-active oxygen, and developed pore structure induced by ball milling syn-

thesis. The current work provides the potential to use the ball-milling-assisted

solid-state synthesis as a green chemistry method for catalytic destruction of

persistent organic pollutants.

Introduction

In recent years, the emission control of dioxins in flue

gas from municipal solid waste incineration has

attracted much attention due to the increased output

of solid waste and the increasingly strict emission

standard[1]. Dioxins as toxic substances have the

characteristics of persistence, biological accumulation

and long-distance migration, highly harmful to the

environment[2]. Therefore, it is of great significance

to effectively control the generation and diffusion of

dioxins. Among the control technologies [3], catalytic

combustion has been proved to be a promising

technology for the removal of dioxin-like substances

due to its low-temperature conversion and high

selectivity[4, 5].
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Cerium oxides has gained increasing attention in

the catalytic degradation of chlorine-containing

volatile organic pollutants in recent years due to the

excellent oxygen storage-release capabilities[6].

When used to catalyze the degradation of chlorinated

aromatic pollutants, the CeO2 catalyst will be deac-

tivated quickly. The interaction between CeO2 and Cl

is vigorous when the temperature is below 400 �C,

and Cl will accumulate on the surface of the cata-

lyst[7]. Therefore, if the Cl on the catalyst surface can

be removed in time, the stability of the CeO2 catalyst

can be greatly improved. It is well known that the

doping of transition metal, precious metal or rare

earth metal can improve the catalytic activity and

stability of CeO2-based catalysts. Among the com-

monly used metal additives, e.g., Pt[8], W[9], V[10],

Ti, Cu[11, 12] and Mn[13], the combined oxides of Mn

and Ce showed the best catalytic performance in the

degradation of chlorobenzene. This is mainly attrib-

uted to the formation of Mn–O–Ce solid solution

structure with rich oxygen content and strong

reductive Mn4?[13].

So far, MnyCe1-yOx catalysts have been widely

prepared for the degradation of chlorobenzene by the

impregnation method, sol-gel method, and co-pre-

cipitation method[14, 15]. However, these traditional

preparation methods are complicated and use many

solvents in the preparation process. In recent years,

the preparation of heterogeneous catalysts by ball

milling has attracted wide attention because of its

simple operation, low cost, and no solvent con-

sumption[16]. The ball-milling-assisted preparation

of transition metal oxide catalysts for the catalytic

degradation of chlorobenzene attracted much atten-

tion, and it has been demonstrated that the ball-mil-

ling samples showed encouraging activity as

compared to their sol-gel analogues[17]. However,

few studies are reported on exploring the behavior of

mechanically assisted synthesis of MnyCe1-yOx mixed

oxide catalysts in the oxidation of chlorinated volatile

organic compounds.

In this study, a series of MnyCe1-yOx catalysts were

prepared using ball-milling-assisted solid-state syn-

thesis with different molar ratios of Mn/Ce ? Mn.

The MnyCe1-yOx mixed oxide catalysts were tested in

catalytic combustion of 1,2-dichlorobenzene, and the

effects of preparation methods and Mn amount were

investigated. Moreover, combining the BET, HRTEM,

XPS, XRD, H2-TPR, and NH3-TPD characterization

data, the influences of Mn–O–Ce solid solution

structure, redox capacity, and acidity on catalysts

activity were discussed.

Materials and methods

Catalyst preparation

As shown in Scheme 1, MnyCe1-yOx catalysts were

prepared by the ball milling and calcination synthe-

sis. A total of 15 g Ce(NO3)3•6H2O and

Mn(NO3)2•4H2O were put in a zirconia ball milling

tank (250 ml) with zirconia spheres (total mass 375 g,

diameter 10 mm and 5 mm, mass ratio 1:1). Then, the

tanks were placed in a planetary ball mill (QXQM-2-

DW, Changsha Tianchuang, China). The rotation

speed of the planetary disk was set as 500 rpm and

the duration of 2 h. Finally, the MnyCe1-yOx catalysts

powder were obtained by calcining in the Muffle

furnace at 400 �C for 3 h in the air atmosphere. The

Mn/Mn ? Ce ratio was 0, 0.25, 0.5, 0.75, 0.85, and 1,

respectively, and the catalysts were denoted as

MnCeO-BM. All the obtained powder catalysts were

sieved to catalyst pellets in sizes of 0.2–0.4 mm.

MnCeOx catalysts with the same composition as

mentioned above were also synthesized by a tradi-

tional co-precipitation method and denoted as

MnCeO-CP.

Catalyst characterization

The specific surface areas and pore structure of the

catalysts were determined using N2 adsorption–des-

orption isotherms measured at - 196 �C using a

Micromeritics Tristar II 3020 version 3.02 analyzer.

The specific surface areas were calculated from the

isotherms using the Brunauer–Emmett–Teller (BET)

method. The pore size distribution was obtained

using the Barrett–Joyner–Halenda (BJH) method.

High-resolution transmission electron microscopy

(HRTEM) images of the as-prepared catalysts were

acquired on a 120-kV transmission electron micro-

scope (HT-7700, Hitachi). The powder X-ray diffrac-

tion patterns (XRD) of samples were recorded on a

Rigakuultimaiv of Neo-Confucianism powder

diffractometer using Cu Ka radiation (40 kV and

40 mA). The diffractograms were recorded in the 2h
range of 10–808 with a 2h step of 28/min. The X-ray

photoelectron spectroscopy (XPS) measurements

were made on a ThermoScientificK-Alpha
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spectrometer by using Mg Ka (1253.6 eV) radiation as

the excitation source. The charging of samples was

corrected by setting the binding energy of adventi-

tious carbon (C1s) at 284.6 eV. H2-TPR is used to

determine the surface reducibility of the catalyst.

NH3-TPD was conducted in Micromeritics Auto-

Chem II 2920 apparatus equipped with a TCD

detector to determine the surface acidity of the cata-

lyst. The total concentrations of various elements (Mn

and Ce) in each catalyst sample were obtained by

inductively coupled plasma optical emission spec-

trometry (ICP-OES) analysis, which was performed

on a Agilent 5110 (Agilent, America).

Catalytic performance evaluation

1,2-Dichlorobenzene, as a chlorinated volatile organic

pollutant, is a commonly used experimental model

when studying catalysts for the degradation of dioxin

[18–20]. In this study, the bubbling method is used to

generate a stable source of 1,2-dichlorobenzene with

an initial concentration of 117 ppm. The catalytic

reaction part of the experimental system consists of a

quartz tube reactor with an inner diameter of 8 mm

and a tube furnace. The 1,2-dichlorobenzene catalytic

reaction temperature is set in the range of 150–350 �C,

controlled by the temperature controller. The total

flow of reaction gas is 200 ml/min, and the space

velocity is 15,000 h-1. The concentration of

dichlorobenzene in the flue gas was determined by

an online gas chromatograph (Fuli 7890A, China).

The surface of the gas pipeline was kept at 120 �C
with heating tape in case of condensation loss.

The conversion efficiency of the catalysts to 1,2-

dichlorobenzene was calculated by the following

formula, Cinlet is the concentration of 1,2-

dichlorobenzene, and Coutlet is the concentration of

1,2-dichlorobenzene in the tail gas:

gDCBz ¼
Cinlet � Coutlet

Cinlet

� 100% ð1Þ

Results and discussion

Composition and structure

The N2 adsorption–desorption isotherms of the cat-

alysts under ball-milling-assisted process and co-

precipitation methods were typical type IV isotherms

(IUPAC) as shown in Fig. 1a, indicating that the two

catalysts studied are mesoporous materials. The

presence of an H3 hysteresis ring indicates that the

pore structure of the catalyst is a wedge-shaped pore

formed by the loose accumulation of flake parti-

cles[21]. The textural properties of MnyCe1-yOx cata-

lysts are illustrated in Table 1. For the Mn0.5Ce0.5Ox-

BM sample, its specific surface area is 86 m2/g,

which is higher than that of Mn0.5Ce0.5Ox-CP sam-

ples. The total pore volume of Mn0.5Ce0.5Ox-BM is

0.23 cm3/g, twice that of Mn0.5Ce0.5Ox-CP catalysts

(0.13 m3/g). The pore size distributions for these two

types of catalysts are displayed in Fig. 1b. It can be

seen that the Mn0.5Ce0.5Ox-BM sample had a larger

specific surface area and pore volume, which is

mainly due to the mechanical action in the form of

kinetic energy and friction heating, which may pro-

duce a high degree of interstitial porosity in the solid-

state redox reaction.

Figure 2 shows TEM and HRTEM images of

Mn0.85Ce0.15Ox catalyst prepared by the ball milling

synthesis. The catalyst exhibited a lamellar structure,

Scheme 1 Schematic diagram for preparing MnyCe1-yOx catalysts by ball milling synthesis.
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and under high resolution TEM (Fig. 2b), the lattice

spacing is measured to be 0.2986 nm, which is con-

sistent with the (111) surface of face-centric (FCC)

CeO2 (0.3123 nm) but significantly lower than the

theoretical value. This indicates that some Mn ions

are bonded to the CeO2 lattice, causing lattice

contraction[17].

Figure 3 shows XRD patterns of MnyCe1-yOx sam-

ples in the y range of 0–1 and Mn0.5Ce0.5Ox-CP

samples. For the diffraction pattern of CeO2, the

characteristic diffraction peak of CeO2 with face-

centered-cubic (FCC) fluorite structure is observed.

The characteristic reflections at 28.55, 33.08, 47.48,

56.35, 59.37, 69.45 and 76.7� correspond to the (111),

(200), (220), (311), (222), (400) and (331) planes,

respectively. When Mn is added, the Mn0.25Ce0.75OX

catalyst sample has a similar diffractogram with the

CeO2 catalyst, but the peak intensity of the Ce phase

decreases, indicating that Mn doping can inhibit

CeO2 crystallization. This is consistent with the con-

clusion of the lattice shrinkage as shown by the TEM

characterization results, and it has been further con-

firmed in the remaining MnyCe1-yOx samples. When

the molar ratio of Mn/(Mn ? Ce) is greater than 0.5,

the CeO2 diffraction peak at 28.5� gradually shifts to a

higher value, indicating that the Mn species enter the

Ce fluorite lattice and form a Mn–O–Ce solid solu-

tion[22]. For Mn0.85Ce0.15Ox, the obtained XRD pat-

tern gradually resembles the diffraction pattern of

MnOx. The diffraction peak corresponding to

Mn0.85Ce0.15OX sample almost disappears, which

may due to the high dispersion of Ce species in the

MnOx matrix or just poor crystallinity. The former is

more reliable because it was consistent with the high

catalytic performance of Mn0.85Ce0.15Ox. Moreover,

two small peaks appear at 32.9� and 37.2�, i.e.,a-

Mn2O3[23] crystals in the form of dipyroxene and

Figure 1 a N2 adsorption–desorption isotherms of Mn0.5Ce0.5Ox-

BM, Mn0.5Ce0.5Ox-CP; b the corresponding pore size distribution

obtained from the adsorption branch.

Table 1 Textural Properties of

Mn0.5Ce0.5Ox Catalysts Samples SBET
a (m2/g) VP

a (cm3/g) Da
a ( nm) ICP-OES

Mn/Ce(mol/mol)

Mn0.5Ce0.5Ox-BM 85.5 0.23 10.48 1.09

Mn0.5Ce0.5Ox-CP 63.53 0.13 7.94 1.1

a Structural parameter of the catalysts obtained by N2 adsorption–desorption; SBET, BET surface area;

Vp, total pore volume; Da, average pore diameter

Figure 2 TEM a and HRTEM

b images of the

Mn0.85Ce0.15Ox-BM catalyst.
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MnO2[24] crystals in the form of pyrosite. For pure

MnOx, the reflection of a-Mn2O3 phase and MnO2

phase occurs. Mn0.5Ce0.5Ox-CP samples showed

higher diffraction peak intensity may be due to dif-

ferent preparation methods, and a few Mn3O4 phase

was observed. In general, the XRD results once again

confirm the formation of Mn–O-Ce solid solution

structure by the ball-milling-assisted solid-state syn-

thesis, which performs a significant effect on

improving catalyst activity.

Figure 4a shows the O 1S spectra, which are divi-

ded into three main bands. The three characteristic

peaks are deconvoluted around 529.5, 531.3 and

533.5 eV, which correspond to lattice oxygen, adsor-

bed oxygen and weakly bonded oxygen species (ac-

tive oxygen)[25, 26], respectively. The distribution

ratio of oxygen species is shown in Table 2. With the

addition of Mn, the binding energy of O1s of lattice

oxygen on MnyCe1-yOx catalysts shifts from 529.4 to

529.8 eV with the ‘‘O?Mn’’ electron transfer process,

and the amount of lattice oxygen is reduced[27]. With

the increase in Mn/(Mn ? Ce) ratio from 0.25 to 0.85,

the binding energy position of oxygen adsorption on

the surface at 531.3 eV does not change with the

increase in Mn content, but the content of reactive

oxygen increases from 36.5 to 48%. The data

improvement of Osur/Oall indicates that the surface-

active oxygen increases, which greatly promotes the

oxidation–reduction capacity of the catalysts[28].

As displayed in Fig. 4b, for all MnyCe1-yOx cata-

lysts, the Mn 2p3/2 XPS peaks can be divided into

three peaks, of which 641.7 ± 0.1 eV and

642.5 ± 0.1 eV peaks represent Mn3? and Mn4?,

respectively, while 644.5 ± 0.1 eV peak corresponds

to the satellite peak of Mn[29–32]. The specific bind-

ing energy of Mn 2p is listed in Table 2. Compared

with MnOx, the peak of Mn3? and Mn4? of MnyCe1-

yOx catalysts moves slightly to the lower binding

energy. The deviation of the XPS peak indicates that

the electron cloud densities of Mn3? and Mn4? of

MnyCe1-yOx catalysts are higher than those of MnOx.

It is due to the formation of Mn–O–Ce solid solution,

which hinders the crystallization of MnOx and causes

lattice distortion. There are more defects on the sur-

face of MnyCe1-yOx catalysts than on the surface of

MnOx, which leads to the increase in electron cloud

density of Mn4?[33].

The Ce 3d spectra shown in Fig. 4c show complex

overlapping peaks, which are decomposed into 8

peaks after peak separation fitting[15]. The details of

these peaks are listed in Table 2. According to the

peak area of Ce species, the proportion of Ce3? ions

in total Ce content is calculated[34], and the amount

of Ce3? is raised with the increase in Mn content. The

proportion of Ce3? in pure CeO2 is 15.4%, while the

MnyCe1-yOx catalysts are 18.8%, 19.6%, 20.8%, and

22.1%, respectively. This means the proportion of

Ce3? increases slowly due to the formation of a small

amount of weak Mn–O–Ce.

In conclusion, high relative contents of Mn4? and

Ce3? ions usually reflect the excellent catalytic per-

formances at low temperatures. The presence of

Mn4? ion is beneficial to improve the redox perfor-

mance of the catalytic oxidation of 1,2-dichloroben-

zene. The Ce3? ion is generally considered to

represent the oxygen vacancies of cerium-containing

materials. As shown in Table 2, Mn0.5Ce0.5Ox showed

higher Mn4? and Ce3? ions content, and the relative

contents of both Mn4?and Ce3? ions are shown a

significant upward trend with the content of Mn.

Reducibility and surface acidity

As shown in Fig. 5a, the H2-TPR profiles of pure

MnOx catalysts showed two overlapping strong

reduction peaks. Under the assumption that MnO is

the final reduced state, there are two reduction peaks

for MnOx catalysts at 490 �C and 590 �C, attributed to

the reduction of MnO2 ? Mn3O4/Mn2O3 and

Figure 3 XRD patterns of the MnyCe1-yOx catalysts with

different Mn/(Mn ? Ce) ratios.
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Mn3O4/Mn2O3 ? MnO, respectively[35–37]. How-

ever, the reduction of pure CeO2 catalysts occurs in

the temperature range of 300–500 �C, which is mainly

related to the reduction of Ce4? on the surface[27].

Compared with MnOx and CeO2 catalysts alone, the

reduction characteristics of MnyCe1-yOx mixed oxide

catalysts generally show that the reduction tempera-

ture systematically shifts to a lower temperature

region. The H2-TPR profiles of Mn0.25Ce0.75Ox cata-

lysts with low Mn contents show two wide reduction

peaks at 250 �C and 382 �C. The former may be

related to the reduction of Mn4? ions. The latter can

be attributed to the reduction of Mn3?, which is

facilitated by high coordination unsaturation, per-

haps by neighboring Ce4?, which in turn is reduced

to Ce3?. For the Mn0.5Ce0.5Ox catalysts, there is still an

acromial peak at about 270 �C, indicating the

presence of the isolated Mn4?.Compared with

Mn0.5Ce0.5Ox-CP, reduction peaks of Mn0.5Ce0.5Ox

were lower which proves that the catalytic reduction

performance of Mn0.5Ce0.5Ox was better than that of

Mn0.5Ce0.5Ox-CP. When the ratio of Mn contents

continues to increase, the Mn0.75Ce0.25Ox catalysts

first appear a reduction peak at the center of about

450 �C, which is related to the dispersion of very

small MnO2 particles on the Ce matrix in the first step

of reduction. The second step of reduction occurs at a

higher temperature of about 530 �C, which is caused

by the gradual decrease in the number of Ce species.

The first reduction peak of Mn0.85Ce0.15Ox catalysts is

significantly off-set to a lower temperature due to the

formation of Mn–O-Ce solid solution, and the tem-

perature of the second reduction peak is also initially

decreased before the subsequent increase, which

Figure 4 XPS spectra of a O 1 s, b Mn 2p, c Ce 3d for the MnyCe1-yOx catalysts.

Table 2 Summary of the

results of XPS analysis Samples Oxygen distribution(%) Mn distribution (%) Ce distribution (%)

Olatt Osur Oads Mn3? Mn4? Ce3?

MnOx 45 32.6 22.3 41.9 31.3

Mn0.85Ce0.15Ox 46 48 6 43.3 30.3 22.1

Mn0.75Ce0.25Ox 47.5 46.7 5.8 41.2 29.6 20.8

Mn0.5Ce0.5Ox 52.5 42.2 5.2 36.4 28.8 19.6

Mn0.25Ce0.75Ox 58.7 36.5 4.9 45.7 27.1 18.8

CeO2 63 30.9 6.1 15.4

Mn0.5Ce0.5Ox-CP 56.4 40.3 3.3 43.3 27.3 16.4

12410 J Mater Sci (2022) 57:12405–12415



proves that the catalytic reduction performance of

Mn0.85Ce0.15Ox is the best. Therefore, for the

Mn0.5Ce0.5Ox catalysts with Mn/Ce = 1:1, the two

reduction peaks are integrated into a wide peak

cenetred at 450 �C, which may be related to the

structural homogeneity caused by the formation of a

large number of Mn–O–Ce solid solutions. In sum-

mary, there are two kinds of Mn4? in the MnyCe1-yOx

catalysts, i.e., ‘‘isolated’’ Mn4? and Mn4?-O-Ce4?; the

latter mainly appears in the case of high Mn content

ratio.

The surface acidity of each catalyst is evaluated by

the NH3-TPD experiment. According to Fig. 5b, the

pure MnOx catalysts do not appear an obvious des-

orption peak. However, at low temperatures, an

overlapping NH3 desorption peak is observed on

both CeO2 and MnyCe1-yOx catalysts, indicating that

the Ce species is mainly used to determine the sur-

face acidity of the catalyst. The NH3 species anchored

on Brønsted acid sites (labeled as B acid) are less

thermally stable than those adsorbed on Lewis acid

sites (labeled as L acid)[38]. Consequently, the peaks

at 100–200 �C in Fig. 5b are attributed to the des-

orption of ammonium ions (NH4
?) weakly adsorbed

on the B acid and those above 300 �C referring to the

desorption of coordinate NH3 on the L acid[39, 40]. It

indicates that both L acid and B acid are required in

the 1,2-DCBz catalytic oxidation, while the former is

more effective in the reaction. Besides, many

researchers claimed that the chemisorption of 1,2-

DCBz through C–Cl cleavage occurs on the L acid

preferentially[41, 42]. When Mn/(Mn ? Ce) molar

ratio is less than or equal to 0.5, the temperature of

the desorption peaks observed on MnyCe1-yOx cata-

lysts is similar to that of CeO2, indicating that the acid

strength on the surface of these catalysts is similar. In

contrast, when the Mn content continues to increase,

the same peak as that of the pure MnOx catalysts

appears at 569 �C. However, the area of the three

desorption peaks varies greatly among different cat-

alysts. It is well known that peak area represents the

total amount or number of acids on the catalyst surface.

Through integral calculation, the order of peak area

size of total NH3-TPD is given by: Mn0.85Ce0.15Ox

[Mn0.75Ce0.25Ox[ MnOx[ Mn0.5Ce0.5Ox[Mn0.5

Ce0.5Ox-CP[Mn0.25Ce0.75Ox[CeO2. Therefore,

Mn0.5Ce0.5Ox have more acids on the catalyst surface

than Mn0.5Ce0.5Ox-CP which further verified the

superiority of ball-milling-assisted synthesis. And as

compared with pure CeO2 and MnOx catalysts, the

surface acidity of MnyCe1-yOx mixed oxide catalysts is

stronger, and the acidity of mixed oxide increases

with the increase in Mn/Ce ? Mn molar ratio.

Activity of MnyCe1-yOx catalysts

As shown in Fig. 6, the catalytic activities of MnCeOx

catalysts prepared by traditional co-precipitation

Figure 5 a H2-TPR profiles

of the MnyCe1-yOx catalysts;

b NH3-TPD profiles of the

MnyCe1-yOx catalysts.
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method (Mn/Ce = 1:1) are compared with the

MnCeOx catalyst synthesized by the ball-milling-as-

sisted method. The Mn0.5Ce0.5Ox-BM shows higher

catalytic activity than the Mn0.5Ce0.5Ox-CP over the

entire temperature range, achieving almost complete

1,2-DCBz conversion at 250 �C. In contrast, the

MnCeOx-CP only shows 60% conversion of 1,2-DCBZ

at the corresponding temperature. Catalytic com-

bustion performance of 1,2-DCBz over MnyCe1-yOx is

also evaluated. According to Fig. 6b, T90 of 1,2-DCBz

oxidation reaction decreased with the following

order: CeO2[MnOx[Mn0.25Ce0.75Ox[Mn0.5Ce0.5-

Ox[Mn0.75Ce0.25Ox[Mn0.85Ce0.15Ox, indicating

that the best oxidation efficiency of 1,2-DCBz is above

Mn0.85Ce0.15Ox and the worst on CeO2. For the

MnyCe1-yOx catalysts, except pure CeO2, the removal

efficiency of the other five catalysts for the catalytic

oxidation of 1,2-dichlorobenzene is all improved with

the increase in temperature. However, the removal

efficiency of 1,2-dichlorobenzene catalyzed by CeO2

decreases at 250 �C, and continues to rise when the

temperature exceeds 350 �C, and the efficiency

increases with temperature. The decrease in removal

efficiency of 1,2-dichlorobenzene over CeO2 catalyst

at about 250 �C may be related to the chlorine poi-

soning of the catalyst. As discussed before, there is a

strong interaction between Ce and Cl, and the cata-

lysts containing Ce are seriously deactivated in the

catalytic oxidation of chlorinated organic pollutants,

and the activity of the catalysts continues to decrease

Figure 6 a The activity of MnyCe1-yOx catalysts with different

ratios of Mn/(Mn ? Ce) for 1,2-DCBz catalytic combustion; b T90

and T50 for 1,2-DCBz combustion over MnyCe1-yOx catalysts (gas

composition: 200 ml/min,11% O2 ? N2 balance; reactant

concentration: 117 ppm; GHSV: 15,000 h.-1; catalyst amount:

400 mg).

12412 J Mater Sci (2022) 57:12405–12415



with the increase in reaction time. However,

increasing the catalytic reaction temperature can

enhance the Deacon reaction of Cl on the catalyst

surface and accelerate the removal rate of Cl on the

catalyst surface, thus reducing the degree of chlorine

poisoning. Therefore, with the increase in reaction

temperature, the removal efficiency of 1,2-

dichlorobenzene catalyzed by CeO2 increases.

MnyCe1-yOx catalysts appear to be superior for 1,2-

DCBz catalytic combustion, of which Mn0.85Ce0.15Ox

catalyst with 0.85 Mn/Mn ? Ce ratio has the best

activity, and the T90 of 1,2-DCBz oxidation reaction

over the catalyst proceeds at about 193 �C, the tem-

perature being much lower than all those catalysts as

reported in previous literature, including Mn-modi-

fied Co3O4 catalyst[23] or CeO2-TiO2[42] and CeZn

hollow microspheres catalysts[43]. As indicated by

the characterization, the Mn0.85Ce0.15Ox catalysts have

the best surface structure, redox capacity, and acidity.

The removal efficiency of 1,2-DCBZ increases with the

increase in Mn contents. As shown in Fig. 6, with the

gradual increase in Mn/(Mn ? Ce) molar ratio, T50

and T90 (the temperature needed for the conversion

of 50% and 90%, respectively) gradually decrease,

except the case of pure MnOx. Over the pure MnOx,

the conversion of 1,2-DCBz reaches 90% at 478 �C,

higher than that over the MnyCe1-yOx catalysts. In

conclusion, the addition of Mn increased the activity

of Ce-based catalyst, and the degree of activity

improvement is positively correlated with the ratio of

Mn/(Mn ? Ce).

Conclusion

In this work, we have successfully prepared a batch

of Mn-Ce oxide catalysts with different molar ratios

for the catalytic oxidation of 1,2-dichlorobenzene by

the ball-milling-assisted solid-state synthesis. The

ratio has a significant effect on the catalyst activity,

and the degradation efficiency increases with the

increase in Mn content. Complete removal is

achieved at 193 �C when the ratio is 0.85, which is far

better than the catalyst prepared by the co-precipi-

tation method under the same conditions. This is

mainly due to the high specific surface area and

porosity of the catalyst synthesized by ball milling

process, abundant active oxygen content, excellent

acidity, reducibility and the formation of Mn–O–Ce

chemical bond. The current work provides the

potential to use the solvent-free large-scale ball-mil-

ling-assisted solid-state synthesis of low-temperature

and high-activity catalysts in the field of environ-

mental catalytic degradation.
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