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HIGHLIGHTS
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GRAPHICAL ABSTRACT

A plausible reaction mechanism for DBM oxidation over Mn-Co/TiO; catalysts.
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ABSTRACT

Brominated hydrocarbon is the typical pollutant in the exhaust gas from the synthesis process of Purified
Terephthalic Acid (PTA), which may cause various environmental problems once emitted into atmo-
sphere. Dibromomethane (DBM) was employed as the model compound in this study, and a series of
TiO,-supported manganese and cobalt oxide catalysts with different Mn/Co molar ratio were prepared
by the impregnation method and used for catalytic oxidation of DBM. It was found that the addition of Mn
significantly enhanced the catalytic performance of Co/TiO, catalyst. Among all the prepared catalysts,
Mn(1)-Co/TiO, (Mn/Co molar ratio was 1) catalyst exhibited the highest activity with Tgg at about 325°C
and good stability maintained for at least 30 h at 500 ppm DBM and 10% O, at GHSV=60,000h~!, and the
final products in the reaction were COx, HBr and Br,, without the formation of Br-containing organics.
The high activity and high stability might be attributed to the redox cycle (Co%* + Mn*" « Co3* + Mn3*)
over Mn-promoted Co304/TiO; catalyst. Based on the results of in situ DRIFT studies and analysis of
products, a plausible reaction mechanism for catalytic oxidation of DBM over Mn-Co/TiO, catalysts was
also proposed.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Volatile organic compounds (VOCs) in exhaust gas emitted from
various industrial processes and incineration of medical wastes are
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the major air pollutes. In particular, the release of purified tereph-
thalic acid (PTA) exhaust gas has received much attention due to
the potential environmental problems [1], and the incidents of
the masses protesting against such projects have been occurred in
China in recent years. The untreated PTA exhaust gas is a mixture
of various organic components, including p-xylene (PX), acetic acid
methyl ester and brominated hydrocarbon, which are harmful to
the environment and human health [2]. At present, a great number
of methods have been designed and used to treat the PTA exhaust
gas, including activated carbon adsorption, thermal oxidation and
catalytic oxidation. It is believed that catalytic oxidation is one of
the most promising technologies due to lower operating temper-
ature and the less secondary pollution products [1]. However, the
catalyst should keep the ability of resisting bromine poisoning due
to the presence of brominated hydrocarbon. Hence, the core issue
of this technology is in search of high performance catalysts on the
removal of brominated hydrocarbon.

In the past decades, many catalysts for catalytic oxidation of
brominated hydrocarbon have been reported. But they were mainly
focused on two types of catalysts, including the noble metal cata-
lysts [3,4] and transition metal oxide catalysts [5-7]. Although the
activity of noble metal catalysts was very high, the high cost and
the easy deactivation by bromine poisoning prevented their appli-
cations onindustries. Generally, the transition metal oxide catalysts
were less active than the noble metal catalysts, but they could resist
deactivation by bromine poisoning to a larger extent. Moreover,
the transition metal oxide catalysts were cheaper. Therefore, it is
of great interest to develop transition metal oxide catalysts with
high catalytic activity and resistance to bromine poisoning.

As a typical transition metal oxide, cobalt oxides have been
found to have a good performance for VOCs oxidation [8,9]. It is
reported that cobalt oxides have the good redox ability due to the
interconvert between Co%* and Co3* oxidation states, and the pres-
ence of Co304 means high catalytic activity for oxidation reaction
[10]. When metal oxides are supported on TiO,, there is often a
strong metal-support interaction [11]. A TiO,-supported Co-based
catalyst prepared by the impregnation method could achieve high
specific surface areas and promote the dispersion of active com-
ponents, resulting in high catalytic activity. To our knowledge,
appropriate modifications of the catalyst can further improve the
catalytic activity and stability. Manganese oxides contain various
valence states, which is significant to complete the catalytic cycle
by redox mechanism. The Mn-Co/TiO, catalysts are highly effec-
tive low temperature SCR catalysts and have been widely studied
[12-14]. However, no study on the behavior of Mn-Co/TiO, cat-
alysts in the catalytic oxidation of brominated VOCs has been
reported.

In this study, a series of Mn-Co/TiO, catalysts with various
Mn/Co molar ratios were prepared by the impregnation method,
and used in catalytic oxidation of dibromomethane (DBM) chosen
as the model compound of brominated hydrocarbon. The structure
and surface chemical properties of the catalysts were character-
ized by XRD, BET, Raman, H,-TPR and XPS. The DBM conversion,
analysis of products, products selectivity and catalyst stability were
also investigated. Moreover, the in situ DRIFT analysis could further
deepen our understanding of the promotional effect of Mn modified
Co/TiO, catalyst on DBM oxidation.

2. Experimental section
2.1. Catalyst preparation and characterization
The Co/TiO,, Mn/TiO, and Mn-Co/TiO, catalysts with various

Mn/Co molar ratios were prepared by the impregnation method.
In a typical synthesis, 25 mL of the aqueous precursor solution of

Co(NO3); and Mn(NO3), was added into 50 mL beaker contain-
ing 2.0g P25 TiO,. The mixture was stirred for 4 h, dried at 60°C
overnight, and then clained at 500°C for 3h to get the desired
catalyst. The cobalt loading was selected at 5wt%, and the Mn/Co
molar ratios were 0.2, 1, 2 and 3. The catalysts were donated
as Mn(x)-Co/TiO,, where x represents the molar ratio of Mn/Co.
For comparison, 5 wt% Co304/TiO; (Co/TiO3) and 5 wt% MnOx/TiO,
(Mn/TiO;) catalysts were also prepared by the same method. The
catalysts were characterized by XRD, BET, Raman, H,-TPR and XPS,
and the detail information was shown in supporting information.

2.2. Catalytic activity evaluation

The catalytic activity evaluation was carried out in a fixed-bed
quartz reactor using 120 mg catalysts of 40-60 mesh. The feed gas
mixture contained 500 ppm DBM, 10% 05,0 or 1% H,0, 0 or 500 ppm
p-xylene (PX), and N as the balance gas. Water vapor was gener-
ated by passing N, through a heated gas-wash bottle containing
deionized water. The total flow of the feed gas was 150 mL/min,
corresponding to a gas hourly space velocity (GHSV) of 60,000 h~1.
The reaction was run from 150 to 450°C in a step mode with a
20 min plateau at each temperature investigated. All the reactions
were repeated three times to assure reproducibility and ruled out
catalyst deactivation. The inlet and outlet DBM concentration was
measured with a gas chromatograph (GC-9790) equipped with a
FID detector. The removal efficiency of DBM was defined as:

M= S -C 100% (1)

Co

where Cy and C were the inlet and outlet DBM concentrations,
respectively. The gas products were detected by a gas chromatogra-
phy and mass spectrometry (GCMS-QP2010, Shimadzu). The final
products CO and CO, were measured using a gas chromatograph
(GC-14B, Shimadzu) equipped with a FID detector with methane
conversion oven. Br, and HBr were absorbed in a KI solution firstly.
Then, Br, concentration was determined by the titration with
sodium thiosulfate using starch solution as an indicator. The con-
centration of bromide ions in the bubbled solution was determined
by using an ion chromatography. The selectivity of CO, CO,, Br, and
HBr was defined as, respectively:

_[€O]

co = [g;] * 100% )
Sco, = [[ng’]] x 100% 3)
Ser, = [[EZ} x 100% (4)
Shpr = % x 100% (5)

where [CO] and [CO,] were the amount of CO and CO, (ppm) after
the reaction, [Cr] was the amount of carbon atom (ppm) in oxidized
DBM during the reaction, which could be calculated by equation (6):

[Cr] = ([CH2Br2]p — [CHyBr2]) (6)

where [CH,Br, |g and [CH,Br;, ] were the amount of DBM (ppm) in
the gas stream before and after the reaction, respectively. [Br,] and
[HBr] were the amount of Br, and HBr (ppm) after the reaction, [Cg; ]
was the amount of bromine atom (ppm) in oxidized DBM during
the reaction, which could be calculated by equation (7):

[Cs:] = ([CH2Brz]o — [CHyBr]) x 2(7)
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Fig. 1. The conversion curves for DBM oxidation over Co/TiO, Mn/TiO, and Mn(x)-
Co/TiO, catalysts, where x=0.2, 1, 2 and 3, respectively.

2.3. In situ DRIFT studies

In situ DRIFT spectra were recorded on a Fourier transform
infrared spectrometer (FTIR, Nicolet 6700) equipped with a smart
collector and an MCT detector cooled by liquid N5. The DRIFT mea-
surements were carried out in a high-temperature cell with ZnSe
windows. Mass flow controllers and a sample temperature con-
troller were used to simulate the real reaction conditions. In situ
DRIFT spectra were recorded by accumulating 100 scans at a res-
olution of 4cm~1. Prior to each experiment, all the samples were
pretreated with 10% O,/N, at 400°C for 2 h. Spectra of the clean
catalyst surface were collected and used as the background at dif-
ferent temperature. Then, a 500 ppm DBM/10% O5/N, stream was
introduced into the IR cell at 50°C for 1h. Subsequently, the cat-
alyst was treated in flowing 10% O, /N, at different temperature.
In situ DRIFT spectra were collected at different temperature when
a steady was reached.

3. Results and discussion
3.1. Catalytic performance

The effect of adding Mn on the catalytic performance of Co/TiO;
catalyst is shown in Fig. 1. As can be seen, Co/TiO, catalyst showed
a considerable activity for DBM oxidation with Tsg and Tgg (the
temperature needed for 50% and 90% conversion) of 288°C and
346°C, respectively. With the addition of Mn, the catalytic activity
was improved and the conversion curves shifted to low tempera-
ture, Tgg decreased to 337 °C for Mn(0.2)-Co/TiO, catalyst and to
325°C for Mn(1)-Co/TiO, catalyst, respectively, indicating that the
addition of Mn was beneficial for DBM oxidation. However, fur-
ther increasing Mn loading leaded to a decrease of the catalytic
activity, and Tgg rose to 364°C for Mn(2)-Co/TiO, catalyst and to
381 °Cfor Mn(3)-Co/TiO, catalyst, respectively. Therefore, the opti-
mum Mn/Co ratio was 1. Moreover, Mn(1)-Co/TiO, catalyst was
also more active than Mn/TiO, catalyst in the whole temperature
range investigated.

3.2. Catalyst characterization

Fig. 2 shows the XRD patterns of Co/TiO, and Mn-Co/TiO, cat-
alysts. As can be seen, TiO, existed in the form of anatase and
rutile in all the prepared catalysts. In the pattern of Co/TiO, cat-
alyst, very weak diffraction peaks were observed at 2 6 values of
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Fig. 2. XRD patterns of Co/TiO; and Mn(x)-Co/TiO; catalysts, where x=0.2, 1, 2 and
3, respectively.
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Fig. 3. H,-TPR profiles of Co/TiO,, Mn/TiO, and Mn(1)-Co/TiO, catalysts.

31.3°,36.9°,44.9°,55.7°,59.4° and 65.3°, which could be attributed
to Co304 spinal structure (JPCDS: 76-1802) [15]. These peaks were
very weak, which indicated that Co304 was low content or well
dispersed on the TiO, support. For Mn-Co/TiO; catalysts, when the
ratio of Mn/Co was 0.2 and 1, only the peaks attributed to TiO, and
Co304 were observed. However, when the ratio of Mn/Co was 2
or higher, six new weak peaks at 33.5°, 36.4°, 50.3°, 54.8°, 65.5°
and 44.2° were observed. The former five peaks were attributed
to CoMnOs (JCPDS#12-0476) and the latter one was correspond to
CoMn,04 (PDF#01-1126), which demonstrated that two types of
Co-Mn composite oxides were formed on the surface of TiO, sup-
port. These peaks were also weak, implying that the binary mental
oxides were low content or high dispersed. In addition, when the
ratio of Mn/Co was 3, a new peak at 28.8°0f MnO, (JCPDS#44-0141)
was also observed.

The H,-TPR profiles of Co/TiO,, Mn/TiO; and Mn(1)-Co/TiO5 cat-
alysts are shown in Fig. 3. As seen in Fig. 3, for Co/TiO, catalyst,
there were three reduction peaks at 379, 419 and 491 °C. The first
peak was attributed to the reduction of some surface oxygen, and
the second and third peaks were ascribed to the reduction of Co3*
to Co%* and Co?* to Co?, respectively [15]. In the case of Mn/TiO,
catalyst, there were two reduction peaks at 375 and 445 °C. Accord-
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Table 1

Relative atomic concentration on the catalyst surface.
Catalyst Co*/Co Mn**/Mn 0,45/0
Co/TiO, 56.9% - 43.2%
Mn(1)-Co/TiO, 100.0% 17.1% 49.4%
Mn(1)-Co/TiO; (used) 40.2% 32.3% 37.5%

ing to the results reported previously, the lower temperature peak
was attributed to the reduction of Mn** to Mn3*, and the higher
temperature peak was corresponded to the reduction of Mn3* to
Mn?2* [16]. Moreover, the TPR profile of Mn(1)-Co/TiO, showed
four reduction peaks located at 281, 339, 406 and 548 °C. It was
noticed that these peaks were not only the simple combination of
Co/TiO, and Mn/TiO, catalysts. According to the results of XRD,
the Mn-Co mixed oxides existed in Mn-Co/TiO, catalyst. As can be
seen, the first peak at 281 °C was far lower than the first reduction
peak of Co/TiO, or Mn/TiO; catalyst due to an interaction between
Co and Mn oxides. According to the literature reported [13], the
first reduction peak could be due to the reduction of compound
Co304°CoMnO3, which might be the reason why Mn doping into
Co/TiO, catalyst could lower the reduction peak temperature. The
second and third reduction peaks located at 339 and 406 °C were
also lower than these of Co/TiO, catalyst, which were attributed to
the reduction of CoMn;04 and CoOeMnO, respectively. Finally, the
fourth reduction peak was ascribed to the reduction of Co%* to Co?,
and it shifted from 491 to 548 °C due to the interaction between
Co and Mn oxides. Consequently, it was deduced that the inter-
action between Co and Mn oxides resulted in the lower reduction
temperature, which was beneficial for DBM oxidation.

Fig. 4 shows the XPS spectra of Co/TiO,, Mn(1)-Co/TiO, and
Mn(1)-Co/TiO, (used) catalysts over the spectral regions of Co
2p, Mn 2p, O 1s and Br 3d, and the data of XPS are summa-
rized in Table 1. As shown in Fig. 4(a), for Co/TiO,, Mn(1)-Co/TiO,
and Mn(1)-Co/TiO; (used) catalysts, there were two main peaks
corresponding to Co 2ps3;; and Co 2py, at 779.9~781.3 and
795.1~797.2 eV, respectively, with satellite peaks. By perform-
ing a peak fitting deconvolution, the Co 2p3, spectra could be
decomposed to two characteristic peaks centered at 780.8 and
782.9eV for Co/TiO, catalyst, which were ascribed to Co3* and
Co2*, respectively. With the adding of Mn into Co/TiO, catalyst,
the characteristic peaks of Co 2p shifted slightly to the low binding
energy, and the amount of high valence Co was increased due to
the interaction between Co and Mn oxides, which was beneficial
for DBM oxidation. After reaction for 30 h at 300 °C, the character-
istic peaks of Co 2p shifted slightly to the high binding energy and
the amount of high valence cobalt was decreased, which was due
to Co3* participating in the reaction.

Fig. 4(b) shows the Mn 2p XPS spectra of Mn(1)-Co/TiO, and
Mn(1)-Co/TiO, (used) catalysts. For Mn(1)-Co/TiO, catalyst, the
binding energies of Mn 2p3), and Mn 2p,, were located at 641.9
and 653.4eV, respectively. The spectra of Mn 2psj; could be
separated into three characteristic peaks: Mn2* (641.1eV), Mn3*
(642.6eV) and Mn*" (644.8eV). It was obvious that Mn existed
in the mixture of Mn2*, Mn3* and Mn** states. After reaction for
30h at 300°C, the characteristic peaks of Mn 2p shifted slightly
to the high binding energy and Mn existed mainly in the form of
high valence states (seen in Table 1). And an amount of Mn3* was
oxidized to Mn**, which was beneficial to generate electrophilic
oxygen to further oxidize Co%* to Co3*.

The O 1s XPS spectra of Co/TiO,, Mn(1)-Co/TiO, and Mn(1)-
Co/TiO; (used) catalysts are shown in Fig. 4(c). The asymmetrical O
1s peak could be fitted into two components: one at BE=529.2-
530.1eV and the other at BE=530.6-531.6eV, the former was
assigned to the surface lattice oxygen (Oj,¢) species, whereas the
latter was assigned to the surface adsorbed oxygen (0,4s) species
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Fig. 4. XPS spectra of Co/TiO,, Mn(1)-Co/TiO, and Mn(1)-Co/TiO, (used) over the
spectral regions: (a) Co 2p, (b) Mn 2p, (c) O 1s, (d) Br 3d.
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Table 2
Products in outlet at each evaluated temperature over Co/TiO; catalyst.

Temperature (°C) Detected substances

150 CH3Br3, CH,Br, CO, HBr, H,O0
200 CHzBl‘z, CHzBI‘, CO, COZ, HBr, Hzo
250 CH;Br», CO, CO,, HBr, H,O
300 CH;Br3, CO, CO,, HBr, HO
350 CHzBl’z, CO, COz, HBr, Bl’z, HzO
400 CO, COg, HBr, Bry, H,0
450 CO, CO;, HBr, Bry, H,0
Table 3

Products in outlet at each evaluated temperature over Mn(1)-Co/TiO, catalyst.

Temperature (°C) Detected substances

150 CHzBI'z, CO, HBr, Hzo

200 CH3Br3, CO, CO,, HBr, HO
250 CH;Br3, CO, CO,, HBr, H,0
300 CHzBrz, CO, COz, HBr, Bl’z, Hzo
350 CH;,Br3, CO, CO,, HBr, Bry, H,O
400 CO, COy, HBr, Brz, H,0

450 CO, CO,, HBr, Brz, H,0

[17]. As seen in Table 1, it was evident that the proportion of
surface adsorbed oxygen increased when adding Mn, which was
beneficial for DBM oxidation. After reaction for 30 h at 300°C, the
amount of surface adsorbed oxygen decreased, suggesting that sur-
face adsorbed oxygen participated in the reaction. However, surface
adsorbed oxygen still existed on the catalyst surface, which might
be due to the replenishment form lattice oxygen or gaseous oxygen.

The XPS Br 3d spectra of Mn(1)-Co/TiO; (used) catalyst is shown
in Fig. 4(d). There were two peaks at 68.6 and 69.7eV for Br
3d, which were attributed to the ionic (Br~) and covalent (—Br)
bromine species, respectively [18]. The ionic bromine (Br—) might
be the CoBr, generated by the reaction of the bromine species
and cobalt, and the covalent (—Br) bromine species might be the
adsorbed DBM.

3.3. Analysis of products

Itis well known that the ideal decomposition products of bromi-
nated hydrocarbon are CO, and HBr or Bry, however, almost all
of the treatment technologies have a phenomenon of incomplete
mineralization. In this study, the products in outlet at each evalu-
ated temperature over Co/TiO, and Mn(1)-Co/TiO, catalysts were
analyzed by GC-MS and the results were listed in Tables 2 and 3.
As seen in Table 2, for Co/TiO, catalyst, the by-product CH3Br was
emerged at low temperature (below 200 °C) and it was disappeared
with the increase of temperature. Bry was generated above 350°C.
With the addition of Mn into Co/TiO, catalyst, no other bromine by-
products were generated and Br, was generated above 300 °C (seen
in Table 3), which indicating that the doping of Mn into Co/TiO,
catalyst could reduce the generation of bromine by-products and
promote the generation of Br,. Moreover, both Co/TiO, and Mn(1)-
Co/TiO, catalysts, CO, HBr and H,O were always existed at each
evaluated temperature and CO, was generated above 200°C.

Fig. 5 shows the DBM conversion and selectivity for CO, CO,, HBr
and Br; as a function of temperature over Co/TiO; (a) and Mn(1)-
Co[TiO, (b) catalysts. It was found that the main products of DBM
oxidation over Co/TiO, and Mn(1)-Co/TiO, catalysts were CO, CO,
HBr and Br,. However, their selectivity was different, depending
on the catalysts used. For Co/TiO, catalyst, with the increase of
temperature, the amount of CO, was gradually increased due to
the further oxidation of CO, and its selectivity got to 50% when
the temperature was 335°C. When the temperature was above
350°C, Bry was generated, which might be ascribed to the Deacon
reaction (4HBr + O, = 2Br, + 2H,0) [ 7]. With the further increase of
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Fig. 5. DBM conversion and selectivity for CO, CO,, HBr and Br; as a function of
temperature over Co/TiO, (a) and Mn(1)-Co/TiO, (b) catalysts.

temperature, the selectivity for Br, was also further increased, and
its selectivity got to 31% at 450°C. For Mn(1)-Co/TiO, catalyst, it
was found that the selectivity for CO, was higher than that of
Co/TiO, catalyst at each temperature investigated, and its selec-
tivity was exceeded 50% at 300 °C. Moreover, Br, was generated
when the temperature was 300 °C, and the selectivity for Bry was
also improved as the temperature increased, and its selectivity got
to 34% at 450°C. The results showed that the doping of Mn into
Co/TiO, catalyst was beneficial for improving the redox properties
of the catalyst, promoting the further oxidation of CO to CO, and
the generation of Brs.

3.4. The effect of water or p-xylene (PX)

It is necessary to investigate the effect of water on the activity
of catalyst for DBM oxidation. As shown in Fig. 6, the DBM conver-
sion curve over Mn(1)-Co/TiO, catalyst as a function of temperature
was obtained in the presence of 1% (V/V) water. In the presence
of water, the conversion of DBM was promoted at low tempera-
ture, and the temperature for 10% conversion decreased by about
20°C. The most plausible explanation for the promoting effect of
water on DBM oxidation at low temperature was the removal of
surface bromine species, which was based on the reverse Deacon
reaction: H,O+Br~ = HBr{ + OH~[19], and thus prevented catalyst
deactivation. However, the decrease in activity was observed with
the increase of temperature due to the adsorption of water on the
active sites[19].
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Fig. 7. The activity for DBM oxidation over Co/TiO, and Mn(1)-Co/TiO, catalysts on
stream feed at 300°C for 30 h.

It is known that there are all kinds of organic compounds in PTA
exhaust gas, and these organic compounds will compete active sites
during the catalytic reaction. Considering the complexity of actual
exhaust gas, it is too unrealistic to study all the organic compounds
at the same time. Therefore, we mainly concentrate on the reac-
tion feature when the reaction system involves binary pollutants.
As we all know, p-xylene (PX) is one of the major components in
PTA exhaust gas. Hence, the effect of feeding p-xylene (PX) into
the reaction mixture on the activity of Mn(1)-Co/TiO, catalyst was
investigated. As seen in Fig. 6, in the presence of p-xylene (PX),
the conversion of DBM was inhibited whether at low or high tem-
perature, and Tgg shifted to 378 °C, which was attributed to the
consumption of surface active oxygen in p-xylene (PX) oxidation
decreased oxygen species.

3.5. Catalyst stability

The stability of the catalyst was also evaluated by performing
long catalytic time at constant oxidation temperature. The evolu-
tions of DBM conversion with time on stream at 300 °C for Co/TiO,
and Mn(1)-Co/TiO; catalysts are shown in Fig. 7. Within 30 h, the

DBM conversion over Co/TiO, catalyst decreased from 62% to 37%,
which might be attributed to the accumulation of Br species on the
surface of Co/TiO, catalyst. XPS analysis showed 2.56% Br deposited
on the surface of Co/TiO, catalyst after 30 h reaction. However,
Mn(1)-Co/TiO, catalyst maintained its catalytic activity well within
30h at 300°C with the conversion at high as 79.6%. XPS analysis
showed only 1.42% Br deposited on the surface of Mn(1)-Co/TiO,
catalyst after 30 h reaction, which was lower than Co/TiO, cata-
lyst. The results indicated that the presence of Mn promoted the
removal of Br species on the catalyst surface.

3.6. In situ DRIFT studies

In order to further understand the catalytic behaviors of the
catalyst surface, in situ DRIFT experiments were conducted on
Co/TiO, and Mn(1)-Co/TiO catalysts and the results are shown in
Fig. 8. As seen in Fig. 8(a, b), for Co/TiO, catalyst, after introduc-
tion of 500 ppm DBM and 10% O, at 50°C for 1 h, the DRIFT spectra
showed the bands at 3072,2992, 1600 and 1201 cm~!. The bands at
3072,2992 and 1201 cm~! were ascribed to antisymmetric stretch-
ing, symmetric stretching and wagging of methylene, respectively,
which were the approximate mode of DBM adsorbed molecules on
the surface of Co/TiO; catalyst at 50°C[20,21]. With the increase of
temperature, the intensity of these bands diminished gradually and
complete disappeared above 100°C, indicating either consump-
tion or desorption of DBM molecules. The band at 1600 cm~! was
ascribed to H, 0 absorbed on the catalyst surface [22 ], which dimin-
ished gradually with the increase of temperature. Moreover, the
disappearance of the bands ascribed to DBM was accompanied by
appearance of the new bands of 2960, 2935, 2873, 2835, 1560,
1380, 1365 and 1215 cm~1. The bands at 2960, 2873, 1560, 1380
and 1365cm~! (including 2881 cm~! developed at 150°C) were
ascribed to the adsorbed formate species [23,24]. While the other
bands at 2935 and 2835 cm~! were ascribed to methyl antisymmet-
ric stretching and symmetric stretching of the absorbed methoxy
groups [25,26]. In addition, the band at 1215 cm~! was generated
at 250°C, which was ascribed to bicarbonate [27]. All the bands
developed with the absorbed DBM oxidation, indicating that the
formate groups and methoxy groups were the main intermediate
species generated on the surface of Co/TiO, catalyst.

For Mn(1)-Co/TiO, catalyst (Fig. 8(c, d)), it was evident that the
intensities of the peaks attributed to adsorbed DBM were notice-
ably higher than those over Co/TiO, catalyst at 50 °C, and the DRIFT
spectra of adsorbed species of DBM reaction at 50, 100, 150, 200 and
250°C were similar to these of Co/TiO, catalyst, and expect for the
bands ascribed to the methoxy groups were not appeared, mean-
ing that the methoxy groups were not the intermediate species
during the reaction, which was beneficial to reduce the generation
of by-products, such as CH3Br. In addition, the new bands at 1412
and 1346 cm~! were ascribed to formate groups [23] and carbonate
[28], respectively. The appearance of the band ascribed to carbonate
indicated that the formate groups were further oxidized, which was
beneficial for generation of more CO,. With the increase of temper-
ature, the intensity of all the bands decreased at 250°C and basic
disappeared at 300°C. The results suggested that the presence of
Mn further enhanced the degradation of intermediate species to CO
and CO,. Moreover, it was difficult to observe the bands ascribed to
the formate groups above 300 °C. Furthermore, no bands ascribed
to CO, CO, and HBr as final products could be observed due to the
quick desorption of them.

Inorder to obtain a deeper understanding of this reaction, a plau-
sible mechanism for DBM oxidation over Mn-Co/TiO, catalysts is
shown in Fig. 9. This reaction pathway was ascribed as follows:
(1) A DBM molecule adsorbed on oxygen vacancies of the cata-
lyst surface through the two bromine atoms. (2) The two bromine
atoms were abstracted by the adjacent nucleophilic oxygen, and
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Fig. 9. A plausible mechanism for DBM oxidation over Mn-Co/TiO- catalysts.

generating the hemiacetal species [29]. (3) The adsorption of gas-
phase oxygen on the surface oxygen vacancies to replenish the
consumed oxygen. (4) The hemiacetal species were attacked to
form the formate species. (5) The formate species were further oxi-
dation by surface active oxygen species to form CO and CO,. Under
oxygen-rich condition, the Br species could react with the surface
hydroxyl groups to form HBr or aggregated to generate Br,. More-
over, it was possible that Br, was generated via the Deacon reaction
(4HBr+ 0, =2Br; + 2H,0).

It is well known that the redox properties are the impor-
tant factors controlling the reactivity of the catalysts. Based
on the XPS results, it can be seen that a high ratio Mn3*
(51.6%) exists over Mn(1)-Co/TiO, catalyst. Combining with
the H,-TPR results, the existence of Mn3* could contribute
to the redox process of Co?*/Co®'. Thus, the redox cycle
(Co?* +Mn** < Co3* +Mn3*) existed over Mn(1)-Co/TiO, cata-
lyst and the electron transfer could be facilitated as follows:
Mn#* — 02~ — Co3* +e < Mn** — 02~ — Co?* & Mn3* — 02~ — Co?*
< Mn?*" — 02~ — Co3* +e.Theredox cycle leaded to a decrease in the
energy required for the electron transfer between Mn and Co active
sites, promoting the adsorption of DBM. In addition, the presence of
Mn induced the formation of more surface oxygen species, which
was also beneficial for DBM oxidation. Thus, Mn(1)-Co/TiO, cata-
lyst exhibited higher catalytic performance than Co/TiO, catalyst
for DBM oxidation.

4. Conclusion

In this study, a series of Mn-Co/TiO, catalysts were prepared
by the impregnation method, and used in catalytic oxidation of
DBM chosen as the model compound of brominated hydrocar-
bon. Mn(1)-Co/TiO-, catalyst exhibited the highest catalytic activity
with Tgg of 325°C, and the DBM removal activity remained with-
out any appreciable deactivation for 30 h long-time stability at
300°C, which suggested the presence of Mn promoted the sta-
ble activity of Co/TiO, catalyst through retarding the exchange
of bromide for basic lattice oxygen or surface hydroxyl groups.
The enhanced performance resulted from the existing redox cycle
(Co?* + Mn** < Co3* +Mn3*). The in situ DRIFT studies revealed that
the presence of Mn over Mn(1)-Co/TiO, catalyst could promote
the adsorption of DBM and enhance the degradation of interme-
diate species. Finally, based on the results of in situ DRIFT studies
and analysis of products, a plausible mechanism for DBM oxidation
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over Mn-Co/TiO, catalysts was proposed. Firstly, BDM adsorbed
on surface oxygen vacancies, then active oxygen attacked adsorp-
tion intermediates to form the formate groups, and finally further
oxidation of the formate species to form CO and CO,.
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