
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



1 
 

Mechanochemical destruction of decabromodiphenyl ether into 1 

visible light photocatalyst BiOBr 2 

 3 

Kunlun Zhang
1
, Jun Huang

1
*, Haizhu Wang

1
, Gang Yu

1
, Bin Wang

1
, Shubo Deng

1
, 4 

Junya Kano
2
, Qiwu Zhang

2 
5 

 6 

1
  State Key Joint Laboratory of Environment Simulation and Pollution Control 7 

(SKJLESPC), School of Environment, POPs Research Center, Tsinghua University, 8 

Beijing 100084, P.R. China 9 

2
  Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, 10 

Sendai 980-8577, Japan 11 

 12 

 13 

 14 

 15 

 16 

 17 

Submitted to RSC Advances 18 

 19 

February 2014  20 

Page 1 of 19 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2 
 

Table of Contents Entry 21 

 22 

By milling with Bi2O3, the destruction of polybrominated diphenyl ethers was 23 

achieved with the preparation of visible light photocatalyst.  24 
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Abstract 25 

In the present study, mechanochemical (MC) treatment of polybrominated 26 

diphenyl ethers (PBDEs), a kind of emerging persistent organic pollutants (POPs), 27 

was performed using a high energy ball mill. With Bi2O3 as co-milling reagent, 28 

deca-BDE was effectively destroyed and no hazardous intermediates or organic 29 

products were observed in the MC reaction. Meanwhile, BiOBr, a promising visible 30 

light photocatalyst, was proved to be the final product which could be utilized in 31 

further steps. Neither excessive Bi2O3 nor unreacted deca-BDE was left after the 32 

reaction as they were originally added at stoichiometric ratio for BiOBr formation. 33 

FITR and Raman analyses demonstrate the collapse of deca-BDE skeleton and the 34 

cleavage of C-Br bonds with the generation of inorganic carbon, revealing the 35 

mechanism of carbonization and debromination. The gaseous products at different 36 

reaction atmosphere were also analyzed, showing that mostly CO2 with a fraction of 37 

CO were released during the MC process. The reaction formula of deca-BDE and 38 

Bi2O3 was then proposed based on the identified final products. Besides, the 39 

photocatalytic activity of the generated BiOBr was evaluated using methyl orange as 40 

the model pollutant. A good degradation performance from BiOBr was achieved 41 

under both simulated sunlight and visible light irradiation, indicating the possibility 42 

for its further utilization. 43 

  44 
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1. Introduction 45 

Over the last decades, polybrominated diphenyl ethers (PBDEs) have been 46 

widely used as non-reactive additives in polymers such as textiles, plastics and 47 

electronic products, to improve their flame resistance and prevent fire 
1, 2

. There were 48 

three main formulations of commercially used PBDEs in the market, i.e., penta-, octa- 49 

and deca-BDE. Due to substantial and long-term usage, PBDEs have been frequently 50 

detected in humans, wildlife, and abiotic environment around the world 
3-6

. As a 51 

consequence of their toxic, bioaccumulative and persistent properties 
7-9

, more and 52 

more concerns about this kind of chemicals have arisen. In 2009, the commercially 53 

used penta- and octa-BDE were listed as persistent organic pollutants (POPs) in the 54 

Annex A of the Stockholm Convention. In June 2013, deca-BDE was also proposed 55 

for the inclusion in the convention as it was considered to meet the screening criteria 56 

in Annex D for persistence, bioaccumulation, long-range transport and adverse effects 57 

10
. Adding to this concern, deca-BDE can be degraded in biota or in the environment 58 

into lower brominated congeners, which themselves are POPs 
11, 12

. 59 

In terms of the sound disposal of PBDEs wastes, mechanochemical (MC) 60 

method has been proved to be an effective alternative instead of combustion 61 

technologies 
13

. Via high energy ball milling, the MC reactions between pollutants and 62 

co-milling reagents are initiated by the mechanic force such as impact, fraction, stress, 63 

deformation 
14

, resulting in the destruction of pollutants into non-hazardous products. 64 

Compared with PBDEs wastes combustion which could possibly release toxic 65 

PBDD/Fs 
15

, MC destruction happens at low temperature and normal pressure and can 66 
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avoid this kind of secondary pollution 
16

. Most previous MC studies focused on the 67 

destruction of chlorinated POPs such as DDT 
17

, PCBs 
18

, PCDD/Fs 
19

 and few 68 

attention was paid on non-chlorinated pollutants. Our recent studies has shown that 69 

MC method was as well effective for the destruction of brominated and perfluorinated 70 

pollutants 
20, 21

. However in most cases, excessive co-milling reagents (represented by 71 

CaO which is the mostly used) were required to ensure high reaction speed and 72 

complete destruction 
22

. Additionally, the final products and the residual reagents after 73 

reaction cannot be utilized and further treatment such as landfill is still needed. 74 

Therefore, it is necessary to seek for new co-milling reagents that are used in the 75 

required amount for reaction rather than excessive, and the final products are expected 76 

to have proper utilization as well. 77 

As MC reactions can take place directly in solid state, besides the destruction of 78 

POPs, it has also been used for the preparation of new materials and running chemical 79 

reactions in absence of solvents 
23

. Thus there should be a possibility to couple these 80 

two processes together, in which not only pollutants were destroyed but also the final 81 

products can be useful. 82 

In the present study, Bi2O3 was selected as the co-milling reagents for the 83 

destruction of PBDEs (represented by deca-BDE) since the element of bismuth has a 84 

promising application in photocatalyst 
24, 25

. With exactly the stoichiometric amount 85 

of Bi2O3 and deca-BDE for reaction, deca-BDE was completely degraded and the 86 

final product was proved to be a visible light photocatalyst BiOBr. The photocatalytic 87 

activity of the generated BiOBr was also evaluated using methyl orange (MO) as 88 
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model pollutant in the irradiation of simulated sunlight and visible light. 89 

2. Experimental  90 

2.1.Materials 91 

2,2 ,́3,3 ,́4,4 ,́5,5 ,́6,6 -́decabromodiphenyl ether (deca-BDE, C12Br10O 98% in 92 

purity), Bismuth (III) oxide (Bi2O3, 99% in purity), Calcium oxide (CaO, 99% in 93 

purity) were provided by Wako Pure Chemical Industries Ltd. The CaO and Bi2O3 94 

were heated at 450 °C for 2 hours before use. Methyl orange (MO, 85% in purity) was 95 

purchased from Sinopharm Chemical Reagent Co., Ltd. (China) and used as model 96 

pollutant in photocatalytic experiments. All the solvents (n-hexane, acetone) used in 97 

the extraction and determination were of HPLC grade (J.T. Baker Inc., USA) and the 98 

ultrapure water was prepared by a Milli-Q system (Millipore, USA). 99 

2.2.MC reaction 100 

The MC experiments were performed using a planetary ball mill machine 101 

(Pulverisette-7, Fritch, Germany). Two zirconia pots with the volume of 45 cm
3
 and 102 

seven zirconia balls with the diameter of 15 mm (approx. 10.5 g each) were employed 103 

in the ball milling. In each experiment, 0.875 g deca-BDE was milled with 2.125 g 104 

Bi2O3 (or CaO comparatively) as co-milling reagent, keeping the molar ratio 105 

Bi:Br=1:1. The rotary speed of machine disk was set as 700 rpm for 15-min intervals, 106 

after which there was a 15-min cooling period. The milled samples were collected and 107 

then preserved in a hermetic and dry apparatus for further use. For the 2 h milled 108 

sample of deca-BDE and Bi2O3, the gas phase products at different reaction 109 

atmosphere were also collected for composition analysis. 110 
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2.3.Determination and characterization 111 

For deca-BDE determination, 0.05 g of each milled sample was taken and 112 

extracted using 50 mL hexane/acetone (1:1, v/v) with 10-min ultrasonic treatment. 113 

The solution was firstly filtered by 0.45 μm polytetrafluoroethylene (PTFE) 114 

membrane and then subjected to instrumental analysis. A Shimadzu 2010 GC-MS 115 

equipped with a DB-5HT column (15 m×0.25 mm i.d., 0.10 μm film thickness) was 116 

used and operated in negative ion chemical ionization (NCI) mode. The collected gas 117 

phase products were analyzed using a micro gas chromatograph system (Micro-GC 118 

3000A, Agilent, USA). 119 

To identify the final products after MC reaction, X-ray diffraction (XRD) 120 

measurement were performed by an X-ray diffractometer (RINT-2200, Rigaku, Japan) 121 

equipped with a Cu Kα radiation from 2θ = 10º ~ 60º at a speed of 10º min
-1

. The 122 

thermogravimetric (TG) analysis was carried out using a TG8120 analyzer (Rigaku, 123 

Japan) in nitrogen flow with 10 mg sample and 10 °C/min heating rate from 25 °C to 124 

600 °C. To figure out the chemical changes during milling, the samples were 125 

characterized by a Fourier transform infrared (FTIR) spectrometer (FTS3000, Digilab, 126 

USA) with the KBr disk method. Raman spectra of the samples were also recorded 127 

using a Labspec Raman spectrograph (HORIBA Jobin Yvon, France) with a He laser 128 

beam at the 632 nm line.  129 

2.4.Photocatalytic experiments 130 

To evaluate the photocatalytic activity of the final products after MC reaction, a 131 

series of experiments were carried out using a projective photochemical reactor 132 
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(PLSSXE300UV, Beijing Trusttech Technology Co., China) with a 300 W Xenon 133 

lamp as simulated sunlight. The UV-CUT-400 filter was employed to remove the 134 

incoming wavelengths shorter than 400 nm and ensure visible light irradiation. A 135 

cooling device was equipped and the infrared irradiation of the light was cut off to 136 

avoid significant temperature increase of the reaction system. 137 

In the experiments, 0.2 g of the 2 h milled sample was added into a cylindrical 138 

quartz reactor (160 mm length×32 mm inner diameter) with 100 mL MO solution at a 139 

concentration of 15 mg/L. A magnetic stirring apparatus was located at the bottom of 140 

the reactor to ensure thoroughly mixing of the aqueous system. The direct photolysis 141 

and control test in darkroom were also simultaneously carried out for comparison. At 142 

each sampling time, 2 mL of the suspension was taken and filtered by 0.45 μm nylon 143 

membrane, after which remaining MO in the filtrate was determined by a Hitachi 144 

U-3310 UV-visible spectrophotometer. 145 

3. Results and discussion 146 

3.1.Comparison of Bi2O3 with CaO as co-milling reagents 147 

In order to investigate the performance of Bi2O3 in MC destruction of deca-BDE, 148 

the comparison experiment with CaO (as a representative of commonly used 149 

co-milling reagents) was carried out with the same weight ratio (2.125 g Bi2O3 or 150 

CaO with 0.875 g deca-BDE). The destruction efficiency of deca-BDE by Bi2O3 or 151 

CaO and the GC-MS spectra of Bi2O3 milled samples are shown in Fig.1. 152 
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Fig.1. The destruction of deca-BDE together with GC-MS spectra of Bi2O3 milled samples 154 

With the extension of milling time, the remaining deca-BDE quickly decreased 155 

roughly following a linear declination trend, showing that the MC method is effective 156 

for deca-BDE destruction. Nearly all the deca-BDE was destroyed after 1 h ball 157 

milling with Bi2O3 as co-milling reagent. Actually no peak could be found in the 158 

GC-MS spectra of the 2 h milled sample, indicating a complete degradation of 159 

deca-BDE after MC reaction. But when CaO was used as co-milling reagent, the 160 

performance was less effective and there was still more than 15% deca-BDE 161 

remaining in the solid even after 2 h ball milling. Obviously, as co-milling reagent, 162 

Bi2O3 showed better performance for PBDEs destruction. 163 

It was expected that there should be some intermediates from the MC 164 

degradation of deca-BDE. However, unlike some other degradation reactions such as 165 

photolysis 
26

, no obvious intermediates or organic products of deca-BDE could be 166 

found in the Bi2O3 milled samples (as shown in the GC-MS spectra in Fig.1). This 167 

suggests that the MC reactions between deca-BDE and Bi2O3 should take place 168 

continuously and spontaneously, during which few intermediates could be detected. 169 
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This phenomenon also happened in many previous studies on MC destruction 
20, 27

.  170 

3.2.Products identification 171 

For the products identification of deca-BDE and Bi2O3 after MC reaction, XRD 172 

analysis of the milled samples was carried out and the results are shown in Fig.2, 173 

labeled with the patterns of the reagent and typical products.  174 
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Fig.2. XRD spectra of the samples milled with Bi2O3 for different time 176 

For 0 h mixture of deca-BDE and Bi2O3, only the diffraction peaks of Bi2O3 177 

(JCPDS Card No. 74-1373, labeled as ●) were shown clearly in the XRD spectra. 178 

While after 30 min milling, the pattern of Bi2O3 quickly receded and another new 179 

group of diffraction peaks with strong intensity started to appear. These new peaks 180 

were indexed to the hexagonal structure of bismuth oxybromide (BiOBr, JCPDS Card 181 

No. 73-2061, labeled as ▼) which was a promising visible light photocatalyst 
28

. 182 

After 2 h milling, there was no longer any peaks of Bi2O3 in the spectra, remaining 183 

only the pattern of BiOBr. This transformation from Bi2O3 to BiOBr illustrates that 184 
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deca-BDE was destroyed through the MC reaction and the organic bromine was 185 

changed into inorganic form as BiOBr, corresponding with the GC-MS results above.  186 

It’s worth mentioning that there was neither excessive Bi2O3 nor unreacted 187 

deca-BDE remaining in the samples after the MC process. Therefore as expected, 188 

deca-BDE was effectively destroyed with the stoichiometric amount of Bi2O3 rather 189 

than excessive. Meanwhile, a promising visible light photocatalyst BiOBr was 190 

prepared as the final product and can be utilized again. This process matches well 191 

with the concept of green chemistry in which pollutants were destroyed and useful 192 

products were generated. 193 

To ensure the destruction of deca-BDE and the formation of BiOBr during MC 194 

treatment, thermogravimetric (TG) analysis of the samples was also conducted as 195 

shown in Fig.3.  196 
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Fig.3. TG analysis of the samples milled with Bi2O3 for different time 198 

For 0 h mixture, an obvious weight change could be observed during heating at 199 

the range of 325~425°C, which was owing to the thermal decomposition of deca-BDE 200 

29
. The nearly 30% loss also agreed well with the weight ratio of deca-BDE in the 201 

mixture (0.875g deca-BDE/total 3.0 g = 29.2%). After 30 min ball milling, the weight 202 
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change around 325~425°C became much smaller, indicating a large destruction of 203 

deca-BDE. Meanwhile there was another weight loss at the range of 480~580°C 204 

starting to occur. Since most organics would be decomposed at the temperature above 205 

450°C, this new weight loss could be attributed the thermolysis of the final product. 206 

At above 500 °C, BiOBr would be easily decomposed into Bi2O3 (s) and BiBr3 (g) 
30

, 207 

during which the evaporation of BiBr3 at this temperature resulted in this large weight 208 

loss (shown in Eq.1). 209 

3BiOBr
480−580℃
→       Bi2O3 + BiBr3 ↑             Eq. 1 

For the samples after 2 h ball milling, there was no longer weight change at 210 

325~425°C, indicating that deca-BDE was completely destroyed and transformed into 211 

inorganic form. Correspondingly, there was a nearly 50% weight loss at 480~550°C 212 

owing to the BiBr3 evaporation from the BiOBr decomposition. This result again 213 

demonstrates that deca-BDE has just reacted with the Bi2O3 during ball milling with 214 

the formation of BiOBr.  215 

3.3.Characterization of the samples milled with Bi2O3 216 

To better understand the chemical change of deca-BDE during milling, Fourier 217 

transform infrared (FTIR) and Raman spectrometer were conducted on the milled 218 

samples. Fig.4 shows the FTIR spectra of the samples for different milling time. 219 
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Fig.4. FTIR spectra of samples milled with Bi2O3 for different time 221 

For 0 h mixture of deca-BDE and Bi2O3, there was a strong peak centered at 222 

1350 cm
-1

 in FTIR, which came from the υ(CC) chain vibration of the aromatic ring 223 

and could be regarded as the indicator for deca-BDE molecule 
31

. The peak band at 224 

960 cm
-1

, 761 cm
-1

 and 696 cm
-1

 were the υ(C-Br) stretching vibrations, illustrating 225 

the existence of the organic bromine 
32

. The weak stretching band around 1210 cm
-1

 226 

was attributed to the υ(C-O-C) asymmetric vibration. For the spectra of 30 min milled 227 

sample, these peaks quickly weakened, showing that the deca-BDE was greatly 228 

destroyed. Actually after 2 h ball milling with Bi2O3, all the signal peaks of deca-BDE 229 

in FTIR were totally disappeared, illustrating that both the skeleton of deca-BDE was 230 

broken down and the organic bromine atoms were dissociated from the molecule.  231 

Raman spectra of the samples milled with Bi2O3 are shown in Fig.5. 232 

Correspondingly with FTIR, the υ(CC) aromatic ring chain vibration of deca-BDE in 233 

Raman spectra was located at 1520 cm
-1

 with strong intensity and the asymmetric 234 

υ(C-O-C) vibration showed around 1180~1240 cm
-1

 
31, 33

. The peaks of C-Br bonds 235 

were observed over a wide range of 690~1090 cm
-1

. With the ball milling ongoing, 236 
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the intensity of the peaks from deca-BDE largely decreased and two peak bands with 237 

the peak around 1312 cm
-1

 and 1582 cm
-1

 started to appear and strengthen. In Raman 238 

analysis, these two peak bands are usually classified as the “D-band” (1330-1380 cm
-1

) 239 

and “G-band” (1540-1580 cm
-1

) which are respectively the characteristic for 240 

sp
2
-bonded atoms of disordered carbon and crystal graphite 

34
. The appearance and 241 

intensification of “D-band” and “G-band” declare the generation of disordered and 242 

graphite carbon in the MC reaction. 243 
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Fig.5. Raman analysis of samples milled with Bi2O3 for different time 245 

Therefore, the collapse of deca-BDE skeleton and the cleavage of C-Br bonds, 246 

together with the generation of inorganic carbon, reveal that debromination and 247 

carbonization are the main mechanisms for deca-BDE destruction. In this way, the 248 

organic carbon and bromine in the molecule were transformed into inorganic forms, 249 

eliminating the POPs properties of deca-BDE. 250 

3.4.Gas phase products identification 251 

During the milling of deca-BDE with Bi3O3, evident gas production could be 252 

observed after the experiment. As a result, the MC reactions in the atmosphere of air 253 
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or argon were performed for 2 h and the produced gases were collected for analysis. 254 

The results of the gaseous products from 2 h milled samples at different reaction 255 

atmosphere are shown in Table 1. 256 

Table 1. Gas products analysis for 2 h milled samples at different reaction atmosphere 257 

Components 

Atmosphere 
CO2 CO N2 O2 Ar 

Air 56.5% 6.1% 29.3% 7.6% - 

Argon 54.7% 5.8% - - 39.5% 

Through micro-GC analysis, CO2 (roughly 90%) and CO were proved to be the 258 

gaseous products of the MC reaction. It should be pointed out that the atmosphere had 259 

few influence on the gas production. It is not difficult to understand because the MC 260 

reactions are usually initiated by mechanic force and take place in solid state at nearly 261 

room temperature, in which the gas phase is seldom involved in the reactions. 262 

3.5.MC reaction formula 263 

In terms of the final products identified above (inorganic carbon, BiOBr, CO2 or 264 

CO), the MC reaction between deca-BDE and Bi2O3 should follow either of the 265 

following equations: 266 

5Bi2O3 + C12Br10O
𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙𝑖𝑛𝑔
→        10BiOBr + 9C + 3CO2 ↑     𝐸𝑞. 2 

5Bi2O3 + C12Br10O
𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙𝑖𝑛𝑔
→        10BiOBr + 6C + 6CO ↑     𝐸𝑞. 3 

Since the rough ratio between CO2 and CO was 10:1, it can be inferred that the 267 

reaction mostly followed Eq.2 and fractionally went with Eq.3. Taking the experiment 268 

at air atmosphere for example, the final gas volume was about 108 mL (25 C), in 269 

which there was 61.0 mL CO2 and 6.6 mL CO. Then the generated CO2 and CO could 270 

be calculated into 2.49 mmol and 0.27 mmol, corresponding to 0.798 g and 0.043 g 271 
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deca-BDE consumption following Eq.2 and Eq.3. As a result, the calculated total 272 

deca-BDE consumption (0.841 g) agreed well with the originally added amount 273 

(0.875 g), indicating that the gas production can be well balanced with the initial 274 

concentration of deca-BDE. Satisfyingly, there were no other gases or hazardous 275 

products generated and the secondary pollution was avoided. 276 

3.6.Photocatalytic activity of BiOBr 277 

In order to evaluate the photocatalytic activity of the generated BiOBr, the 278 

photocatalytic degradation of methyl orange (MO) in water was performed under 279 

direct Xenon lamp (simulated sunlight) and visible light (λ>400 nm) irradiation. For 280 

comparison, the direct photolysis of MO and the control test with BiOBr in darkroom 281 

were also carried out. Fig.6 shows the variations of MO concentration (C/C0) at 282 

different conditions.  283 
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Fig.6. Variations of MO concentration at different conditions 285 

It can be observed that the direct photolysis of MO was negligible under both 286 

Xenon lamp and visible light irradiation. Meanwhile in the control experiment, there 287 

was a nearly 15% decrease of MO concentration in the first 60 min and keep 288 

unchanged afterwards. Since no irradiation existed in the darkroom, this removal of 289 
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MO was ascribed to the absorption from the sample. Under Xenon lamp irradiation 290 

with BiOBr, there was a remarkable degradation of MO (20% after 4 h reaction) 291 

besides the absorption, indicating the occurrence of photocatalytic degradation 
35

. The 292 

visible light irradiation with BiOBr also showed a significant effect with 15% MO 293 

degradation after 4 h reaction, although the performance was not as good as simulated 294 

sunlight irradiation. 295 

Therefore, it is demonstrated that the generated BiOBr after the MC reaction had 296 

good photocatalytic activity under both simulated sunlight and visible light irradiation. 297 

In this way, the final products after the MC destruction of deca-BDE could be utilized 298 

again as photocatalyst rather than discarded. 299 

4. Conclusion 300 

The present study successfully combined MC destruction of POPs with the 301 

preparation of catalyst. The main conclusions of the study are as follows: 302 

1. MC reaction with Bi2O3 is shown to be an effective method for the destruction of 303 

deca-BDE, with no hazardous intermediates or organic products observed. 304 

2. Besides the deca-BDE destruction, the final product after milling was a promising 305 

visible light photocatalyst BiOBr and could be utilized in further steps, matching 306 

well with the concept of green chemistry. 307 

3. With stoichiometric ratio for BiOBr formation, deca-BDE had just reacted with 308 

Bi2O3, which economized the raw materials and saved the cost. 309 

4. Carbonization and debromination were found to be the main reaction mechanisms 310 

for the destruction of daca-BDE. 311 
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5. The generated BiOBr showed good photocatalytic activity for MO degradation 312 

under both simulated sunlight and visible light irradiation.  313 
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