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grinding assisted with sodium persulfate
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and Haijian Wangb

Hexabromocyclododecane (HBCD) has been widely used as a flame retardant in polystyrene and textiles,

and is ubiquitous in all kinds of environmental media. The sound disposal of HBCD wastes should be

made a priority because of their toxicity, bioaccumulation and persistence. Mechanochemical methods

for waste disposal have proven to be effective, environmentally friendly and simple in their execution;

thus, in this work, one such method was employed to destroy HBCD. Sodium persulfate (PS) was used as

a co-milling reagent and the milling balls were made of zirconia. During the experiment, HBCD, PS, and

sodium hydroxide (NaOH) were put into a planetary ball mill, wherein the reactions took place. The

grounded samples were analyzed via ion chromatography (IC) and liquid chromatography-mass

spectrometry (LC-MS). Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray

powder diffraction (XRD), and thermogravimetry (TG) analyses were employed as assistant measures.

Results showed that the degradation and bromine recovery efficiency of HBCD were 95% and 100%,

respectively, after 2 h milling. Furthermore, FTIR revealed the breakage of “–C–Br–” and “–C–H–”

bonds, and the Raman spectra indicated the generation of amorphous and graphitic carbon. In short,

PS–NaOH proved to be an effective co-milling reagent for the treatment of HBCD.
1. Introduction

HBCD has been widely used in expanded and extruded poly-
styrene, textiles, electronic appliances, and other equipment as
an additive ame retardant.1 Owing to its characteristics of
persistence and bioaccumulation, it has been detected in
various environmental media, such as air containing air-
conditioning lter dust, surface soil near industrialized
regions, and river water.2–4 Studies on sh and marine inverte-
brates have revealed that HBCD has been detected in these
species.5 In addition, HBCD has been found in humanmilk and
serum worldwide.1 Toxicity testing of HBCD has detected
cardiovascular, developmental, and reproductive effects on
animals.6–8 Therefore, an effective disposal of HBCD wastes
must be made a priority.

Incineration is an effective method for the treatment of
HBCD, with a destruction efficiency of above 99%, but toxic
byproducts, such as polybrominated dibenzodioxins/
dibenzofurans (PBDDs/Fs) are generated when the input of
HBCD is high.9 Zero-valent iron nanoparticle aggregates, poly-
sulde and bisulde, and photodegradation have been utilized
to destroy HBCD; however, these methods either required
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hemistry 2017
complicated reaction conditions, or were incomplete in terms
of the debromination and destruction of the HBCD.10–12

Attention has turned to mechanochemical methods in
recent years because they are simple in their execution effective,
and environmentally friendly. Co-milling reagents play
a signicant role in the destruction of pollutants, and the most
commonly used co-milling reagents are metal oxides, metals
amixture of metal andmetal oxides. PS can be activated by heat/
UV, metal (usually Fe2+) or alkali to generate sulfate radicals
(SO4c

�) and hydroxyl radicals (cOH), which can be used to
degrade various kinds of pollutants because of their strong
oxidizability.13–17 However, since researches have usually
focused on the treatment of contaminants in aqueous phase,
for the disposal of solid wastes, conventional technologies do
not seem to be the best choice. Therefore, a combination of PS
and a mechanochemical technique is required. When used as
a co-milling reagent, PS may be activated by the process of ball
milling, during which mechanical forces, such as impact,
stress, fraction, and deformation, can create transient high
temperature.18,19 The subsequently generation radicals, such as
SO4c

� and cOH, should be effective in the destruction of
pollutants, at least in theory.

Liu et al. used Fe0 activated PS as a co-milling reagent to
dispose of sulfamethoxazole (SMX) and trimethoprim (TMP)
and attributed the degradation of SMX and TMP to the gener-
ation of SO4c

� and cOH during the milling process.20 In addi-
tion, the mixture of PS and CaO was effective in the treatment of
RSC Adv., 2017, 7, 23313–23318 | 23313
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TBBPA.21 Huang et al. reported the destruction of deca-
bromodiphenyl ether (DBDE) by using mechanochemically
activated PS and found that the DBDE converted into CO2 and
Br2, with mineralization nally realized.22

Our previous study revealed that NaOH activated PS as a co-
milling reagent is effective for the treatment of a chlorinated
polyuorinated ether sulfonate (F-53B).23 Thus, in terms of
HBCD, NaOH activated PS might be feasible as well because the
bond energy of “–C–Br–” bond is weaker than “–C–F–” bond.
Therefore, in the present study, PS was employed as a co-milling
reagent to destroy HBCD and NaOH was used as an activator.
The degradation efficiency was evaluated by changing the key
parameters in the experiment. Fourier transform infrared
spectroscopy (FTIR) and TG analyses were carried out in order
to verify the variations of chemical bonds and functional
groups. Finally, the degradation mechanism and possible
reaction pathways are proposed.

2. Materials and methods
2.1 Materials

HBCD (>95%) and methanol were purchased from J&K Scien-
tic (Beijing, China). PS, NaOH, sodium sulfate (Na2SO4),
sodium bromide (NaBr), and potassium bromide (KBr) were
obtained from Sinopharm (Beijing, China). All solutions were
prepared with Milli-Q deionized water (DI; 18.2 MU). All organic
solvents and chemical reagents were at least analytical grade
and used as received, without further purication.

2.2 Experimental procedure

A planetary ball mill (QM-3SP2, Nanjing University Instrument
Corporation, China) equipped with four zirconia milling pots
(100 mL) was employed in the experiment. Co-milling reagents
(PS, NaOH, and PS–NaOH) were mixed with HBCD and then put
into the pots along with 60 g zirconia balls, having a diameter of
9.6 mm. The rotation speed was set at 275 rpm and the opera-
tion cycle was 30 on, 5 min off to prevent overheating. The
milled samples were collected and then preserved in a dry and
hermetic apparatus for further analysis.

2.3 Sample analysis

For HBCD analysis, 0.10 g of each milled sample was dissolved
in 5 mL methanol with 20 min vibration time at 25 �C. Aer
that, the extract was centrifuged at 3000 rpm for 10 min and the
solution was ltered by a 0.22 mm nylon lter. The separated
solid residue was extracted once more in the same manner and
a mixture of the solution was subjected to instrumental anal-
ysis. HBCD wasmeasured via LC-MS. Separation was done by an
Ultimate 3000 HPLC system (Dionex, Germering, Germany)
equipped with a Zorbax Eclipse Plus C18 column (150 mm � 4.6
mm, 5 mm, Agilent, Santa Clara, CA, USA). The target compound
was detected by an API 3200 triple quadruple mass spectrom-
eter (Applied Biosystems, Foster City, USA) in the negative mode
of ionization. A 10 mL volume of the sample solution was
injected by the automatic sampling system. The ow rate of the
mobile phase was 1 mL min�1 and the column unit was held at
23314 | RSC Adv., 2017, 7, 23313–23318
30 �C. Methanol/H2O (90/10, v/v) was used as the mobile phase.
Q1 and Q3 were set at 640.6 and 79.0 respectively. The ioniza-
tion was set at an ion spray voltage of�4.5 kV and a temperature
of 450 �C, using nitrogen for drying. The declustering potential,
entrance voltage, and collision pressure were set at�45,�6 and
�35 V respectively and the ion source gas 1 and ion source gas 2
were set at 55 psi.

For ion analysis, 0.10 g of each sample was extracted using
ultrapure water in the same manner as described above. The
concentration of bromine ions (Br�) was analyzed with an ion
chromatography system (ICS-1100, Dionex, USA) equipped with
a guard column and a separation column (Dionex IonPac AS19
Analytical, 4 mm � 250 mm, USA). The injection volume was 20
mL and the column temperature was held at 35 �C. The mobile
phase was 20 mM KOH and the ow rate was 1 mL min�1. The
debromination efficiency can be expressed as (measured soluble
bromine ion)/(calculated bromine from the initial HBCD).
2.4 Characterization of the milled sample

The milled mixture collected at specic times was characterized
by using various approaches. XRD, used to identify the crystal-
line products, was conducted via an X-ray diffractometer (X' Pert
PRO MPD, PANalytical, Holland) with Cu Ka radiation at
a speed of 6� min�1 with 2q ¼ 20–80�. FTIR spectra were ob-
tained using a Nicolet 6700 (NEXUS 670, East branch instru-
ment, USA) via the KBr disk method from 250 to 4250 cm�1. A
Raman spectrometer (Lab RAM ARAMIS, HORIBA Jobin Yvon,
France) was used with a 532 nm Ar-laser beam and scan range
from 400 cm�1 to 2200 cm�1. TG analysis of the milled samples
was carried out on a Rigaku Thermo plus TG 8120 thermoba-
lance. Less than 10 mg of sample was placed in an open
alumina pan and heated up to 800 �C at a constant heating rate
of 10 �C min�1. Analysis was conducted in a ow of nitrogen at
a constant rate of 50 mL min�1.
3. Results and discussion
3.1 Effect of different co-milling reagents

PS–NaOH was selected as a co-milling reagent because of its
good performance in the destruction of F-53B. PS (4.29 g),
NaOH (1.18 g) and PS–NaOH (PS 4.29 g, NaOH 1.18 g) were co-
ground with HBCD (0.5 g) for 2 h, and the residual HBCD and
bromine ions were detected (as shown in Fig. 1).

As can be seen, the degradation and debromination effi-
ciency of HBCD were extremely low when using PS as the co-
milling reagent. NaOH was quite effective in the degradation
of HBCD, as there was almost no HBCD le aer 2 h milling.
However, the performance was not so good in terms of debro-
mination (the bromine recovery of HBCD was only 54% aer 2 h
treatment), thus, the HBCD probably existed in the form of
bromine intermediates. When PS–NaOH was used as the co-
milling reagent, the degradation efficiency of HBCD was 95%
and the bromine recovery was nearly 100%. It should be noted
that, normally, the degradation efficiency should be higher than
the debromination efficiency; this abnormal phenomenon
observed could be attributed to the impurities in HBCD.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Effect of different co-milling reagents on the destruction of HBCD (HBCD 0.50 g, 2 h milling).
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Therefore, we chose PS–NaOH as the co-milling reagent to
conduct our experiments.

3.2 Effect of different PS to NaOH mass ratios

Our previous study23 revealed that the mass ratio of PS to NaOH
played a signicant role in the destruction of F-53B, so, the
degradation efficiency of HBCD was evaluated by changing the
mass ratio of PS to NaOH in the present study. During the
experiment, the mass of PS was kept constant at 4.29 g whereas
the mass of NaOH varied from 0.62 g to 1.44 g, and the results
are shown in Fig. 2. As can be seen, the degradation and
debromination efficiencies of HBCD were low when the mass of
NaOH was 0.66 g. When the mass of NaOH increased to 0.92 g,
there was an obvious promotion in both the degradation effi-
ciency and bromine recovery. When we continued to increase
Fig. 2 Effect of the mass ratio of PS to NaOH on the destruction of
HBCD (PS 4.29 g, HBCD 0.50 g, changing NaOH, 2 h milling).

This journal is © The Royal Society of Chemistry 2017
the mass of NaOH, the degradation and debromination effi-
ciencies of HBCD remained high. This is probably because an
increase of NaOH promotes for the activation of PS. From the
perspectives of effectiveness and economy, the relatively proper
mass ratio of PS to NaOH was 4.29 : 1.18.

Further studies were conducted to explore the reaction
mechanism. During the experiment, NaOH was kept constant at
1.18 g whereas the mass of PS varied from 2.14 g to 6.42 g, and
the results are shown in Fig. 3. As can be seen, when we changed
the mass of PS, the degradation efficiency of HBCD remained
high. However, the bromine recovery of HBCD increased rstly
and then decreased, and a peak was obtained when the mass of
PS was 4.29 g. The high degradation efficiency is not difficult to
explain because we have already shown that NaOH is effective for
the degradation of HBCD. Our previous study revealed that there
were SO4c

� and cOH were generated in a mechanochemical
Fig. 3 Effect of the mass ratio of PS to NaOH on the destruction of
HBCD (NaOH 1.18 g, HBCD 0.50 g, changing PS, 2 h milling).

RSC Adv., 2017, 7, 23313–23318 | 23315
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system that used Fe0-activated PS as a co-milling reagent.20

Therefore, we infer that SO4c
� and cOH might exist in the

NaOH–PS system, and the uctuation of bromine recovery can
be interpreted as follows. When the mass of PS was low, NaOH
played a major role in the degradation and debromination of
HBCD, so, the results were close to the situation in which
NaOH was used alone. When we increased the mass of PS, the
active materials increased correspondingly in theory, which
promoted the debromination of HBCD, thus, the high bromine
recovery was achieved. However, when we continued to
increase the mass of PS, the high concentration of the radicals
in the system may have accelerated radical scavenging reac-
tions,24 causing PS wasting, so, debromination efficiency began
to decrease. Obviously, the relatively optimal mass of PS was
around 4.29 g.
3.3 Effect of mass ratio of co-milling reagents on HBCD

The mass ratio of co-milling reagents to target pollutants (the
mass of the co-milling reagents/the mass of the target pollutants)
is one of the most important parameters in mechanochemical
destruction. Further research was conducted to optimize themass
ratio of co-milling reagents to HBCD. During the experiment, the
mass ratio of PS to NaOH was kept constant and the mass ratio of
co-milling reagents to HBCD varied from 2.74 to 10.94; the results
are shown in Fig. 4. As can be seen, the degradation and debro-
mination efficiencies increased with the increase of the mass
ratio. Both the degradation and debromination of HBCD were
over 95% when the mass ratio was 10.94, therefore, we chose
10.94 as the relatively optimal mass ratio. Additionally, when the
mass ratio was low, the difference between bromine recovery and
HBCD degradation was signicant, so, we infer that many
brominated intermediates existed in the milled samples.
3.4 Effect of milling time

Generally, destruction efficiency increased with an increase of
milling time. However, an increase of the milling time means
Fig. 4 Effect of the mass ratio of co-milling reagents to HBCD on the
destruction of HBCD (PS : NaOH ¼ 4.29 : 1.18, HBCD 0.50 g, 2 h
milling).

23316 | RSC Adv., 2017, 7, 23313–23318
an increase of energy. Therefore, we should weigh the destruc-
tion efficiency and the milling time when conducting mecha-
nochemical destruction experiments.

The best PS to NaOH mass ratio (PS : NaOH ¼ 4.19 : 1.18)
and the relatively optimal mass ratio of co-milling reagents to
target pollutants (10.94) were adopted to evaluate the effect of
milling time on the destruction efficiency of HBCD, and the
results of which are shown in Fig. 5. As can be seen, both the
degradation efficiency and bromine recovery increased with the
increase of milling time. During the rst hour, 87% bromine
recovery and 90% HBCD degradation occurred (in the case of
Fe–SiO2, both the degradation and debromination efficiencies
were less than 70% aer 1 h milling25), and the degradation and
debromination efficiencies were 95% and 100%, respectively,
aer 2 h milling. Therefore, 2 h milling was appropriate for the
effective destruction of HBCD.

A considerable amount of SO4
2� was detected in the extrac-

ted solutions of the milled samples, and the agglomeration of
the solid samples was high aer 2 h milling. Thus, the trend of
destruction (increased rapidly at rst and then slowed down)
may be attributed to the consumption of the active materials
(NaOH and radicals) and the agglomeration of the samples.
During the rst hour, the degradation efficiency of HBCD was
slightly higher than the debromination efficiency; however, in
the second hour, the difference between the degradation and
debromination efficiencies was negligible. This phenomenon
may be due to the generation of brominated intermediates
during the rst hour and the rapid destruction of them in the
second hour.

TG analysis was applied to further conrm the destruction of
HBCD, and the TG patterns of the milled samples are shown in
Fig. 6. TG analysis indicated that the weight loss temperature of
HBCD was between 233 to 344 �C (data not shown), therefore,
the mass changes in this temperature range can be used to
describe the destruction of HBCD. As can be seen, the weight
loss of the 10 min milled sample was higher than that of the 2 h
milled sample in the temperature region of 233 to 344 �C
(although the residual PS in the milled sample had weight loss
Fig. 5 Effect of themilling time (PS 4.29 g, NaOH 1.18 g, HBCD0.50 g).

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02689g


Fig. 8 XRD patterns of the milled samples (PS 4.29 g, NaOH 1.18 g,
HBCD 0.50 g).

Fig. 7 FTIR patterns of the milled samples (PS 4.29 g, NaOH 1.18 g,
HBCD 0.50 g).

Fig. 6 TG patterns of the milled samples (PS 4.29 g, NaOH 1.18 g,
HBCD 0.50 g).

This journal is © The Royal Society of Chemistry 2017
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in this temperature range of, the weight loss of the 10 min
sample was apparently more than the weight of the pure PS).
Aer 2 h milling, the weight loss was almost negligible.

These results indicate that HBCDmight have been destroyed
into inorganic form.

3.5 Mechanism of the reaction

To conrm the products and to explore the mechanism of the
reaction, FTIR, XRD and Raman analysis were conducted. The
FTIR patterns of the milled samples are shown in Fig. 7. As can
be seen, the peaks at around 2800–3000 cm�1, 1400–1470 cm�1,
and 500–700 cm�1 come from the vibration of n(C–H), d(CH2),
and n(C–Br),25 respectively, which can be found in the spectra of
HBCD. However, all of these peaks disappeared in the spectra of
the 1 h milled and 2 h milled samples and a new peak at around
671 cm�1 appeared, which was assigned to Na2SO4. Peaks of
Na2SO4 were also observed in the patterns of XRD (Fig. 8). As
shown in Fig. 9, in the Raman spectra of the 0 h mixture and
0.5 h milled samples, the peak bands around 1350 cm�1 and
1585 cm�1, which are usually identied as amorphous and
graphite carbons respectively,26 were not seen. Whereas, two
peaks around 1350 cm�1 and 1585 cm�1 appeared aer 2 h
milling, which indicated that HBCD was destroyed and
carbonization was realized. These results imply the breakage of
“–C–H–”, “–C–Br–” and “–C–C–” bonds and the generation of
amorphous and graphite carbons and Na2SO4.

According to instrumental analysis and characterization of
the milled samples, the mechanism of the reaction is put
forward as follows: ball milling provided the reaction with
energy, and NaOH took part in the reaction and destroyed
HBCD. Due to the activation of NaOH, PS was decomposed and
SO4c

� or cOH were released. Then, a series of reactions occurred
between HBCD and the active materials (NaOH and radicals);
“–C–H–”, “–C–C–” and “–C–Br–” bonds were broken; and
brominated intermediates were generated; subsequently, these
intermediates continued to react with the active materials until
HBCD was completely destroyed. Carbonization was nally
Fig. 9 Raman patterns of the milled samples (PS 4.29 g, NaOH 1.18 g,
HBCD 0.50 g).
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realized, as PS was transformed into Na2SO4 and the organic
bromine was converted into the ionic state.

4. Conclusions

HBCD was milled with PS–NaOH and 95% HBCD degradation
and 100% bromine recovery can be obtained at the relatively
optimal mass ratio. The destruction efficiency of HBCD
increased with the increase of milling time andmass ratio. FTIR
indicated the breakage of “–C–H–” and “–C–Br–” bonds, and
Raman analysis demonstrated the carbonization of HBCD.
Debromination and carbonization are proposed as the main
pathways of HBCD destruction.
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