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The  degradation  process  of brominated  flame  retardant  (BFR)  and  BFR-containing  waste  computer
housing  plastic  in  various  supercritical  fluids  (water,  methanol,  isopropanol  and  acetone)  was  inves-
tigated.  The  results  showed  that  the  debromination  and  degradation  efficiencies,  final  products  were
greatly  affected  by  the  solvent  type.  Among  the  four  tested  solvents,  isopropanol  was the  most  suit-
able  solvent  for  the  recovery  of  oil  from  BFR-containing  plastic  for  its  (1)  excellent  debromination
effectiveness  (debromination  efficiency  95.7%),  (2)  high  oil production  (60.0%)  and  (3) mild  temper-
ature  and  pressure  requirements.  However,  in  this  case,  the  removed  bromine  mostly  existed  in
the  oil.  Introduction  of  KOH  into  the  sc-isopropanol  could  capture  almost  all  the  inorganic  bromine
from  the  oil  thus  bromine-free  oil  could  be  obtained.  Furthermore,  KOH  could  enhance  the  depoly-
rominated flame retardant
ebromination
hemical recycling

merization  of  the  plastic.  The  obtained  oil  mainly  consisted  of  single-  and  duplicate-ringed  aromatic
compounds  in  a  carbon  range  of  C9-C17,  which  had  alkyl  substituents  or  aliphatic  bridges,  such  as butyl-
benzene,  (3-methylbutyl)-benzene,  1,1′-(1,3-propanediyl)bis  benzene.  Phenol,  alkyl  phenols  and  esters
were the  major  oxygen-containing  compounds  in  the  oil.  This  study  provides  an efficient  approach
for  debromination  and  simultaneous  recovering  valuable  chemicals  from  BFR-containing  plastic  in
e-waste.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The growth in electrical and electronic equipment production
nd consumption has been increasing drastically for the last two
ecades. As a result, about 20–50 million tones of electronic wastes
e-wastes) are generated worldwide every year [1].  In China, more
han 2 million tons of e-wastes are generated each year, and the
gure is expected to increase to approximately 5.4 million tons by
015 [2,3]. E-wastes, thought as one of the largest sources of heavy
etals and organic pollutants in municipal waste, have become

 serious problem [2].  Among which, organic pollutants, mainly
rominated flame retardants, have became the focus of research

n recent years [4].  BFRs include tetrabromobisphenol A (TBBPA),
olybrominated diphenyl ether (PBDE), hexabromocyclododecane
HBCD), etc. which are toxic to both humans and environment
5]. PBDE has been recognized as persistent organic pollutants

POPs) in 2009. Therefore, BFRs-containing plastics are thought
s hazardous wastes which are problematic for treating or recy-
ling. Currently, 96% of electrical and electronic plastics are either

∗ Corresponding author. Tel.: +86 10 62849515; fax: +86 10 62849515.
E-mail address: fszhang@rcees.ac.cn (F.-S. Zhang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.055
dumped in landfills or incinerated without energy recovery [6].
Nevertheless, neither of the foregoing treatments are environmen-
tal benign approach since BFRs could be leached out in landfill
[7] or formation of more toxic substances such as polybrominated
dibenzo-p-dioxins/furans (PBDD/Fs) during combustion [8].  Devel-
opment of removal method of BFRs and recycling processes of
plastic from e-wastes is urgently desired, which also meet the
requirement of European Union’s Directive on Waste Electrical and
Electronic Equipment (WEEE) [9].

Thus far, chemical recycling was thought as an attractive recy-
cling method of waste plastic whose products could potentially
be used as fuels, raw materials or as chemical feedstock [10]. The
existing method for recycling of BFRs-containing plastics is mainly
pyrolysis; however, extra problems were encountered in the pro-
cess which was mainly caused by BFRs. For example, high content of
organo-bromine compounds existed in oil by conventional pyrol-
ysis treatment [11]; most of the bromine and a large proportion
of chlorine transferred to the oil (inorganic Br and Cl) during fast
pyrolysis process [12]. The bromine in the form of organic or inor-

ganic in oil would restrict further use of the oil. Though addition
of catalyst (carbon composite of iron oxide (Fe3O4)) could solve
these problems, it relied on large volume consumption of cata-
lyst [13]. Additionally, catalyst poisoning may  be a problem during

dx.doi.org/10.1016/j.jhazmat.2011.12.055
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fszhang@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2011.12.055
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cale-up of the procedure. Other disadvantages such as higher oper-
tion temperature (400–1000 ◦C), nonuniform heat transfer, low
ields of desired products, and excessive char and gas formation
lso present in the pyrolysis process of plastic [14].

The other attractive method is supercritical fluid technol-
gy. Given the properties such as, low dielectric constant, low
iscosities, high mass transport co-efficient and high diffusiv-
ty, supercritical fluid is introduced as an environment-friendly

ethod to chemical recycling of waste plastic recently. These
nique properties confer good solvent ability for organic chemi-
al reactions such as oxidation, gasification, liquefaction, solvolysis
15]. As a result, sc-fluids technology might overcome the dis-
dvantages of pyrolysis mentioned above. Sub- and supercritical
ater has been applied to decompose BFRs-containing plastics

n which an excellent debromination efficiency and bromine-free
il were obtained [16,17].  However, high critical temperature and
ressure (Tc = 374 ◦C, Pc = 22.1 MPa) is the shortcoming of sc-water
hich leads to serious corrosion of reactor and higher energy con-

umption [18]. Organic solvents such as methanol, acetone, and
thanol are also used as supercritical fluids in chemical recycling
f waste plastic. Compared with sc-water, these solvents have not
nly lower critical temperature and pressure (e.g., the Tc and Pc

f methanol is 239.5 ◦C and 8.08 MPa, respectively) but also other
dvantages [19]. Thus far, less report is available on the treat-
ent of BFRs-containing plastics in supercritical organic solvents.
hether the supercritical organic solvent treatment can degrade

FRs is not clear yet. In the present work, we  investigated the
ecomposition process of waste computer housing plastic contain-

ng BFR in supercritical methanol, isopropanol, acetone and water.
he objectives of the study are (1) to make clear whether sc-organic
olvents can degrade BFR and BFR-containing plastic so as to obtain
romine-free oil, (2) to select appropriate solvent for the process
nd characterize the properties of the obtained products.

. Experimental

.1. Materials

Waste computer housing plastic, supplied by HuaXing Environ-
ental Protection Company of Beijing, China, was ground to <1 mm

y the combination of cutting and centrifugal mills under cool-
ng condition by liquid nitrogen. It was identified that the plastic

as made of acrylonitrile–butadiene–styrene (ABS) with TBBPA as
dditive flame retardant. Elemental analysis (wt%) indicated that
he plastic contains: carbon 70.4%, hydrogen 6.6%, nitrogen 4.2%,
romine 7.3%, antimony 4.6% and others 6.9%. TBBPA (GR, 97%) was
urchased from Acros Co., Ltd. Acetone, methanol, isopropanol and
ethylene dichloride (HPLC) were obtained from J.T. Baker Co., Ltd.

otassium hydroxide and other alkalis (AR) were purchased from
inapharm Medicine Holding Co., Ltd. (Beijing, China).

.2. Apparatus and procedure

Supercritical solvents decomposition experiments were carried
ut in 200 mL  cylindrical autoclave made of 316 L alloy in batch
ode. In a typical run, 3.00 g of plastic pellets and 50 mL  sol-

ents (acetone, methanol, isopropanol, water) were charged into
he reactor and sealed. Argon gas purging was adopted for ensur-
ng an oxygen-free medium in the reactor. The reactor was heated
y heating rod. It took 50–70 min  to get the desired temperature
here it was maintained for desired time. After the treatment, the
eactor was cooled quickly by an electric fan.
Once the autoclave cooled to room temperature, the valve was

pened and the gaseous phase was passed through organic sol-
ent and then NaHCO3 solution with the purpose of capturing
 Materials 205– 206 (2012) 156– 163 157

condensable organic products and inorganic bromine ion, respec-
tively. After removing the gaseous phase, the reactor was opened.
The solid and liquid mixture was removed from the autoclave
and then filtrated through a pre-weighted filter paper for separa-
tion. The wall of reactor, pipes and solid on the filter paper were
all extracted with solvents until all oil had been extracted. The
solid and filter paper were washed by deionized water after evap-
orating organic reagent and then dried to a constant weight to
obtain the mass of solid residue. After organic solvent in the liquid
product was evaporated, 15 mL  methylene dichloride and 30 mL
de-ionized water were added for extracting inorganic bromine
from oil using liquid–liquid extraction technique (3 times). Trace
water and methylene dichloride in the oil was removed so as
to obtain the mass of the oil. Usually the degradation products
were composed of three phases: oil, gas and solid residue. The
removed bromine content was listed as the fourth group in present
research. Degradation efficiency could be calculated by the for-
mula: Degradation efficiency (%) = [1 − mass of solid residue/mass
of the feedstock] × 100. Only liquid and solid phases were collected
for further analysis in this study. The results are the mean value of
duplicate experiments.

2.3. Analysis methods

The oil was analyzed by a gas chromatograph equipped with
mass selective detector (GC/MS, Agilent 7890A/5975C, USA). HP-5
column was used. The oven program was  isothermal for 2 min  at
50 ◦C, followed by a heating rate of 5 ◦C/min to 200 ◦C, then a rate
of 8 ◦C/min to final 280 ◦C and held for 2 min. The injected volume
was  1 �L with split ratio of 20/1. The ion-mass spectra derived were
compared to NIST spectral library and similarity indexes of >85%
were used to identify the compounds.

Inorganic bromine in the gaseous phase, solid residue and oil
was  transferred to alkaline solution (deionized water) by absorp-
tion or extraction. The organic bromine in oil and solid residue was
transferred to inorganic form using auto bomb calorimeter. The
bromine content in the form of above 5 fractions was  determined
by potentiometric titration using silver electrode and saturated
calomel electrode. Standard solution of KBr was used for calibration
of the electrode response.

The morphological properties of the plastic feedstock and
solid residue were examined by scanning electron microscope
with energy disperse X-ray analysis (SEM-EDAX, Hitachi S-3000N,
Japan).

3. Results and discussion

3.1. Degradation process of TBBPA in various sc-solvents

TBBPA was firstly subjected to sc-fluids treatment for under-
standing its degradation process in sc-solvents. Table 1 shows
the reaction conditions and debromination efficiencies after
treatment. It was found that the bromine was  almost totally
transferred to aqueous phase after sc-water treatment (97.6%),
and it was  mainly confined in the oil fraction (HBr) in methanol
and isopropanol (69.2% and 63.6%, respectively) but poorly
in acetone (only 46.8%). From GC/MS analysis, no TBBPA or
organo-bromine compounds were found in the oil products. Phe-
nol and 4-butyl-phenol were the major compounds in the oil
derived from water treatment. However, the oils showed more
complicated compositions when other three organic solvents

were used. Apart from phenol and 4-(1-methylethyl)-phenol,
alkyl phenols such as 2-methyl-phenol, 4-[2-(4-methoxyphenyl)
propan-2-yl] phenol, 2,4-bis(1-methylethyl)-phenol and 2,4,6-
tri(1-methylethyl)-phenol were presented in the oil. These
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Table 1
Conditions for sc-solvents treatments of TBBPA and debromination efficiency.

Entry Solvent type Temperature (◦C) Time (min) Pressure (MPa)a Debromination efficiency (%)

1 Methanol 400 60 18.5 69.2
2 Isopropanol 400 60 15.8 63.6
3 Water  400 60 19.0 97.6
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inorganic bromine in the oil (or in water) and a decrease of organic
bromine in the solid residue. At 350 ◦C, 93.2% of Br was found in
aqueous phase after sc-water treatment. For sc-isopropanol and
methanol treatment, only 68.6% and 86.4% of Br was removed,
4  Acetone 400 

a Operation pressure reached at the reaction temperature in stationary state.

ompounds were supposed to come from the reactions of phenol
nd alkyl phenols with methanol or isopropanol, indicating super-
ritical fluid not only supplied reaction medium for debromination
ut also took part in the reaction. Sc-organic solvent treatment
xhibited debromination effect on TBBPA and obtained oil products
ithout organo-bromine compounds.

.2. Degradation of TBBPA-containing waste computer housing
lastic in various sc-solvents

.2.1. Product yields
The waste computer housing plastic containing TBBPA was

reated in supercritical methanol, isopropanol, acetone and water
s shown in Table 2. Solvent type greatly influenced the plastic
egradation. It should be firstly pointed out that the degrada-
ion efficiency of plastic in sc-acetone treatment was significantly
igher than that of other three solvents even at 300 ◦C. Never-
heless, the mass of liquid product was over 3.00 g as a result of
ifficulty in separating oil from reaction solutions which led to the
ata of oil and other fractions unavailable. This was potentially due
o that partial volume of acetone was wrapped by molten plas-
ic in the acetone evaporating process since ABS-Br beginning to
ecompose over 350 ◦C [11]. For each of the other three solvents,
emperature was another important parameter. In general, decom-
osition of plastic was slow between 300 and 350 ◦C, and then there
as a rapid decomposition stage between 350 and 400 ◦C. When

emperature exceeded 400 ◦C, the degradation efficiency of the
lastic tended to a slight increase or decline. Sc-water showed the
ighest degradation efficiency that remained the least solid residue
nd produced 38.0% oil and 30.9% gas at 400 ◦C. Sc-methanol treat-
ent remained the most solid (33.0%) even at 420 ◦C and obtained

7.0% oil simultaneously. Sc-isopropanol treatment achieved the
ighest oil yield of 60.0% at 400 ◦C which was also the highest
ne among all experiments. As the temperature was increased to
20 ◦C, formation of coke resulted in a decrease in oil yield. The
as yield was low in methanol and isopropanol treatment in which
round 10% and less than 5% were obtained, respectively. Bromine
ields showed the effectiveness of solvents on debromination. The
ebromination reaction mainly took place at temperature range of
00–350 ◦C in sc-water treatment, but the temperature range was
roader (from 300 to 400 ◦C) when methanol and isopropanol were
sed.

Piñero-Hernanz et al. [20] suggested that the degradation of
olymer in supercritical solvents relied on two main steps as
eaction and dissolution of polymer in the solvent, therefore the
olvation capability of the solvent will be an important parameter.
olarity of the solvent was thought to be related to the solvation
apability. Acetone has the highest polarity (2.85 D) among the
our reagents; as a result, the highest degradation efficiency was
btained at even relative low temperature which was  attributed
o dissolution of polymer. For the other three reagents with simi-
ar value of dipole moment (1.70 D for methanol and isopropanol,

.85 D for water), the sequence could be explained by the difference
f dielectric constant because dielectric constant influence the sol-
ation capability of supercritical fluid [21]. At 25 ◦C, the dielectric
onstant of isopropanol, methanol and water is 18.30, 32.61 and
9.4 46.8

80.4, respectively. They decrease to 3, 11, ∼10 at 350 ◦C and further
to 2, 9 and 1.5 when temperature was  increased to 400 ◦C. Organ-
ics are much more soluble in solvent under supercritical region
with low dielectric constant [21]; thus, the degradation efficiency
performed the similar sequence as dielectric constant sequence.
Additionally, the reaction in sc-water was  much vigorous than that
in sc-organic solvents which resulted in further decomposition of
oil to gas or direct gasification of solid to gas in sc-water sharply. As
a result, the most residue (37.3%), gas (31.4%) and oil (60.0%) were
produced by methanol, water and isopropanol, respectively.

For the purpose of producing bromine-free oil, isopropanol was
an appropriate candidate sc-solvent which got the highest oil yield
(60.0%). Additionally, the pressure of sc-isopropanol is about 2 MPa
less than that of methanol and water, probably as the molecule of
isopropanol has 3 atoms of carbon and a higher solvation capacity
to attack to the polymer more effective [20].

3.2.2. Bromine distribution
Fig. 1 shows the bromine balance of waste computer hous-

ing plastic after sc-methanol, isopropanol and water treatments.
No inorganic bromine was  detected in the gaseous phase in all
experiments which was different from pyrolysis results that HBr
mostly existed in gaseous phase [22,23].  After sc-methanol and iso-
propanol treatments, almost all the Br was  transferred into the oils
in the form of hydrogen bromide, since HBr could dissolve in alcohol
and it adhered to oil when methanol and isopropanol evaporated. In
the case of sc-water treatment, the dissolution of removed bromine
in water resulted in the formation of hydrogen bromide.

As can be seen from Fig. 1, TBBPA had been started to decom-
pose at 300 ◦C. Increasing temperature resulted in an increase of
Fig. 1. Relative amount of Br in different products obtained from various sc-solvents
treatment of plastic at 400 ◦C for 60 min.
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Table 2
Yields of different fractions after sc-solvents treatment of the plastic.

Entry Solvent type Temperature (◦C) Pressure (MPa) Degradation efficiency (%) Yield (w t%) of

Oil Gasa Residue Bromine

5 Methanol 300 11.0 22.0 14.0 5.6 78.0 2.4
6  Methanol 350 15.8 27.0 18.0 2.7 73.0 6.3
7 Methanol 400 20.5 62.7 40.0 15.9 37.3 7.0
8 Methanol 420 22.6 67.0 47.0 12.8 33.0 7.2
9 Isopropanol 300 6.2 12.3 8.6 1.8 87.7 1.9
10  Isopropanol 350 10.5 33.7 23.7 5.0 66.3 5.0
11  Isopropanol 400 18.0 71.3 60.0 4.3 28.7 7.0
12  Isopropanol 420 21.5 65.0 53.0 4.8 35.0 7.2
13 Water 300 4.6 7.0 3.0 2.9 93.0 1.1
14 Water 350 12.0 18.7 7.0 5.0 81.3 6.7
15 Water 400 21.0 76.0 38.0 30.9 24.0 7.1
16  Water 420 22.5 79.3 40.7 31.4 20.7 7.2
17 Acetone 300 6.0 64.3 –b – 35.7 –
18  Acetone 350 8.2 80.3 – – 19.7 –
19  Acetone 400 11.6 81.7 – – 18.3 –
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by sc-isopropanol treatment mainly comprised of compounds
with mono-benzene ring such as, butyl-benzene, 1-methylbutyl-
benezene. 1,1′-(1,3-propanediyl)bis benzene was  the single largest
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20  Acetone 420 12.5 

a Gas = 100 − (oil + residue + bromine).
b Unavailable.

espectively. Additionally, it was worth noting that 5.4% and 6.3%
f Br in the form of organo-bromine compounds in oil was detected
t this temperature. When temperature increased to 400 ◦C or
igher, over 95.2% of bromine was removed by sc-methanol and

sopropanol treatment and no organic bromine was  found in the
il.

It can be inferred that flame retardant was primarily extracted
y supercritical fluids, and then it decomposed in the medium.
or example, in the case of sc-water treatment at 350 ◦C, 93.2%
f bromine was found in aqueous phase but 81.3% of plastic
emained. This was in agreement with Md.  Azhar Uddin’s results
hat debromination had almost finished before degradation of
IPS in subcritical water below 280 ◦C [24]. When temperature

ncreased to ≥400 ◦C, the extraction and decomposition of BFR
verlapped with depolymerization of plastic because plastic also
ecomposed to a large extent at this temperature.

Different from TBBPA degradation results that only 69.2% and
3.6% of inorganic bromine was released, over 95.2% of inorganic
romine was detected when waste computer housing plastic was
ecomposed in sc-methanol and isopropanol under the same con-
ition. Polymer, for example, polypropylene (PP) was  used as
eductive agent for debromination of TBBPA or brominated plas-
ic [24,25]. In the process of debromination, plenty of hydrogen
roduced by scission of PP reacted with bromine radicals, which
romoted the debromination reaction by formation of HBr. In the
resent study, the plastic acted as a reductive agent for supply-

ng hydrogen which resulted in the formation of more HBr than
ther compounds compared with pure TBBPA degradation. As a
esult, more inorganic bromine was detected in plastic degradation
xperiments.

.2.3. Analysis of the oil
The oils were yellow in colour and were very viscous at 300

nd 350 ◦C. It turned dark brown with a strong aromatic odour and
he viscosity reduced a lot at 400 and 420 ◦C. The oils were further
nalyzed by GC/MS so as to understand their organic compositions.

According to bromine balance analysis, flame retardant
egraded prior to the decomposition of plastic at temperature
elow 350 ◦C. This was also confirmed by GC/MS results of the oil.
he oil derived from sc-water, methanol and isopropanol treatment

t 350 ◦C mainly comprised of phenol, alkyl phenols, bisphenol
, as well as brominated phenols. These compounds came from

he degradation of TBBPA. Especially for water treatment, phenol
nd alkyl phenol accounted for 78.3% of the product. TBBPA was
3 – – 27.7 –

detected in the oil derived by sc-acetone treatment at 350 ◦C, indi-
cating debromination of TBBPA in sc-acetone was not effective as
others.

Fig. 2 illustrates the GC/MS chromatograms of the oils obtained
at 400 ◦C and Table 3 presents the list of the possible com-
pounds. The chromatograms showed the product categories and
abundance were greatly affected by the solvent type. The oil
obtained by sc-acetone treatment was  totally different from those
obtained by other three solvents treatment. In the oil, 1,3,5-
trimethyl-benzene was the major compound and followed by
2,4,6-trimethyl-pyridine; however, it is really a difficult task to
propose a possible mechanism for the formation of the two
compounds. For other three solvents treatment, the major com-
pounds in oils could be divided into three groups namely:
the early eluting mono-benzene ring range (5.00–25.00 min),
the middle clusters with diphenyl-skeletons or mono-benzene
ring with long branches (25.00–32.00 min), and the late elut-
ing complicated compounds (32.00–44.00 min). The oil obtained
40.0035.0030.0025.0020.0015.00 10.00 
Retention Time (min) 

Fig. 2. Typical GC/MS chromatogram of oils obtained from various sc-solvents treat-
ment of plastic at 400 ◦C for 60 min.
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Table 3
Main components of the oil identified by GC/MS (% area).

R.T. (min) Compound name Solvent

Acetone Methanol Isopropanol Water

7.72 Benzene, 1,3,5-trimethyl- 53.31 –a 0.57 –
8.10  Phenol 0.87 0.54 5.49 8.20
8.32 Pyridine, 2,4,6-trimethyl- 13.21 – – 0.52
10.20 Phenol, 2-methyl- – 0.51 – –
10.23 Benzene, butyl- – – 6.14 –
11.57  Benzene, (1-methylbutyl)- – – 3.38 –
11.98  Benzene, 1-methyl-2-(2-propenyl)- – 2.47 – –
12.11  2-Cyclohexen-1-one, 3,5,5-trimethy 1- 9.26 – – –
12.15 Benzene, (3-methylbutyl)- – – 3.13 –
13.54 Benzene, (1-methyl-1-butenyl)- – – 1.03 –
13.70 3-Phenyl-1-propanol, acetate – 3.80 – –
13.84  Benzene, 1-methyl-2-(1-methyl-2-propenyl)- – – 1.82 –
14.15 Benzene, 1,4-dimethyl-2-(2-methylpropyl)- 1.55 – – –
15.15  Phenol, 4-(1-methylethyl)- 0.76 – 9.65 0.52
15.24  Benzenepropanol – 5.16 – –
15.29  Benzene, (1,3-dimethyl-2-butenyl)- – – 1.60 –
16.06  Benzene, (1-propylbutyl)- – – 1.25 –
16.38  Benzene, 1,3,5-trimethyl-2-(1-methylethenyl)- 1.87 – – –
16.51 Benzene, 1-methoxy-4-pentyl- – – 2.05 –
18.08  Benzenebutanenitrile – 2.76 – –
19.36 Benzenebutanoic acid, methyl ester – 26.01 – –
19.94  Phenol, 2,5-bis(1-methylethyl)- – – 2.71 –
22.09  Benzenebutanoic acid – 1.05 7.38 –
25.43  5-Methyl-3-phenylcyclopent-2-en-1-one – – – 3.04
25.78  Benzene, 1,1′-(1,3-propanediyl)bis 4.87 12.42 18.30 9.99
26.45 Benzene, 1,1′-(1-methyl-1,3-propanediyl)bis- – – – 2.45
27.55  Bicyclo[4.2.1]nona-2,4,7-triene, 7-phenyl- – – 2.75 –
27.56 1,2-Diphenylcyclopropane – 1.03 – 2.12
28.49  Benzene, 1,1′-(2-methyl-2-propenylidene)bis- – – – 1.06
28.75  Benzene, 1-methyl-2-phenoxy- – – – 1.30
28.98 Benzene, 1,1′-(1-butenylidene)bis- – – – 1.06
28.99 Benzene, 1,1′-(3-methyl-1-propene-1,3-diyl)bis- – 1.08 – –
30.05 Benzene, 1-methoxy-4-(phenylmethyl)- – – 2.06 –
30.10  Benzene, 1,1′-oxybis[3-methyl- – – – 8.72
30.27  Naphthalene, 1,2,3,4-tetrahydro-1-methyl- – – – 6.59
30.63  Benzene, (1-methyldecyl)- – – – 4.68
30.75  1,5-Diphenylhex-3-ene – – – 14.45
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31.49 Hexadecanoic acid, methyl ester

a Not detected.

ompound and followed by phenol and 4-(1-methylethyl)-phenol.
he oil derived by sc-water treatment was mainly composed of
he middle clusters such as, 1,1′-(1,3-propanediyl)bis benzene, 1,5-
iphenylhex-3-ene. In the case of sc-methanol treatment, apart
rom 1,1′-(1,3-propanediyl)bis benzene and benzenebutanoic acid,

ethyl ester as the major compounds, there was also a cluster of
ate eluting complicated compounds with 3 benzene rings such as

-terphenyl.
The compounds were further analyzed by category in each

f the oils as shown in Table 4. The compounds with peak area
0.5% and the structure was identified made up 64–68.7% of
he oils. Aromatics accounted for 26% of the total products in

ethanol derived oil which were mainly distributed in >C13. There
as around 42% aromatics in the oil attained by water treat-
ent and they were the compounds with carbon number > 13

42%). Aromatics also accounted for 42% of the oil obtained by
sopropanol treatment but it was worth noting that 19% of the
romatics were distributed in C5–C13. Apart from aromatics,
lenty of oxygen-containing compounds were found in the oils.
0% of the products were such kind of compounds in methanol
erived oil and about 22% were presented in oils obtained by sc-

sopropanol and water treatment. Nitrogen-containing compound
uch as benzenebutanenitrile was found in some derived oils. It

resented in methanol derived oils with concentration of around
.0% at all temperatures. No nitrogen-containing compound was
ound in oils obtained by sc-isopropanol and water treatment at
00 ◦C.
– 2.01 – –

It  was suggested that free radicals reaction was the polymer
decomposition mechanism in sc-fluids [26]. When the energy pro-
vided by the reaction system is greater than the bond energy of
the polymer, the free radicals are produced through bond bro-
ken. Free radical reaction leads to the decomposition of polymer
by the chain initiation, growth and termination. Consequently,
low-molecular fragments from random scission of polymer are pro-
duced, and then they are continuously depolymerized to smaller
molecules. The termination reaction of chain can be either between
small-molecular radicals with hydrogen radical or between small-
molecular radicals. Toluene, ethyl benzene and styrene (C6–C9)
took up a large proportion in the oil by pyrolysis or hydrolysis
of ABS-Br [11,17]. In the present study, the content of such com-
pounds were low but the concentration of 1,1′-(1,3-propanediyl)bis
benzene was relatively high. We  proposed that combination
of toluene radical and ethyl benzene or styrene radical would
yield 1,1′-(1,3-propanediyl)bis benzene, therefore toluene, ethyl
benzene and styrene were consumed. Oxygen-containing com-
pounds in methanol derived oil such as benzenepropanol could
be formed from reaction of methanol with styrene [27]. Benzene-
propanol again reacted with methanol to form benzenebutanoic
acid, methyl ester. Such serious methylysis reaction resulted in the
formation of more oxygen-containing compounds in sc-methanol

(40%). Though the reaction of isopropanol with the degrada-
tion products also took place, it was not as serious as methanol
potentially because of steric effect of isopropanol with 3 carbon
atoms.
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Table 4
Compounds found in the oil obtained at 400 ◦C (% area).

Acetone Methanol Isopropanol Water

Aromatics C6–C9 53.31 –a 0.57 –
C10–C13 13.31 2.47 19.15 <1
>C13 4.87 23.73 22.30 42.40
Total  71.49 26.20 42.02 43.40

Oxygen-containing compounds 10.89 39.71 21.96 21.78
Nitrogen-containing compounds 13.21 2.76 – –
Othersb 5.41 31.33 36.02 34.32

3
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a Not detected.
b Peak area < 0.5% or unidentified.

.2.4. Characterization of the solid residue by SEM and EDAX
The SEM micrographs of feedstock and the solid residue

btained at 400 ◦C for 60 min  treatment and EDAX spectra of solid
esidue obtained by sc-isopropanol treatment are shown in Fig. 3.
he surface of the plastic feedstock was compact and smooth. After
c-water treatment, the surface became rough that huge amounts
f nearly spherical particles and small gaps could be seen, which
as similar to a network with “coral type” structure. The “coral

ype” structure was also presented in the solid residue after sc-
ethanol and isopropanol treatment, but plenty of macro pores

ppeared inside the solid residue. The enhancement of plastic
ecomposition by sc-fluids was believed to be due to dissolution of
igh molecular weight hydrocarbons into sc-fluid and diffusion of
uid into the molten plastic phase. Thus, the “coral type” structure
as formed by the reaction of fluids with plastic and macropores
ere caused by swelling of organic solvents. These effects acceler-

ted the extraction of BFR and depolymerization. Nevertheless, in
he case of sc-acetone treatment, macro pores existed but the sur-
ace was smooth and “coral type” structure was  not as obvious as
thers. This meant that degradation reaction was  not as vigorous as
hat in other three solvents and the dissolution of plastic into ace-

one played the lead role in degradation of plastic. EDAX spectra
f solid obtained by isopropanol treatment shows that the typical
romine peak almost disappeared, indicating that the extraction of
FRs from plastic was completely.

ig. 3. SEM micrographs of feedstock and the solid residue obtained at 400 ◦C for 60 min t
3.3. Effect of catalyst addition on plastic degradation in
sc-isopropanol

Isopropanol was an ideal solvent for producing oil from BFR-
containing plastic; however, the removed bromine almost totally
existed in the oil after evaporating isopropanol. In this section, 3
kinds of alkalis (Ca(OH)2, NaOH and KOH) and 2 kinds of alkaline
salts (NaHCO3 and Na2CO3) were added to sc-isopropanol because
of the following reasons. First of all, salt such as NaCl can dissolve in
supercritical alcohol and it precipitates once supercritical condition
return to ambient condition, thus we presumed that the inor-
ganic bromine would be removed from isopropanol solution using
the unique property of supercritical isopropanol through adding
alkali or alkaline salt. The second, alkali or alkaline salt can pro-
mote debromination reaction [16,17].  The third, alkali catalyst can
directly increase the depolymerization rate of plastic in sc-alcohol
[20].

3.3.1. Effect of additives on product yields
The product yields after adding alkalis and alkaline salts are

shown in part of Table 5 (Entries #22–26). It was  found that KOH

exhibited eminent performance for decomposition of the plastic
and followed by NaOH. Nevertheless, addition of Ca(OH)2, NaHCO3
and Na2CO3 exhibited negative effects on oil recycling as only
around 20% oil were obtained. In the case of Ca(OH)2, up to 69.7% of

reatment and EDAX spectra of solid residue obtained by sc-isopropanol treatment.
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Table 5
Yields of different fractions after sc-isopropanol treatment of the plastic in the presence or absence of additives.

Entry Additive Mass (g) Temperature (◦C) Time (min) Pressure (MPa) Degradation efficiency (%) Yield (wt%) of

Oil Gas Residue Bromine

21 0 375 60 14.5 54.5 40.7 7.5 45.5 6.2
22  NaOH 0.18 375 60 11.6 57.0 42.7 8.7 43.0 5.7
23 KOH 0.18 375 60 12.2 66.0 51.0 9.1 34.0 5.9
24 Ca(OH)2 0.18 375 60 12.5 30.3 21.7 4.7 69.7 4.0
25 Na2CO3 0.18 375 60 13.2 46.3 26.3 16.3 53.7 3.7
26  NaHCO3 0.18 375 60 13.6 48.3 22.7 21.0 51.7 4.6
27  KOH 0.09 350 60 8.1 35.0 21.0 8.9 65.0 5.1
28  KOH 0.18 375 120 12.4 73.0 54.0 12.6 27.0 6.4
29 KOH 0.30 375 60 12.2 68.7 53.2 8.9 31.3 6.6
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30 KOH 0.18 400 30 13.2 

31 KOH 0.18 400 60 13.6 

32  KOH 0.30 400 60 13.4 

lastic remained after treatment. NaHCO3 and Na2CO3 performed
imilar effect on degradation potentially because they have simi-
ar properties. Since KOH and NaOH can dissolve in sc-isopropanol
nd other 3 additives are not soluble, it could be considered that
omogenous catalytic system was important. Bromine yield also
onfirmed this point. KOH and NaOH performed higher bromine
ield (5.7% and 5.9%, respectively) than the other 3 additives
3.7–4.6%). Accordingly, KOH was chosen as the catalyst. Addition-
lly, the pressure decreased by 2.1–4.8 MPa  after addition of KOH.

Degradation of the plastic was affected by the dosage of KOH
nd reaction time as shown in part of Table 5 (Entries #27–32).
ow dosage of KOH (0.09 g) to isopropanol had negligible influ-
nce on polymer degradation at 350 ◦C. As the temperature was
ncreased to 375 ◦C and the dosage of KOH increased to 0.18 g, 51.0%
il was obtained; comparatively, only 40.7% oil was attained in the
bsence of KOH. Nevertheless, longer reaction time to 120 min  or
arger dosage of KOH to 0.30 g did not produce more oil at this tem-
erature. At 400 ◦C, 57.9% oil generated after 30 min  treatment, and
dditional 6% was attained when 60 min  was employed. Given the
arameters of temperature, time and catalyst, it was  considered
hat 64% was the maximum oil yield in sc-isopropanol treatment
f this plastic (obtained at 400 ◦C for 60 min  in the presence of 0.18 g
OH).

.3.2. Effect of KOH on bromine distribution
The marked influence of KOH addition was that it changed the
romine distribution as shown in Fig. 4. Inorganic bromine in oil
ransformed to solid residue. It was realized through the neutral-
zation reaction of HBr with KOH forming KBr, because the salt

ig. 4. Relative amount of Br in different products obtained from sc-isopropanol
reatment of plastic in the presence or absence of KOH.
74.0 57.9 10.0 26.0 6.1
76.0 64.0 5.2 24.0 6.8
74.7 62.1 5.5 25.3 7.1

would precipitate from isopropanol once the supercritical condi-
tion returned to ambient condition. The content of bromine fixed
on solid residue depended on the dosage of KOH which accorded
with stoichiometric ratio of the reaction. The dosage of 0.30 g
was  enough for capturing all bromine. Consequently, 84.5% and
94.0% of bromine was  fixed at 375 ◦C and 400 ◦C, respectively,
and only 2.3% of Br remained in oil at 400 ◦C. Thus the bromine
could be removed easily by water extraction of the solid residue.
Nevertheless, addition of KOH had limited effect on promoting
debromination reaction. This could be explained as following: KBr
can dissolve in supercritical isopropanol, thus the equilibrium of the
neutralization reaction was not altered. As a result, the debromi-
nation efficiency had no increase in the presence of KOH. This was
different from that using supercritical water in which reducing of
resultant (caused by salt deposition from sc-water) promoted the
debromination reaction [16,17].

3.3.3. Effect of KOH on oil composition
Addition of KOH had minor influence on oil composition com-

pared with the oil obtained in the absence of KOH according to
GC/MS results. After adding KOH, the kinds of compounds reduced.
In addition, benzenebutanoic acid and 1,1′-(1,3-propanediyl) bis-
benzene were the major products. The two  compounds accounted
for 22.8% and 20.7% of the oil, respectively, which were higher than
that in the oil obtained in absence of KOH.

4. Conclusions

The results of this study showed that supercritical fluid pro-
cess was an efficient approach for debromination and simultaneous
decomposition of BFR-containing plastic for recycling bromine-free
oil. The debromination efficiencies of the four types of tested fluids
followed the sequence of water > methanol > isopropanol > acetone.
Over 90% of bromine was  removed in subcritical water at 350 ◦C,
but the temperature should be increased to 400 ◦C for sc-methanol
and sc-isopropanol to achieve similar debromination efficiency. For
oil recovery, the temperature should be ≥400 ◦C, and the oil yields
were in the sequence of isopropanol > methanol > water > acetone.
Among the four solvents, sc-isopropanol treatment obtained the
highest oil product (60%), and furthermore, this solvent exhibited
excellent effect on the degradation of brominated flame retar-
dant. Addition of KOH into sc-isopropanol did not enhance bromine
removing, but captured almost all the bromine from the oil and thus

bromine-free oil was obtained. The oil was identified as a mixture
of aromatics (42%) and oxygen-containing compounds (21%) such
as benzene derivatives and phenols, which could be separated for
recovery of phenols and other chemicals or used as fuel.
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