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Abstract. In this study, a method is presented to decrease halogen compounds in the product oil from thermolysis of 
polystyrene and polypropylene mixed plastic spiked with tetrabromobisphenol A. A mixture of hydrotalcite and 
plastic was pyrolyzed in a glass reactor at 400 °C under a nitrogen atmosphere. Bromine compounds in the residual 
substances were measured. The yield of product oil increased using hydrotalcite as an additive. The bromine 
compounds that were the major ingredients in the oil after thermolysis at 400 °C from the mixed plastic, which also 
included toluene, ethyl benzene, styrene, and 1-methylethyl benzene, were 2-bromohexane, 3-bromo-1-propenyl 
benzene, 4,5-dibromodecane, 1-bromomethylbenzene, 3-bromophenol, and 4-bromo-2,6-dimethylbenzaniline. 
However, bromine compounds were not detected in the product oil, residue, or gas when hydrotalcite was added. 
After the thermolysis of the plastic, bromine compounds in the product oil may decrease because bromine was 
captured by the added hydrotalcite.  

1 Introduction 
Plastics originate from fossil fuels and are becoming a 
problem because of the large quantity of waste. Methods 
for recycling plastic include thermal, chemical, and 
material recycling. Chemical recycling by pyrolysis is 
capable of returning plastics to their raw materials, and 
has attracted attention for making plastic derived fuel. 
There is an ever increasing volume of electronic products 
and associated  waste electrical and electronic equipment 
(WEEE). Moreover, new models of electronic devices are 
replacing the old at a higher rate than ever before. WEEE 
includes computers, cellphones, hair dryers, and 
refrigerators, as well as the cathode-ray tube television 
[1]. However, the flame retardant materials added in 
these plastics form a product oil that includes halogen 
compounds. There are many recyclable materials, e.g., 
glass and metal; however, the energy consumption of the 
recycling process is problematic. Protecting the 
environment is desirable, but there are now more than 15 
types of plastic commonly used in electronics [2]. The 
quantity of WEEE per person in a member nation of the 
27 European Union (EU27) countries was estimated as 17 
kg per person in 2005 [3]. The EU has introduced laws 
for the reuse and recycling of plastics to reduce landfill, 
and control WEEE destruction by thermal decomposition 
[4]. Plastics can be converted into gas for use as chemical 
raw materials, and fuel. Oil and residual carbon produced 
by pyrolysis can also be useful [5]. There has been 
considerable research on pyrolysis using catalysts and the 
chemical recycling of plastic [6-17]. For example, the 

yield of the product oil can be increased using ZSM-5 
zeolite red mud mesoporous molecular sieve in the 
pyrolysis of plastics [18, 19]. However, the toxic 
brominated flame retardant is a problem for plastic 
recycling of household electrical appliances [20-24]. The 
generation of harmful byproducts has been studied to 
prevent the release of halogen gas, and additives have 
been used to promote recycling [22]. For example, 
polybrominated compounds mixed with polypropylene 
(PP), polyethylene, polystyrene (PS), and polyvinyl 
chloride have been decomposed safely with a carbon 
complex of calcium carbonate [25]. Additionally, the 
quality of the pyrolysis oil has been improved using the 
commercial hydrogenation catalyst DHC-8 [26]. The 
yield of product oil was improved to 96% from 93% 
when the zeolite catalysts, H-USY or H-Beta, were used 
in a steam contact process for pyrolysis [27]. The content 
of the bromine compounds in the product oil was 
decreased by adding hydrotalcite (HT) in the pyrolysis of 
brominated plastic [28-30]. HT is composed of layers of 
hydroxides that can form a metal complex hydroxide, 
containing anionic hosts and Mg2+ and Al3+ interlamellar 
guests [31, 32]. HT is an ion exchanger [31-34] and a 
catalyst [35] for gas removal [36, 37], and these 
applications have been receiving increasing attention in 
recent years [38]. 

The high anion exchange ability of HT, which is 
similar to organic ion exchange resins, has attracted 
attention as an adsorbent for the removal of various 
pollutants from water. The anionic adsorption properties 
include substitution reactions with chemicals such as 

 

 
DOI: 10.1051/05002 (2016)

I

, matecconf/2016MATEC Web of Conferences 62 620
CCFE 2016

5002

 © The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of  the Creative  Commons Attribution
 License 4.0 (http://creativecommons.org/licenses/by/4.0/). 

mailto:Naoyuki_Morita@chiba-u.jp
http://creativecommons.org/licenses/by/4.0/


borate, nitrate, fluoride, phosphate, sulfate, chromate, 
arsenic acid, and selenic acid. The anionic adsorption 
mechanism of HT has been proposed as an interlamellar
complex formed of anionic exchange reactions [39]. In 
addition, HT has attracted attention as a catalyst, and 
reports have shown a yield increase to 77% from 62% in 
biodiesel fuel generation [40, 41].

In this study, pyrolysis at 400°C of PS and PP plastic 
mixtures spiked with tetrabromobisphenol A (TBBA) is 
examined using HT. The effects of additives on the 
product oil and the behavior of bromine compounds is 
evaluated.

2 Materials and Methods

2.1 Materials 

Plastic samples containing bromine were prepared by 
mixing 10 g of PSJ PS) (Asahi Kasei Chemicals 
Corporation Co., Ltd.) and 10 g of PP (Teijin Co., Ltd.) 
with 2 g of TBBA (Tokyo Chemical Industry Co., Ltd., 
Tokyo, Japan). To reduce bromine compounds in the 
product oil, synthetic HT, KW-1000, (Kyowa Chemical 
Industry Co., Ltd.), sea sand (Wako Pure Chemical 
Industries, Ltd.), molecular sieve 4A (Wako Pure 
Chemical Industries, Ltd.), and molecular sieve 13X 
(Wako Pure Chemical Industries, Ltd.) were used as 
additives. The experimental conditions are listed in Table 
1.

Table 1: Experimental conditions used in this study

Condition Contents of the sample

I Polystyrene (PS) +Polypropylene(PP)+ 
Tetrabromobisphenol A (TBBA)

II PS + PP + TBBA + Sea sand
III PS + PP + TBBA + Molecular sieves 4A
IV PS + PP + TBBA + Molecular sieves 13X
V PS + PP + TBBA + Hydrotalcite

2.2 Experimental apparatus and procedures

The experimental apparatus used in this study is shown in 
Figure 1. A 22-g quantity of PS+PP+TBBA, or mixtures 
with an additive (20 g) was added to a glass reactor. The 
reactor was purged with nitrogen gas at a flow rate of 50 
mL/min for 60 min to remove oxygen. After oxygen 
substitution, the flow of nitrogen gas was stopped and the 
pyrolysis experiment was performed. The temperature of 
the plastic was measured as the initial temperature, and 
the reactor temperature was increased to the 
decomposition temperature (400 �C) at a heating rate of 5
�C/min. The gases produced by pyrolysis were condensed 
and recovered. Non-condensable gases, which pass 
through the condenser, were collected in a gas pack via 
bubbling in an alkaline aqueous solution. Residue 
remained in the reactor after pyrolysis. The mass balance 
of the pyrolysis products (oil, gas, and residue) was 
calculated after the experiment. The pyrolysis products 
obtained after experiments under each condition were 
analyzed. 

Figure 1. Experimental apparatus

2.3 Analysis 

The oils were analyzed by gas chromatography/mass 
spectrometry (Shimadzu GC-MS-QP2010 Ultra) using a 
RTX-624 column (thickness: 1.8 μm, inner diameter: 60 
mm, length: 0.32 mm) with pure helium as the carrier gas. 
The main compounds in the oil were identified using a 
gas chromatography/mass spectrometry spectral library. 
The analyses were performed at a temperature of 40 �C
for 30 min, and then the temperature was increased to 
230 �C at a rate of 5 �C/min. The structural change in the 
sample before and after the experiment was determined 
by X-ray diffraction analysis (Bruker, D2PHASER), and 
the morphologies and element distribution maps of the 
samples before and after the experiment were observed 
with a scanning electron microscope (Hitachi High-Tech, 
TM3030) equipped with energy-dispersive spectroscopy. 
The alkaline aqueous solution of bubble-trapped bromine 
compounds formed from non-condensable gases was 
analyzed by ion chromatography (Shimadzu, HIP-SP). 
The product gas that passed through the alkaline aqueous 
solution was recovered by a gas pack and analyzed using 
a Shim-pack column (150-mm long × 4.6-mm inner 
diameter) and a CDD-10Asp detector as part of a high-
performance liquid chromatography system.

3 Results and Discussion

3.1 Product oil yield

The yields of product oil from the pyrolysis experiments 
are shown in Figure 2, which varied for different 
additives. The case using HT showed the highest yield, 
which was approximately 1.5 times that of the additive-
free case. This result indicates the catalytic action of HT 
[40, 41]. In addition, the gases generated by pyrolysis 
were all less than 1 L. 

 
Figure 2. Yield of production oil
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3.2 Product oil components

Components of the product oils are given in Table 2. All 
the oil products contained toluene, ethylbenzene, styrene, 
and 1-methylethyl benzene. Bromine compounds 
obtained from the product oil included 2-bromohexane, 
3-bromo-1-propenyl benzene, 4,5-dibromodecane, 1-

bromomethylbenzene, 3-bromophenol, and 4-bromo-2,6-
dimethylbenzaniline.

The results in Table 2 show that bromine compounds 
were not detected in the oil produced under condition V, 
which is the plastic containing HT.
 

Table 2. Components of product oils obtained under each experimental condition.

Condition
Compound Formula I II III IV V

Toluene C6H5CH3 ○ ○ ○ ○ ○
4-Methylheptane C6H14 ○ ○ ○ nd ○
2-Bromohexane C6H13Br ○ ○ nd nd nd

2,3-Dimethyl-2-heptane C9H18 ○ nd nd ○ nd
2,4-Dimethyl-1-heptene C9H18 nd nd ○ nd nd
2,6-Dimethyl-3-heptene C9H18 nd nd nd ○ nd

Ethyl benzene C8H10 ○ ○ ○ ○ ○
Styrene C8H8 ○ ○ ○ ○ ○

2,4,6-Trimethyl-3-heptene C10H20 ○ ○ nd nd ○
4,4,5- Trimethyl-2-hexene C9H18 nd nd nd ○ nd

Cumene C9H12 ○ nd nd nd nd
1-Methylethylbenzene C9H12 ○ ○ ○ ○ ○

Phenol C6H6 ○ nd nd ○ nd
3-Bromo-1-propenyl benzene C9H9Br nd nd nd ○ nd

4,5-Dibromodecane C10H20Br2 nd nd ○ ○ nd
1-Bromomethylbenzene C8H9Br ○ nd nd nd nd

3-Bromophenol C6H5BrO ○ nd ○ nd nd
4-Bromo-2,6-dimethylbenzaniline C8H10BrN ○ ○ nd nd nd

1,3-Diphenylpropane C15H16 ○ ○ ○ ○ ○
○ : detected, nd : not detected

3.3 Residue analysis

The surface of each sample was observed by EDS after 
pyrolysis to analyze any bromine remaining in the residue 
and the element distribution maps are shown in Figure 3. 

Figure 3. (a). EDS map of condition (b). EDS image of 
condition V

3.4 Bromine content in the gas

The analysis results of the gas generated by pyrolysis are 
shown in Figure 4 and Table 3. The gas obtained from 
thermal decomposition was analyzed for bromine-
containing compounds. The bromine included in the 
plastic from the added TBBA was 2 g, and the bromine in 

the generated gas was 1843 mg for all the conditions. 
Most bromine was distributed in the product oil and the 
residue. The decomposition of the plastic causes gases, 
such as H2 and CH4, to be expelled, but these were low 
after the addition of HT. This thermal decomposition 
reaction does not distribute bromine to the gas because of 
HT, and they are degraded in the product oil and residue.

Figure 4. Bromine content in the generated gas

DOI: 10.1051/05002 (2016)
I

, matecconf/2016MATEC Web of Conferences 62 620
CCFE 2016

5002

3



Table 3. Components of the product gas 

Condition H2 CH4 C2H4 C2H6 C3H8 C3H6
I ○ nd nd nd ○ ○
II ○ nd nd nd ○ ○
III ○ nd nd nd nd nd
IV ○ ○ ○ ○ ○ ○
V ○ nd nd nd ○ ○

○ : detected, nd : not detected

4 Conclusion
In this study, we investigated a method of reducing 
bromine compounds in the product oil obtained by the 
thermal decomposition of a TBBA-spiked PS and PP 
mixture using HT. Plastics containing brominated flame 
retardants can be thermally decomposed to product oils 
containing no bromine compounds by adding HT. The 
yield of product oil after adding HT improved. This 
indicates that the utility of the HT is high, which may be 
because of a catalytic effect. The residue after adding HT 
showed more bromine than without additive, suggesting 
the HT adsorbed the bromine compounds. Thus, the 
product oil does not contain bromine. The efficacy of 
plastic thermal decomposition is increased by adding HT, 
because the bromine compounds are contained in the 
residue and reduced in product oil.
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