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Reduction in Content of Bromine Compounds in the
Product Oil of Pyrolysis Using Synthetic Hydrotalcite
N. Morita, T. Wajima, and H. Nakagome


halogen gas into oil and gas phases by pyrolysis [22],
especially using additives as catalyst. For example, it was
reported that polybrominated compounds mixed with
polypropylene, polyethylene, polystyrene, and polyvinyl
chloride can be thermally decomposed using a carbon
composite of calcium carbonate (calcium-C) [23]. It was also
reported that the quality of the pyrolysis oil was improved
using commercial hydrogenation catalyst DHC-8 [24].
In the present study, polystyrene containing bromine
compounds was pyrolyzed at 400 C using hydrotalcite (HT)
as an additive. The HT is classified as a layered double
hydroxide composed of metal complex hydroxide:
[M2+1–xM3+x(OH)2]x+[(An–)x/n‧nH2O]x– (x = 0.2–0.33), where
M2+ and M3+ are divalent Mg2+ and trivalent Al3+ metal ions,
respectively, and An– is an anionic species [25]. The structure
of HT is a positively charged brucite-like octahedral layer and
a negatively charged interlayer containing anions and water
molecules [26]. HT has received increasing attention in recent
years as an ion exchanger [27]–[29], catalyst [30], [31] and a
material for gas removal [32], [33]. However, there have been
no studies on the pyrolysis of waste plastics with bromine
compound using hydrotalcite. Additionally, for comparison,
plastics with bromine compounds were pyrolyzed using sea
sand and molecular sieves, which are popular additives in the
pyrolysis of plastics. We investigated the effect of
hydrotalcite on the pyrolysis of plastics with bromine
compound.

Abstract—Polystyrene plastic samples containing brominated
flame-retardants (BR-PS) were pyrolyzed at 400 C using
hydrotalcite to reduce the content of bromine compounds in the
oil produced, in comparison with using sand, zeolite-4A, and
zeolite-13X. The bromine plastic sample was prepared by
mixing tetrabromobisphenol A and polystyrene, and added to a
glass reactor, together with hydrotalcite, sand, zeolite-4A, or
zeolite-13X. The product oil obtained by pyrolysis at 400 C
from the BR-PS was mainly composed of aromatic compounds,
such as benzene, heptane, and toluene, and two bromine
compounds, 2-methyl-2-bromopentane and 3-bromopropane.
The product oil obtained using hydrotalcite contained aromatic
compounds with low molecular weight, and bromine compounds
were not detected. In comparison with the use of sea sand and
molecular sieves, the amount of bromine compounds in residue
decreased in the order of hydrotalcite > molecular sieves 13X >
molecular sieves 4A > sand. Hydrotalcite thus trapped bromine
in residue during the pyrolysis of BR-PS.
Index Terms—Flame retardants, Polystyrene, Bromine
compounds, hydrotalcite, pyrolysis.

I. INTORODUCTION
Plastics are widely used in various products, such as
electrical equipment. Such products constitute large amounts
of waste at the end of their lives. In recent years, the recycling
technology of plastics has developed to the level that a
recycling society has emerged. A variety of recycling
techniques have been used in recycling waste plastic, of which
pyrolysis is one of the most promising. In pyrolysis, plastic
polymers are converted into gas, oil, and carbon residue for
uses such as chemical feedstock and fuel [1].
There is abundant literature on the chemical recycling of
waste plastics and basic research on thermal decomposition,
especially using catalyst [2]–[13]; e.g., the yield of product oil
via plastic pyrolysis can be increased using ZSM-5 zeolite,
red mud and mesoporous molecular sieves [14], [15].
However, plastics from electrical waste contain toxic
brominated flame retardants, which pose a problem
particularly for recycling [16]–[20]. For example, the
treatment of brominated compounds from 300 to 500 C
results in the possible formation of brominated
dibenzodioxins and furans [21]. This should be avoided
because of the carcinogenic character of these products.
Moreover, the production of hazardous byproducts reduces
the acceptance of recycling processes by society.
There has been research into the preventing the release of

II. EXPERIMENTAL
A. Materials
Plastic samples containing bromine (BR-PS) were
prepared by mixing 20 g of PSJ polystyrene (PS) (Asahi Kasei
Chemicals Corporation Co., Ltd.) and 2 g of
tetrabromobisphenol A (TBBA) (Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan). The elemental composition of the
BR-PS, which was calculated from chemical compositions of
each reagent, is given in Table I.
TABLE I: ELEMENTAL COMPOSITION OF THE BR-PS
Elemental composition (wt. %)
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Carbon

85.9

Hydrogen

10.8

Bromine

3.0

Oxygen

0.28

Silicon

0.02

To reduce bromine compounds in the product oil, synthetic
hydrotalcite, KW-1000, (Kyowa Chemical Industry Co., Ltd.),
262

International Journal of Chemical Engineering and Applications, Vol. 6, No. 4, August 2015

trapped bromine in non-condensed gases, and bromine
trapped in the bubbling solution 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 then analyzed using a Shim-pack column
(150 mm (length) × 4.6 mm (inner diameter)) and a
CDD-10Asp detector as part of a high-performance
liquid-chromatography ion chromatography system.

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 II.

I
II
III
IV
V

TABLE II: EXPERIMENTAL CONDITIONS IN THE STUDY
Experimental condition
PS + TBBA
PS + TBBA + Sea sand
PS + TBBA + Molecular sieve 4A
PS + TBBA + Molecular sieve 13X
PS + TBBA + Hydrotalcite

III. RESULTS AND DISCUSSION

B. Experimental Apparatus and Procedures
The experimental apparatus used in this study is shown in
Fig. 1. A 22-g quantity of BR-PS or a mixture of BR-PS (22
g) and 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 bed was measured as the decomposition 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
through a cooling pipe and recovered. Non-condensable gases,
which pass through the condenser, were collected in a gas
pack via bubbling of 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.

A. Mass Balance of the Product
The product yields under each experimental condition are
given in Table III. Without an additive, the yields of product
oil, residue and gas were 71.0, 28.8 and 0.2%, respectively.
When applying an additive, the yield of oil was the highest
and that of residue was the lowest in the case of hydrotalcite.
It is noted that the gas yields were lower than 1.1% under all
conditions, revealing that gas was hardly generated in the
pyrolysis of BR-PS.
TABLE III: PRODUCT YIELDS (WT.%) UNDER EACH EXPERIMENTAL
CONDITION
Oil
Residue
Gas
I
71.0
28.8
0.2
II
54.1
45.2
0.7
III
68.6
31.4
0.0
IV
70.9
29.1
0.0
V
83.9
15.0
1.1

B. Analysis of the Oil Product
Components of the product oil are given in Table IV. All
oil products mainly contain toluene and benzene.
Components of the product oil obtained under condition I are
mainly aromatic compounds, such as benzene, 1-heptene,
heptane,
1-methyl-2-methylene-cyclopentane,
3-methyl-cyclooctene, 2,4-dimethyl-hexene, dimethyloctene,
2-methyloctane,
3-methylheptane,
6-methyl-2-heptane,
1-methylcyclohexene,
3-methyl-2-cyclohexen-1-ol,
2-methyl-1-heptene and toluene, and two bromine
compounds, 2-bromo-2-methylpropane and 3-bromo-pentane
were detected.

Fig. 1. Experimental apparatus.

C. Analysis
The oils were analyzed by gas chromatography/mass
spectrometry (GC/MS) (Shimadzu, GC-MS-QP2010ultr)
using an RTX-624 column (having thickness of 1.8μm, an
inner diameter of 60 mm and a length of 0.32 mm) with pure
helium as the carrier gas, and the main compounds in the oil
were identified using a GC/MS spectral library. The analyses
were performed at a temperature of 40 C for 30 minutes,
which was then increased to 230 C at a rate of 5 C/min. The
structural change of the sample before and after the
experiment was determined by X-ray diffraction analysis
(Bruker, D2PHASER), and the morphologies of the sample
before and after the experiment were observed with a
scanning electron micrograph (SEM) (Hitachi High-Tech,
TM3030). The alkaline aqueous solution in the bubbler

Fig. 2. Bromine contents of the residues under each condition.

The results in Table IV show that bromine compounds
were not detected in the oil produced under condition V. It is
noted that the oils produced under conditions II, IV and V had
lower molecular weight than those under conditions I and III,
which means that the addition of sea sand, molecular sieves
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13X and hydrotalcite promotes the decomposition of
compounds with high molecular weight into compounds with
low molecular weight.
C. Bromine Compounds of Residue
Bromine contents of the residue obtained under each
condition are given in Fig. 2. The bromine content in the
residue was 2.6% without an additive and 0.5% using sea sand.
With the addition of molecular sieves, the bromine content in

the residue was 35–45%, which was higher than the contents
under conditions I and II. Furthermore, the bromine content in
the residue obtained using hydrotalcite was 90.2%, which was
the highest achieved in this experiment. It is considered that
bromine was trapped in the residue by the hydrotalcite, and
the bromine compound was not included in the produced oil,
as shown in Table IV.

TABLE IV: COMPONENTS OF PRODUCT OILS OBTAINED UNDER EACH EXPERIMENTAL CONDITION
Sample

Compound

Formula

Ⅰ

Ⅱ

Ⅲ

Ⅳ

Ⅴ

3-methyl pentane

C6H14

nd

○

○

○

○

3-methyl-2-pentene

C6H12

○

○

○

○

○

2,3-dimethyl-butene

C6H12

○

○

nd

○

nd

4-methyl-1,3-pentadiene

C6H10

nd

nd

nd

nd

○

2-bromo-2-methylpropane

C4H9Br

○

○

○

○

nd

3,4-dimethyl-2-pentene

C7H14

nd

○

○

○

○

1-methylcyclopentene

C6H10

○

○

○

○

○

3-heptene

C7H14

nd

○

○

○

○

3-methylhexane

C7H16

○

○

○

○

○

Benzene

C6H6

○

○

○

○

○

1-heptene

C7H14

○

nd

○

nd

nd

Heptane

C7H16

○

nd

○

nd

nd

3-methyl-2-hexene

C7H14

○

nd

○

nd

nd

4-methyl-2-hexene

C7H14

○

nd

○

nd

nd

2-heptene

C7H14

○

nd

○

nd

nd

Methylcyclohexane

C7H14

○

nd

○

nd

nd

Ethylcyclopentane

C7H14

○

nd

○

nd

nd

2-methylheptane

C8H18

○

nd

○

nd

nd

3-bromopentane

C5H11Br

○

nd

○

nd

nd

1-methylcyclohexene

C7H12

○

nd

○

nd

nd

2-methyl-1-heptene

C6H12

○

nd

○

nd

nd

Toluene

C7H8

○

nd

○

nd

nd

nd: not detected
(b)

X-ray diffraction patterns before and after the experiment
conducted under condition V is shown in Fig. 3. Before the
experiment, peaks of hydrotalcite, TBBR and PS were
identified. After the experiment, these peaks disappeared, and
new peaks corresponding to the oxides MgAl2O4 and
MgAlSi4O10(OH)4H2O appeared, owing to the formation of
these oxides from hydrotalcite and silica in PS.
(a)

Fig. 3. X-ray diffraction patterns of the samples (a) before and (b) after the
experiment conducted under condition V.

SEM images of the sample (a) before and (B) after the
experiment are shown in Fig. 4. Many particles were observed
before the experiment and large particles with small particles
on their surfaces were observed after the experiment. It may
be considered that large particles are Mg-Al oxides and small
particles, which may be bromine compounds, were adsorbed
and precipitated on the surface of oxides.
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(a)

(b)

[2]

[3]

[4]
Fig. 4. SEM image of the sample (a) before and (b) after the experiment
conducted under condition V.

[5]

D. Gas Production
Bromine contents of the gas under each condition are given
in Table V. The bromine content in 20 g of BR-PS was 1843
mg, and the content in the gas phase was 0–0.9 mg. Therefore,
bromine was mainly distributed in the residue and product oil
by pyrolysis in this experiment.
The amounts of CO2, CH4, C3H6 and C3H8 in the productive
gas are given in Table VI. Gases with high molecular weight
were produced without an additive but not detected with an
additive. It is noted that CO2 in the gas originated from CO2 in
the layered structure of hydrotalcite.

[6]

[7]

[8]

[9]

TABLE V: BROMINE CONTENT IN GAS UNDER EACH CONDITION
Bromine content (mg)
I
0.3
II
0.0
III
0.7
IV
0.9
V
0.4

[10]

[11]

[12]
TABLE VI: AMOUNTS OF CO2, CH4, C3H8 AND C3H6 IN THE GAS (WT. %)
CO2
CH4
C3H8
C3H6
I
nd
nd
37.6
53.0
II
nd
nd
nd
nd
III
nd
nd
nd
nd
IV
nd
nd
nd
nd
V
0.2
nd
nd
nd
nd: not detected

[13]

[14]

[15]

IV. CONCLUSION
We investigated methods of reducing the content of
bromine compounds in product oil obtained by pyrolysis of
bromine-based plastic. The oil produced from PS resin
containing brominated flame retardants by pyrolysis using
hydrotalcite did not contain bromine compounds.
Additionally, the production yield of oil was greater and the
capture of bromine in the residue was higher using
hydrotalcite than using sea sand and molecular sieves. These
results suggest that hydrotalcite is an excellent additive for oil
production from waste plastics by pyrolysis.

[16]

[17]
[18]

[19]
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