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Chapter 1
General Introduction

1.1. Introduction

Replacement of metal material by plastics for weight @st reduction is now one
of the strategies of many engineering fields. For exampl&us parts of vehicle were
changed from metal to plastic. Since £€nission from vehicle must be reduced, it is
necessary to reduce the weight of vehicle for improving fuen@my and for
suppressing the Gemission. The utilization of plastic in vehicle is very effestior
these purposes. Then, thermal recovery from plastic material become of the new
engineering issues in the final material recycle systémehicles. The utilization of
plastic material is increasing every year. In order toemse the volume of plastics and
use plastics more safety, flame retardant is usually addpthstics. Several kinds of
flame retardant have been developed according to various princigks.oRflame
retardant is mainly expected to suppress rapid combustion. Up to now,kinas of
halide type flame retardant have been used well. However, themgaaseproblems for
the flame retardant to be solved. For example, a flame retavdémthalide has
possibility to generate dioxins through combustion process. Then otes flame

retardant with non-halide are now developing. Further, addition of fletaedant is



now considered as a new method to control mechanical charactedbtigsstic

compounds. There are many kinds of positive effect of flame retaefagenerally

considered, but are some negative effects of it. For examptes fietardant added in a

plastics suppresses a complete combustion of plastics, and itocdesithermal

recovery efficiency of plastics.

1.1.1. Waste plastic treatment

In most of countries, specific information on waste plastics nbghlimited and the

waste plastics management system might fall within the ativesolid waste

management so that no specific regulations, economic tools, ilost#r services are

developed as a separat@mnagement system for this specific waste stream. Helhce, al

the information regarding solid wasteanagement such as policies/laws, institutions,

financing mechanism and technologies for all Weeste generating sources (domestic,

commercial, industrial, agriculture, healthcare facilities, waste, etc.) should be

collected, analyzed and any direct or indirect implications onewalassticsshould be

identified.

Some local issues may also be of interest such as to confirm the existpotatmin

related regulations which may, directly or indirectly, have an impact ore \pkesitics



or its treatment. For example pollution due to plastic bags, and related lays if a

would be of interest 50 for developing this information. Another example could be of

air pollution act to address incineration of waste containing waste plastids and i

emissions.

Additionally, as a local issue it is important to identify the informal sentmived in

the management of the waste/plastic waste since they have a big impeztaste

plastics pathways.

Most of the countries do not have a separate system for wastecplmanagement

and it is usually managed under an umbrella system for solid mastagement. Hence

it is recommended to assess the current solid waste manageystam and find the

gaps with reference to waste plastics management for makoggnmendations to

make improvements in the solid waste management covering waste plasitcaaStd

management may vary from country to country and from city to kitynost of the

countries, the local governments are responsible for municipal saditt\winanagement;

however industrial solid waste and hazardous waste is the responsbihational

governments. In some places, the local governments are respdosiblé types of

waste; however, there may be different departments to manageipalinvaste,

industrial waste and hazardous waste. There could be fewer or gsteens. The



systems may be classified with respect to the responesiiaution. If there is only one

institution or department that is responsible for all types afl sshste management,

then it may be considered that there is a single managemu&rhsytowever, if there is

more than one institution responsible for different types of solid ewastwaste

generated by different sources then it is considered gsasase management systems.

Therefore, it is recommended to collect the data and informatparagely for different

types of systems even if there is some overlapping in termsgafations and laws,

financial mechanisms, technology and infrastructure and stakeholderpgadioici

There are many kinds of final treatment of waste plastics. There are

1. Material recycling

(Raw material for plastic and commercialization and recycling)

2. Chemical recycling

(Chemical materials and fuels by liquefaction and gasification)

3. Thermal recycling

(Waste power generation, RDF, RPF)



1.1.2. Recycling technology of various general-purpose plastic

Production of plastic in Japan is about 15 million tons in 2012. Almost half of account

is for polyethylene (PE) and, the others are polypropylene (PP), polys{iA8heThis

is because of the sheet for packaging materials such as plastic wrap arslitiags

civil engineering construction, production of polyethylene and polypropylene, which is

suitable as a material is more about 40% of the use of plastic.

In a simple thermal decomposition without using any solvent olysgtéhe oil rate is

80% or more thermoplastic resin PE, PP, PS, etc. As the pwabysirecycling

technology were operated at food factories of KAMEDA Co., Ltd andRASHO

industry Co., Ltd, recycling has been put into practical use re\at{véP) packaging

material or the like discharged from factories [2-3][27-Bpwever, the thermal

decomposition oil of PE without catalyst is impossible to be uségkhget, because of

mixed waxes in produced oil at present condition regarding PE.

In many cases, chemical recycling and material recydiienge been made of ABS

resin and PET resin. For example, in the case of PET resinpfilfiber is material

recycling but , in terms of smell and hygiene, PET bottlesntd be used for drinking

PET bottle itself . In the decomposition method of its own with hamel in

combination with ethylene glycol, return DMT of raw materiats (dimethyl



terephthalate) waste PET resin, the raw material fordilbed films, to develop this

technology, Teijin is used PET bottle We have developed a technolpgydoce PET

resin back TPA to (terephthalic acid) further from DMT, Teijiibdfs in the

Corporation, running a facility of approximately 62,000 tons of annual dgpacm

2003 [1] . For ABS resin, that in spite of a resin brominated flagtardants are

contained, and have held high the characteristics of the originddyaindlysis test and

after heating, has been reported [4].However, the flame astarglastic of

acrylonitrile-styrene-butadiene (FR-ABS) is heated in an iaémosphere and the

volatile products are condensed, the molecular weight distribution qirdlgeict oil is

very wide. Moreover, this product has poor low properties, very waigyy halogen

compound and unusable as a liquid fuel.



1.1.3. Recycling situation of used electrical and electronic equipment

Japan is relies on imports for more resources for extremelyolaput of metal

resources and fossil fuelStudy of recycling has been actively carried out in many

institutions in terms of securing resources. Further, we consigemetal or plastic and

which is produced from petroleum resources, such as copper and er@beatronic

materials have been often used in the used electrical and ele&quipment, thus, the

development of recycling become to be essential for these techniques.

Used electrical and electronic equipment are discharged apprekinZab million

tons per every year, but the product was actually recovered HomaAgplRecycling

Law is only about 50 million tons (2008) as a whole, a lot of precioualsnebntains

such as mobile phone. Except for some equipment, the most equipment is no

effectively reused resources contained in spent electrica¢lanttonic equipment [7].

These waste electrical and electronic equipments (WEEEpaneonly used of metals

and flame retardant plastic materials. The plastic fractraiudes high impact

polystyrene (HIPS) and acrylonitrile - butadiene - styrene§ABopolymer, and the

majority of computer housings are manufactured with HIPS, with rtext largest

fraction being ABS [8]. WEEE plastics also contain antimorgxide as a synergist to

increase the flame retardant properties of brominated additivese\er, during



combustion antimony trioxide promotes the release of bromine radidal the

formation of volatile antimony bromides. Since many impuritiesnaixed in the plastic,

to be reused as the material is difficult, largely merelpwdeaimple incineration or

landfill.

1.2. Previous studies

1.2.1. Recycling technology of flame retardant plastic

Recycling of plastics in electrical and electronic (E&EBQuipment E&E and

appliances containing brominated flame retardants is possible li@adlyaa reality,

delivering satisfactory results, demonstrating superior recyitjaband stability,

compared to other flame retardants [24]. The most commonly used btedhiteme

retardants in E&E equipment, such as TBBPA, are fully compatilitie integrated

waste management systems [25]. Studies, such as the EU Risksiesé reports,

show that it is possible to handle E&E appliances containing innaimoamentally

friendly and responsible manner while also complying with the Walsetrical and

Electronic Equipment (WEEE) Directive standards and stringent dfhission

regulations [26].

Sometimes recycling of plastics containing brominated flansgdaits is not possible.



This is the case when after the separation of the differpastgf plastics the volume of

plastics containing brominated flame retardants is too smealinake recycling

economical. For these streams there is a range of eceefficiaste management

options available, including incineration with energy recovery.

1.2.2. Existing oil technology

Waste plastic oil technology was expected to be a signifiaminology for Japan

where the first oil crisis (oil shock), the second oil crisi®verlap in the 1970s, relied

on imports for most of the energy resourclse Ministry of International Trade and

Industry Agency of Industrial Science and Technology Hokkaido Indudtesearch

Institute, and thermal decomposition of plastic (PE mainly) pdiyetesed high

production volume, product oil is oil in a liquid state at room temperatsing a

catalyst since it exhibits a waxy between continued resdarabtain, it has been

successful. In the 1990s, along with waste issues and global envirohprebtams to

be serious, technology of liquefaction is reviewed again, to ententpé&ical research

from basic research, practical facilities are beginning tergenabout the industrial

waste. Thus why pyrolysis oil is one of the best methods to retogematerial and

energy from polymer waste, as only about 10% of the energy cooftehe waste



plastic is used to convert the scrap into valuable hydrocarbon prod@ibitgs obtained

by breaking down polymers at high temperatures into petrochemeealstbck

components from which they originate, while the additives in the polymagerials (e.qg.

metals, inorganic fillers and supports) remain in the pyrolysis residue.

Municipal waste plastic (MWP) is a complex mixture of polymensch as

polyethylene (PE), polypropylene, (PP) and polystyrene (PS) aabhtom containing

polymers such as polyvinylchloride (PVC), acrylonitrile-butadiegyesge (ABS) and

polyethylene terephthalate (PET). ABS represents about 3-5ofvt¥tunicipal waste

plastics [2] and it gives pyrolysis oils that contain more thawt80 valuable benzene

derivatives [3] that makes the process attractive to obtain hybmta or fuels.

However, some nitrogen containing compounds are present in oil thaeadnd

formation of harmful compounds such as HCN or NOx when this ageésl as fuel. In

the waste from electric and electronic equipment (WEEE), AB&-Bie second major

plastic (20%) next to HIPS-Br [2].Moreover, ABS materials usually contamimated

flame retardants that create additional problems because otgdogen compounds

in oil can lead to formation of dioxins and/or benzofurans . Therefsengcessary to

develop catalysts that can remove bromine and nitrogen from pyrolysis oils.

There have been many reports on the pyrolysis of MWP or of sipdé/mer

10



mixtures [5-9]. However, few researches focused on the polymiriaia containing

flame retardants and removal of halogen compounds in oil [10,11]. Bhasklaf¥2]

reported about developing calcium-, iron-, and potassium-based carbon cemposit

sorbents for capture of hydrogen chloride gas. Calcium- and ir@dhbasmposites

were found to be effective in debromination of polymers mixed wigh-impact

polystyrene [13,14] or brominated ABS [15]. Iron oxides and iron carbon composites

also decrease the amount of nitrogen in ABS pyrolysis oil and convert the aromatic

nitriles into light aliphatic ones and gaseous ammonia and hydrogen cyanide [16].

Various pyrolysis processes have been tested for processing plasticsoutitiain

brominated flame retardants (BFRs) including fluidized bed pyrolysis, tage s

pyrolysis , long residence time pyrolysis , and pyrolysis in the presémaan and

calcium based catalysts . Recently, William et al. reported that trevatwf bromine

content of Br-ABS by using zeolite ZSM-5 and zeolite Y-Zeolite was chaug in a

fixed bed reactor at 440°C. The concentration of bromine in oil was 2.7 wt% without

zeolites, and the contents of bromine in oil contained 2.6 wt% with zeolites. Joo-Sik

Kim et al. also reported that the removal of bromine content of HIPS by using various

Ca-based additives (CaO, Ca(OH)2, Oyster Shell) was carried out in a batech-sc

system equipped with a fluidized bed reactor at 460°C. It was found that the

11



concentration of bromine in oil was 5 wt% without catalyst, and the contents of bromine

in oil contained 1.6, 1.3, and 2.7 wt% with various Ca-based additives.

1.3. The scope of thisthesis

The brominated acrylonitrile - styrene - butadiene (Br-ABS) palyethylene are

heated in an inert atmosphere and the volatile products are condenseul¢belar

weight distribution of the product oil is very wide. Moreover, thizdpict has poor low

properties, very waxy, high halogen compound and unusable as a liquig-28jl By

using the reflux condenser, the larger molecules are condensed lapackainto the

reactor to break into smaller molecules by heating againdardo reduce halogen

compound in product oil to be used as fuel.

In the present study, Br-ABS resins are pyrolyzed with aixefbndenser at 450°C,

and the reflux temperature was set up 150°C to 200°C. The additivesedsodium

hydroxide (0 % to 5 %).We investigated that the effect of reflxdenser temperature

and NaOH on the amount of bromine compound in product oil to be used as fuel.

However, we investigated that thermal decomposition of polyethyl@séqby using a

reflux condenser apparatus to removal of waxes from the pyrolysis oil.
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Chapter 2

Reduction of halogen compounds by using char coal and sodium hydroxidevia

pyrolysis

2.1. Introduction

Most plastics for electrical and electronic equipment contairowarflame-retardant

substances. The main components of plastic in waste electricalelanttonic

equipments (WEEE) are high impact polystyrene (HIPS) and cautiyle butadiene

styrene (ABS), and these polymers are widely used in TV @stognputers, printers

and other office electrical and electronic equipments. Thesegslastntain brominated

flame-retardants (BFRs), such as polybrominated biphenyls, pohyhated diphenyl

ethers (PBDE), tetrabromo bisphenol-A (TBBA) or polybrominatedkgpesins, and

contribute to extremely toxic, which make it difficult to disposeemycle these plastics.

Plastics containing BFRs need careful processing to eithepgestremove the flame

retardant additives (A.Tohka & R.Zevenhoven, 2002). Developing countriés wil

produce at least twice as much WEEE as developed countries by E28G®ate

absolute computer, Wendy Koch, Apr 30-2010, USA Today). At present, the annual

amount of used personal computer was about 150 millions ton/year wothte and

about 100 millions/year in developed countries (Estimate absolute compigady

18



Koch, Apr 30-2010, USA Today). In computers, BFRs are used in four main

applications; printed circuit boards, components such as connectors;, ptasis, and

cables (A.Tohka & R.Zevenhoven, 2002), and the amount of used computers will

increase in worldwide. The recycle of the plastics contaiBRBs will be important,

and the process for this recycle is desired.

As feasible way to recycle WEEE waste, pyrolysis proogssi WEEE plastics has

been intensively investigated for thermally degrading the tosmdiretardants and

producing fuels or chemical feedstock for the petrochemical ind0grious pyrolysis

processes for plastics containing BFRs have been tested, sigdiasd bed pyrolysis

(W.J.Hall & P.T. Williams, 2006), two-stage pyrolysis (T. Bhask#rJ. Hall, N.M.M.

Mitan, A. Muto, P.T. Williams & Y. Sakata, 2007), long residence tpyelysis and

pyrolysis in the presence of iron and calcium based cataMstBrebu, T. Bhaskar, K.

Murai, A. Muto, Y. Sakata &M.A. Uddin, 2005). Most recently, it was régobthat the

reduction of bromine content in oil obtained from Br-ABS in a fiked reactor as a

final pyrolysis temperature at 440 by using ZSM-5 and Y-Zeolite (W.J.Hall & P.T.

Williams, 2008). While the concentration of bromine in oil was 2.7 wi#thout

zeolites, those in oil were 2.6 wt% with zeolites. It was adponted that the reduction

of bromine content in product oil from HIPS in a bench-scale systgnpped with a

19



fluidized bed reactor at 460°C by using various Ca-based additives (@GHOH),

Shell) (Su-Hwa Jung, Seon-Jin Kim & Joo-Sik Kim, 2012), and it was fthetdwvhile

the concentration of bromine in oil was 5 wt% without additives, thase W.6, 1.3,

and 2.7 wt% with CaO, Ca(Okand shell, respectively.

In this work, we attempted to reduce the halogen contents in theggroll by using

NaOH as additive and pine charcoal as capture. NaOH is usedpt@drinorganic

halogen (NaBr, etc.) in the pyrolysis reactor to reduce halogemil,irand the pine

charcoal, which has excellent moisture absorption propertiesmafspheric humidity

adsorption and decomposition formal action formaldehyde, ethylene dgasn,

ammonia and chemical odors (P. Nowicki & P.Robert, 2010), was usegtasectd

absorb halogen in generating gas. We also estimated the contehtsnafle in

produced oil for using as alternative fuel.

2.2. Materialsand M ethods

2.2.1. Materials

The flame retardant ABS plastics obtained from Asahi Kasei ChemicdlsdCaapan.

The resin contains acrylonitrile butadiene styrene 65 %, flame retardante8@%

others 5.0%. The elemental composition of acrylonitrile butadiene styretie [@as

20



shown in Table 1.

Table 1. Elemental analysis of sample plastics used in the study

Elemental composition (wt%)

C H N Br Sh Cl
71.87 6.64 3.94 10.70 3.50 1.00
2.2.2. Additives

Sodium hydroxide obtained from Wako Pure Chemical Industries, Ltd. veakass

additive. The pine charcoal was used as capture to absorb halogen. Pine chatdonal use

this work was prepared as follows. The pine shell was pyrolyzetrunitrogen

pressure at 550°C for 4 hours by using bed reactor.

2.2.3. Experimental Procedures

The experimental apparatus is shown in figure 1.The pyrolysisBS plastic was

performed in a glass reactor (length: 300 mm; i.d. 50mm) undegeitrpressure. The

plastic sample (60 g) was put into the reactor, and alloweageitr substitution. Using

additive, sodium hydroxide (3 g; 5 % of sample weight) was added nmeaictor. After

nitrogen substitution, tubular electric furnace heated up at 5°C in88G°C, and then

heating up at 3°C /min to 300°C ~ 450°C. The sample is heated for 2 hours,
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decomposed, separated into the oil, the wax, the char and the tfas.dpparatus, the
air-cooled tube was installed to prevent closing of condenser by capichg and to
collect residue impurities and wax in tube to trap the amount ofibeoamd chlorine in
the pyrolysis oil. Using capture, pine charcoal was set inrtkide of the upper of
reactor and in the air-cooled tube. The product oil was collelstedgh this capture. In
this experiment, the wax was collected by air-cooled tube and carddie product
yields of oil, wax and char were analyzed after experiment,nzast balance of oill,
wax, char and gas was calculated. Using capture, the weighptafre before and after

experiments was measured.

l Thermocouple bag

Separating
funnel
Air cooled
cube

Tubular >
Furnace

samr
Temperature \ ]

controller

Fig. 1.Schematic experimental setup for pyrolysis of ABS at 450°C
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2.2.4. Experimental apparatus

The sample plastic was analyzed to determine the decomposiperegture, weight

reduction, or grasp of decomposition characteristic by the SHIKIAGCo-Ltd of

DTG-60. The amount of samples was analyzed by measuring 10omg5frmg and

DTA at 5°C/min to 550°C under a standard pressure of nitrogen atmospliezadO

wax were analyzed by gas chromatography/mass spectronf@®/MS). Gas

chromatography/mass spectrometry (GC/MS) was performed wgb of a

Hewlett-Packard 5890-II gas chromatograph interfaced wkiP &972 mass selective

detector. GC analysis was carried out on a fused-silica co{@ m x 0.25 mm i.d.)

coated with a SPB-5 (1.0m film thickness) operated with temperature programming

from 40°C up to 250°C at a temperature rate of 3.5°C/min with Herasragas (linear

velocity = 20 cm/s). El mass spectra and reconstructed chromasgrara obtained

by automatic scanning in the range 35-400 amu. The sample weeldilith methanol

before injection. The main compounds were identified by the GCj8tiim library

(match quality higher than 90%).

The elemental bromine contents of the products (oil, wax and chat®t@mnined as

bromide using automatic sample combustion device AQF -2100H (MISTSHIBI

CHEMICAL ANALYTICAL TECH Co.Ltd.), absorbed units GA-210 and ion
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chromatograph (ICS-1600 DIONEX Co.Ltd.). In this method, the samplesvex and

char) were combusted in the Automatic sample combustion device-AIDBH. The

gaseous bromine species were then capture into the alkali solutiorL (@DH,O,) and

absorbed by GA-210. The bromine content of the solution was determinediarsing

chromatograph ICS-1600 for bromide ions.

The combustion experiment of product oil was also conducted to instestoy the

calorific value and corrosive of oil. The decomposition of ABSwlljch contains no

bromide compounds, and Br-ABS oil are mixed and adjusted to the &rde% mg/L,

20 mg/L, 200 mg/L, 2000 mg/L and 20000 mg/L of each different condition. The

combustion tests (each sample is 0.5 g) were performed in a (85&304) stainless

steel under oxygen atmosphere at 3 MPa and investigated thdicalalie of oil.

After the combustion tests, the stainless steel plate washiedR# (isopropyl alcohol),

ultrasonic for 5 minutes and observed in the range of corrosive surface (1 mm).
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2.3. Results & Discussion
2.3.1. Thermogravimetric analysis of ABS

The decomposition of ABS occurs in two separated steps, as shownrm 2igThe
weight loss in the first decomposition step (308°C) is 16 wt%, ands#oend
decomposition step (402°C) is 69 wt%. Figure 3 shows the halogeertoation in
produced oil at various decomposition temperatures. The chlorine concentrabil
was almost constant at the decomposition temperature 360°C to 450°C,théhile
bromine in oil was not detected at the decomposition temperature of ,3&@dGhose
was almost constant at the decomposition temperature 375°C to 450°C.pidig ra
weight loss between 375 °C to 450°C from the result of TG and DT@<gRigure 2)
was correlated with bromine concentration increase at the gestiion temperature
over 375°C. It was considered that halogen compounds in ABS were mostly
decomposed and released over the decomposition temperature of 375 °C.

The first valley (308°C) can be roughly attributed to the decompositigmart of
halogen and antimony trioxide (Sb203). During the thermal decomposition
brominated flame retardant, Sb203 as synergist increaseddlwd hmlogen release via
the formation of SbBr3 etc. (288C) (J. Simon, T. Kantor, T. Kozma & E. Pungor,

1982; E. Jakab, Md.A. Uddin, T. Bhaskar &Y. Sakata, 2003; M. Rzyman, M. Grabda, S.
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Oleszek-Kudlak, E. Shibata & T. Nakamura,2010). From these resigiise(f2 and

figure 3), it was considered that a part of Br-ABS was decompasecthlorine from

BFRs decomposed by &b was mainly released into the gas phase to include the

product oil at the first stage (268°C ~ 338°C), and most part of EB-Agas

decomposed, and halogen (chlorine and bromine) decomposed from BFRs by Sb203

was released into the gas phase to include the product oil adbmdsstage (338°C ~

447°C).
120 6
T o DFTGA
100 | 14
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z 2
wm L
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Fig. 2.TG and DTG curves of acrylonitrile butadiene styrene plastics
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Fig. 3.Halogen concentration in produced oil at various sample decomposition

temperatures

2.3.2. Product Distribution

This work has investigated the effect of NaOH as additive andadlaas capture on

the yields of pyrolysis products when Br-ABS was pyrolyzed at 45Rf&3s balances

of all experiments are shown in table 2. The individual decompositiddr-&BS at

450°C was oil: 32.36 wt%, wax: 22.76 wt%, gas: 4.44wt%, and char: 40.44 wt%s It w

reported that the slow pyrolysis of brominated ABS to 450°C at 10°Cleads to the

production of oil (34 wt%), gas (5 wt%), and char (61 wt%), andyiblel of oil was

almost same as that in this study (M.Brebu, T .Bhaskar , aiMK. Muto, Y. Sakata
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& M. Uddin,2004). The vyields of product oil using additive and capture were

approximately 36 wt %, which are higher than that without additive aptlie, while

those of char using additive and capture are lower than that witthditivea and capture.

It would be considered that the production of oil promotes using additiveaphare.

The products by pyrolysis of Br-ABS and Br-ABS with additivergy mainly oil

(Figure 4 (a)) and wax (Figure 4 (b)), the second was chathenthird was gases.

Using capture (pine charcoal), the yield of wax decreased andftbapture increased

due to the capture of compounds to create wax. These results shggeise yield of

oil is high using sodium hydroxide and capture, and capture can reduce wax production.

Table 2. Mass balances of various pyrolysis experiments

Product of yield (wt %)

Material
0Oil Wax Char Gas Capture
Br-ABS 32.36 22.76 40.44 4.44
Br-ABS + Charcoal 36.13 8.80 31.19 4.12 19.76
Br-ABS+ NaOH 36.45 24.64 34.91 4.00
Br-ABS+ NaOH + Charcoal  36.52 4.47 33.22 3.20 22.59
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(a) Oil (b) Wax

Fig. 4.The images of (a) product oil and (b) wax

2.3.3. Analysis of products

The components in product oil were identified by GC/MS, and GC/MS
chromatograms of oils obtained by four ways are shown in figur&hB. major
compounds were toluene, ethylbenzene, styrene, cumene;methylstyrene,
2-bromophenol,  3-bromophenol,  benzenebutanenitrile,  2,8-dimethylquinoline,
3-methylbutyl benzene, 2,4-dibromophenol, 1,3-diphenylpropane,
1,2-diphenylcyclopropane, 4-butyldiphenylmethane,hexadecanenitrile, cataécile,
benzenebutanenitrile and 9-phenylacridine. The bromine compound was detected
2-bromophenol, 3-bromophenol and 2,4-dibromophenol. It would be considered that
Br-ABS sample used in this study contains tetrabromo bisphenolBBAT flame

retardant (it was confirmed by GC/MS component analysis), aB8AT was
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decomposed to 2-bromophenol, 3-bromophenol and 2,4-dibromophenol by pyrolysis

(Fig. 6).

The halogen contents of the products (oil, wax and char) are deterbynesing

automatic sample combustion device AQF -2100H, absorbed units GA-21®rand i

chromatograph ICS-1600.The concentration of halogen in products (oilarndaghar)

are shown in Table 3. The contents of bromine and chlorine in oil byypigobf

Br-ABS plastic were 3.2 and 0.2 wt%, respectively. Using capthes,contents of

bromine and chlorine decrease to 1.7 and 0.9 wt%. Using sodium lge&lrdkie

contents of bromine and chlorine decreased to 1.3 and 0.004 wt%. Using both of sodium

hydroxide and capture, the contents of bromine and chlorine in oil de¢ce@s and

0.002 wt%, and the lowest contents among four experiments. The halogen aontent

char using NaOH and that in capture using capture indicate@rhigtiogen content

than others. Therefore, sodium hydroxide can trap halogen in char, and capttrap

gas with halogen in generated gas by pyrolysis.
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Fig. 5. The GC/MS chromatograms of product oil from Br-ABS by pyrolysis using
additive and charcoal (1: Toruene, 2: Ethylbenzene, 3: styrene, 4:cumene,
5. a-methylstyrene, 6: 2-bromophenol, 7: 3-bromophenol, 8: benzenebutanenitrile, 9:
2,8-dimethylquinoline, 10: 3-methylbutyl benzene, 11: 2,4-dibromophenol, 12:
1,3-diphenylpropane, 13: 1,2-diphenylcyclopropane, 14: 4-butyldiphenylmethane, 15:
hexadecanenitrile,16: octadecanenitrile, 17: benzenebutanenitrile and

18: 9-phenylacridine).
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Fig. 6.The decomposition structure of Tetrabromo bisphenol-A (TBBA)

Table 3.Material composition and product distribution

Concentration of halogen (wt %)

Material Oil Wax Char Capture
Br Cl Br Cl Br Cl F Br Cl
Br-ABS 32 02 416 73 104 24 0.6 0.0 0.0
Br-ABS + Charcoal 1.7 09 178 1.3 8.6 1.5 0.6 435 48
Br-ABS+ NaOH 1.3 00 231 10 30.2 0.2 0.3 0.0 0.0
Br-ABS+ NaOH +
06 00 6.0 05 341 51 09 446 53
Charcoal
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2.3.4. Investigation of the calorific value and corrosive

The calorific value of produced oil by combustion test was showrguref 7. The

calorific value of oil with higher bromine concentration is restucThe calorific values

of product oil with 5 mg/L to 2000 mg/L have 40.0 MJ/kg, 39.5 MJ/kg, 39.2 MJ/kg,

39.0 MJ/kg and 38.0 MJ/kg, respectively, and that of heavy oil is 39.1 Milkd) is

almost same as that of product oil with 2000 mg/L of bromine contsitér

combustion test, stainless steel was observed in the range adicersurface (1mm)

(Figure 8). The corrosion was confirmed on the surface of staiskeel using the oil

with 20,000 mg/L, while no corrosion was observed on the surface olusiaglthe oil

with lower than 2000 mg/L of bromine content. From these result, their®om

concentration in the oil is with lower than 2000 mg/L could be used as alternative fuel.
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Figure 8.The corrosion on the surface of stainless plate after combustion test
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2.4. Conclusions

The acrylonitrile-butadiene-styrene resin containing brominatetheflaetardant

(Br-ABS) was pyrolyzed at 450°C using NaOH and cahrcoal.yigld of pyrolysis oil

increased and that of char decrease by using NaOH and ch&yasing both NaOH

and charcoal, the concentration of bromine in pyrolysis oil was eelditom 3.2 wt%

to 0.6 wt%. The combustion tests indicate that the pyrolysis ol thie content of

bromine in pyrolysis oil could be reduce less than 2000 mg/L cautiloeed as fuel

without corrosion. These results indicate that NaOH as additivetardoal as capture

are effective to reduce bromine compounds in oil to use as fuel. In this work, the content

of bromine in oil was still high for use as fuel. In future, furtbpgrading of the

pyrolysis oil by changing the amount of additive, type of adddivé capture and so on

would appear to be required.
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Chapter 3

Reduction of halogen compounds by using Scallops shell, Ca(OH),, and NaOH via

pyrolysisusing a reflux condenser

3.1. Introduction

The management and treatment of waste electrical and eleotquipment (WEEE),

of which about 50 million tons are annually generated worldwide, isniagoa major

concern [1]. The production of WEEE, such as TV housings, computer casings

refrigerator casings and washing machines, consequently resubgsvironmental

problems due to the use of harmful materials (e.g. plastic addithetals). According

to the WEEE EU directive, the fraction of major plastics assedi with WEEE

demands their recovery [2]. WEEE mainly consists of metals asigpmaterials. The

plastic fraction includes high impact polystyrene (HIPS) and@uityile — butadiene -

styrene copolymer (ABS), and more than half of computer houamegsade of HIPS,

with the next biggest fraction being ABS [3].

Various pyrolysis processes have been tested for processingsplakich contain

brominated flame retardants (BFRs) including fluidized bed pgi®l{4], two-stage

pyrolysis [5], long residence time pyrolysis [6], and pyrolysighe presence of iron

and calcium based catalysts [7]. Recently, William et altdBprted that the removal of
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bromine content of Br-ABS by using zeolite ZSM-5 and zeolitéedlite was carried

out in a fixed bed reactor at 440°C. The concentration of bromine wwagil2.7 wt%

without zeolites, and the contents of bromine in oil contained 2.6 wt% 2eilhtes.

Joo-Sik Kim et al. [9] also reported that the removal of bromineecbrdf HIPS by

using various Ca-based additives (CaO, Ca(OH)2, Oyster Shalcarded out in a

bench-scale system equipped with a fluidized bed reactor at 460°%% fbund that the

concentration of bromine in oil was 5 wt% without catalyst, and ahéeats of bromine

in oil contained 1.6, 1.3, and 2.7 wt% with various Ca-based additives.

In the present study, Br-ABS are pyrolyzed with or withoutONa Ca(OH) and

scallop shell using a reflux-condenser at 450°C. It is demonstraggdusing a

reflux-condenser in combination with additives are expected for irggluo trace

amounts of bromine compound in product oil.
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3.2. Materialsand M ethods

3.2.1. Materials and additives

Brominated flame retardant of acrylonitrile-butadiene-styrena (@8S) used in this

study was obtained from Asahi Kasei Chemicals Co. Ltd. (Tokyo, Japan). Riawah

contains ABS 65%, flame retardant 30% and others 5 %. The elemental composition of

ABS was shown in Table 1.The additives of NaOH and Ca(OH)2 were obtained from

Wako Pure Chemical Industries, Ltd. The shell powder was used scallop shell.

3.2.2. Experimental Procedures and apparatus

The experimental apparatus used in this study was shown in Figureelglass

reactor (length: 130 mm; i.d. 50 mm) and the glass reflux cond@esgth: 350 mm;

I.d. 12 mm) were used. The pyrolysis of Br-ABS plastic wadopmed in a glass

reactor under atmospheric pressure in nitrogen gas with a reftundenser.

Approximately, 60 g of Br-ABS were added into the reactorerrhal decomposition.

The additives are used to select the amount of each mostiveffadditives (3 g of

NaOH, 12 g of Ca(OH)and 12 g of shell). In a typical run, the reactor was purgdd wit

nitrogen gas at a flow rate of 50 mL/min and held for 60 miretoove oxygen from

the reactor. After nitrogen substitution, nitrogen gas flow stoppedtrangbyrolysis
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experiment was performed. The temperature of the plastic bedneasured as the

decomposition temperature, and the reactor temperature was idcréaséhe

decomposition temperature (450°C) at a heating rate of 5°C/min and h&@ fom.

During the experiment, the reflux-condenser (200°C) was heated tales$ieed

temperature. A portion of the hydrocarbon gases condense in reflux cendeddalls

back into the reactor. The uncondensed fractions passed througfiukeoadenser,

and product oil is collected with cold water condensers. Moreovenptiieondensable

gases, which pass through cold water condenser, were collectedlimanum bag via

bubbling in the alkaline water solution. After pyrolysis, the residas remained in the

reactor. All the tests are carried out for a fixed timén@Rrs).The pyrolysis products

(oil, gas and residue) were calculated mass balance after experiments.
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Fig. 1. Schematic diagram of the pyrolysis reactor with a reflux-condenser

The elemental composition of Br-ABS was determined using arfgnmker 2400,
EAI CE-440F and Combustion lon Chromatography. The element of cdrpdrmgen
and nitrogen was analyzed by PerkinElmer 2400 and EAI CE-440F. Tbgehabf
bromine and chlorine was determined using Combustion lon Chromatognagliliea
antimony was determined by JIS K0102 (2010).All oils were diluted with methambl, a
guantitatively and qualitatively analyzed by comparing the peaksnebtdby Gas

chromatography—mass spectrometry (GC/MS). The main compounesdeetified by
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the GC/MS spectrum library (match quality higher than 90%). salinples were
analyzed by 5890 SERIES GC and 5972 SERIES Mass SelectivadDéM&) on an
FUSED SILICA capillary column (60 m x 0.25 mm i.d., Ju@ film thickness), with
pure helium used as the carrier gas. The analysis condition aveedcout at a
temperature rate of 40°C for 5 minutes, and then increased from 4QtC29p°C at a
temperature rate of 5°C/min. The temperature of injector wasgpsat 250°C and that

of the detector at 280°C. It can identify the substances which have 35-400 m/z.

3.3. Results & Discussion
3.3.1. Mass balance of products

The product yield of Br-ABS and additives (NaOH, Ca(@tbhell) were shown in
Table 2. Regardless of additives, the yield of oil is over 60 % tlaidof residue is
30-34 %, and that of gas is 5-8 %, which means that oil is the highkts groduct via
pyrolysis, but the product yield was different depending on additivéboW additive
increasing the reflux temperature, the yield of product oilseas®, while that of the
residue decrease. Therefore, the amount of residue is higheithehadditives of shell

and Ca(OH,) other experiments.
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Table 1. The product yield of Br-ABS by additives (Shell, Ca(OH)2, NaOH)

Product yield (wt %) Br-ABS Shell Ca(OH)2 NaOH
ol 64.16 61.27 62.49 62.57
Residue 29.91 33.73 33.13 29.64
Gas 5.93 5.00 4.38 7.79

3.3.2. Analysis of products

The component of product oil was identified by GC/MS. The GC/MS chromatograms of

product oil obtained from Br-ABS and additives are shown in Figure 2. The major

compounds are 1.toluene,

6.2-bromophenol, 7.3-bromophenol, 8.isopropylphenol, 9.propane, 10.benzene,

11.4-methyl-2,4-diphenyl-1-pentene and other compounds. The bromine compound was

detected as 2-bromophenol, 3-bromophenol and 2,4-dibromophenol. The components of

oil are decreased depending on additives.
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Fig. 2. GC/MS chromatograms of oil products via pyrolysis

(a) Br-ABS (b) Br-ABS+NaOH (c) Br-ABS+Shell (d) Br-ABS+Qaifl),

3.3.3. Effect of additives to provide the product oil components

With decreasing depending on additives, the bromine compounds in oil decrease. The

total concentration of 2-bromophenol, 3-bromophenol and 2,4-dibromophenol using

reflux condenser at 450°C are 296.46 mg/L, 215.38 mg/L, 116.45mg/L and 27.17

mg/L, respectively(show in Figure 3). These results indicate that therdaining low

bromine compounds can be obtained via pyrolysis using reflux condenser and addition

of NaOH.
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Fig. 3. Concentration of bromine compounds in the product oil of Br-ABS and

additives.

3.4. Conclusions

Br-ABS are pyrolyzed with or without NaOH, Ca(QHand scallop shell using a
reflux-condenser at 450°C. The pyrolysis oils obtained in all expatsnmainly
consisted of isopropyl alcohol, toluene, ethylbenzene, styrene, cumepglbpnzene

and «a-methylstyrene which are similar to the contents in heavyTdie bromine
compounds in oil were 2-bromophenol, 3-bromophenol and 2,4-dibromophenol. These
results indicate that NaOH is superior to decrease in the pgraduen bromine

compounds other than as an additive effect.
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Chapter 4

Brominereduction uisng reflux condenser with varioustemperaturesvia pyrolysis

4.1. Introduction

Plastic polymer products are widely used in electrical ancirel@c equipment, and

such products generate significant amounts of waste after us¢e Yastic recycling

techniques are desirable to protect the environment from non-biodegrpteies and

other toxic substances associated with polymer waste. Amongusargcycling

methods for waste plastics, feedstock recycling has been foune poomnising for

waste plastics, and pyrolysis is one of the most promisingcliegytechniques for

polymers. By pyrolysis, polymers are converted into gas, od, @rbon residue for

uses such as chemical feedstock and fuel [1].

Plastics from waste electric and electronic equipments (VWWE&t#htain toxic

brominated flame retardants, which present problems particdtariyecycling [2—6].

For example, the treatment of brominated compounds from 300°C to 500°C ingroduce

the possible formation of brominated dibenzodioxins and furans [7]. This should be

avoided because of the carcinogenic character of these products. Nordwve

production of hazardous by-products reduces the acceptance ofrrggycesses by

the people.
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WEEE consists primarily of metals and plastic materials. glastic fraction includes

high impact polystyrene (HIPS) and acrylonitrile—butadiene—styi&B&) copolymer,

and the majority of computer housings are manufactured with HIRE, the next

largest fraction being ABS [8]. WEEE plastics also containnanty trioxide as a

synergist to increase the flame retardant properties of braedirzatditives. However,

during combustion antimony trioxide promotes the release of brominealadia the

formation of volatile antimony bromides. Consequently, the bromine tadiceench

the combustion process by aggressively scavenging the other sadmpaired for flame

propagation [9]. Moreover, some studies indicate that the likelihood ofirffgrm

polybrominated dibenzodioxins and dibenzofurans during mechanical and chemical

recycling at certain temperatures is high [3, 10-12]. The fletedant properties of

WEEE plastics represent a major problem for pyrolysis reawyctechnologies,

particularly because of the presence of bromine and antimony.

There is abundant literature regarding fundamental investigadfgmgolysis and the

chemical recycling of waste plastics [13-24]. Several investigatihave been

performed to assess the effect of antimony trioxide on both tludypig products and

bromine content of plastics during pyrolysis. Bhaskar et al. reghdhte pyrolysis of

polybrominated HIPS mixed with polypropylene, polyethylene, polgsgy and
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polyvinyl chloride, and debromination was performed using a carbon compufsit

calcium carbonate (Ca-C) [15]. Vasile et al. investigatgatonement of pyrolysis oil

guality using the commercial hydrogenation catalyst DHC-8, &mg tlemonstrated

that most of the hazardous halogenated compounds were degraded, and haogens

released as gases [25]. Hall and Williams reported on th@yeslysis of halogenated

plastics from waste computers and showed that the pyrolysis gisodantained a

chemically heterogeneous mixture of hydrocarbons that wouldl todge treated for the

hydrocarbon industry [23]. Blazso et al. studied the analyticablysis of flame

retardant polymers in electronic scrap and debromination. They reépbee sodium

hydroxide enhances bromomethane evolution and depresses the formation of

brominated phenol during pyrolysis of brominated epoxy resins [24]. InthHamm

have demonstrated the compatibility of brominated flame retardastiqd with

feedstock recycling and energy recovery processes [26]. AntoSeatidr investigated

the influence of the flame retardant on thermal decomposition of paylene and

polymer optical stabilizers [27]. In all these studies, catslgge mostly used, and the

bromine concentration in the produced oil is still high.

Deepyaman and Amitava have studied the effects of a reflux comdenséhe

molecular weight distribution of products by pyrolysis of polypropgledhey
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compared the effects of degradation with and without reflux on the ulateeeight

distribution of the product [28]. When brominated acrylonitrile—styrene—butadie

(Br-ABS) is heated in an inert atmosphere and the volatile produetsondensed, the

molecular weight distribution of the product oil is very wide. Moreover, this product has

poor low properties, very waxy, high halogen compound and unusableqasdafuel

[15, 29]. By using the reflux condenser, the larger molecules are rseti@nd fall

back into the reactor to break into smaller molecules by heagiam in order to reduce

halogen compound in product oil to be used as fuel.

In the present study, Br-ABS resins are pyrolyzed with axefbndenser at 450°C,

and the reflux temperature was set up 150°C to 200°C. We investibateitie effect

of reflux condenser temperature on the amount of bromine compound in prodiact oil

be used as fuel.
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4.2. Experimental Procedures and apparatus

The brominated flame retardant of ABS resin used in this study was obtained from

Asahi Kasei Chemicals Co. Ltd. (Tokyo, Japan). The raw material contains BS% A

30% flame retardant, and 5% other substances.

The experimental apparatus used in this study is shown in Figérlass reactor

(length: 130 mm; i.d. 50 mm) and glass reflux condenser (length: 350.darh2 mm)

were used in the experiment. The pyrolysis of Br-ABS plasas performed in the

glass reactor under atmospheric pressure in nitrogen gas with #molutwreflux

condenser. Approximately, 60 g of Br-ABS was added into the reémtahermal

decomposition. In a typical run, the reactor was purged with nitrogeatgaflow rate

of 50 mL/min for 60 min to remove oxygen from the reactor. After omygeostitution,

the nitrogen gas flow was stopped and the pyrolysis experimenpevéemed. The

temperature of the plastic bed was measured as the decompe@sitjerature, and the

reactor temperature was increased to the decomposition téompe(d50°C) at a

heating rate of 5°C/min for 30 min. During the experiment, the refandenser was

heated to the desired temperature (from 150°C to 200°C). A portion bfydnecarbon

gases condensed in the reflux condenser and fell back into the rédetamcondensed

fractions passed through the reflux condenser, and the oil wasteollgith cold water
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condensers. Non-condensable gases, which passed through the coldondémser,

were collected in an aluminum bag via bubbling of the alkaline veatieition. After

pyrolysis, the residue remained in the reactor. All tests wamged out for a fixed time

period (2 h). The mass balance of the pyrolysis products (oil, gdsteaidue) was

calculated after the experiment$e elemental composition of Br-ABS was determined

using PerkinElmer 2400, EAI CE-440F elemental analyzers, and caorbush

chromatography (CIC). Carbon, hydrogen, and nitrogen were &ubly® the

PerkinElmer 2400 and EAI CE-440F. Bromine and chlorine were determimedQi<C,

and antimony was determined by JIS K0102 (2010).

All oils were diluted with methanol, and were quantitatively and itualely

analyzed by comparing the peaks obtained by gas chromatographyspeassmetry

(GC/MS). The main compounds were identified by the GC/MS spadibrary (match

quality higher than 90%). All samples were analyzed by a HeRbatkard model 5890

SERIES GC and a 5972 SERIES mass selective detector on a fiuseecapillary

column (60 mm x 0.25 mm, i.d.; 1;0n film thickness), with pure helium used as the

carrier gas. The analysis was carried out at a tempetd@ C for 5 min, which was

then increased to 290°C at a rate of 5°C/min. The temperature iofe¢br was set at

250°C and that of the detector at 280°C, which could identify substancebatheat

53



35-400 m/z.

Thermocouple...........
Reflux g
condenser

Temperature
controlled

furnace

Fig. 1. Schematic diagram of the pyrolysis reactor with a reflux-condénesfux

temperature 150 °C t0200°C ).

54

Heater

Water/ Ice
outg

«—condenser

: Gas
i Thermo .
Fin
couple
p
bin
e Alkali
OF"  bubbler
Pyrolysis oil L O
\ . O J




4.3. Results & Discussion

4.3.1. Mass balance of products

The effects of reflux condenser temperature (from 150°C to 200°Cheoprbduct

yields are shown in Table 2. Regardless of reflux temperaturgiglds of oil, residue,

and gas were more than 55%, 20%-40%, and 5%—-10%, respectively. Henceldthe vyi

of oil was the highest via pyrolysis; however, the product yifleéred depending on

the temperature of the reflux condenser. With increasing reflogegrture, the yield of

product oil increased and that of the residue decreased. Thereferamibunt of

product oil was higher than the residue at higher reflux temperatures.

Table 1.The product yields by the reflux temperature

Product yield (wt %)

Reflux
Temperature (°C)
150
160
170
180
190
200

Oill

57.8
63.7
64.8
65.5
68.1
69.0

Residue

36.8
29.4
27.9
26.8
23.3
22.4

Gas

5.4
6.9
7.3
7.8
8.6
8.6
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4.3.2. Analysis of oil products

The components of product oil were identified by GC/MS. The GC/MS

chromatograms of the product oil obtained from Br-ABS are showkigare 2, and

some characteristics for the components of oil decomposition arenshoWable Il1.

The major compounds obtained were similar to the content of heavy lod. T

compounds obtained were isopropyl alcohol, toluene, ethylbenzene, styremmecum

propylbenzene,a-methylstyrene, and butylbenzene, and the minor components were

isopropylphenol, 2-phenylpropan-2-ol, benzenebutanenitrile, 1,3-diphenylpropane,

1,3-diphenylbutaney-methylstyrene dimer, 1,2-diphenylcyclopropane, 4-cumylphenol,

hexadecane- nitrile, and octadecanenitrile. The bromine compounddedeteere

2-bromophenol, 3-bromophenol, and 2,4-dibromophenol.

Ethylbenzene was the predominant compound in the oils under all experimental

conditions. The peak area of ethylbenzene increased with decreasing reflux condense

temperature. The peak areas of other components with low molecular weight, such as

isopropyl alcohol, toluene, styrene, cumene, propylbenzeneyethylstyrene, and

butylbenzene also increased. Moreover, the peak areas of components with high

molecular weight diminished. The high molecular weight components return to the
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reactor to decompose into low weight components due to their high boiling/

condensation points.
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Fig. 2. GC/MS chromatogram of oil products by pyrolysis (reflux temperature a

200°C).
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The concentrations of bromine compounds in the oil are shown in Fig. 3. With
decreasing reflux condenser temperature, the bromine compounds in the oil decrease
The concentration of 2-bromophenol, 3-bromophenol, and 2,4-dibromophenol using the
reflux condenser at 150°C was 42%, 52%, and 38% of the concentration at 200°C,
respectively. These results indicate that the oil containing low bromine comp@mds ¢

be obtained via pyrolysis using a reflux condenser at low temperature.

140
¢ 2 4-dibromophenol

120 | A 2-bromophenol
- ® 3-bromophenol
£ 100
©
c
a 80
o
£
o
© 60
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£
£
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20
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150 160 170 180 190 200

reflux temperature (°C)

Fig. 3. Concentration of bromine compounds in the product oil using reflux condense
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at various temperatures.

4.3.3. Effect of reflux condenser

The Br-ABS resins were pyrolyzed without a reflux condenser to investlgatdffects

of the reflux condenser. Figure 4 shows the concentrations of bromine compounds in

the pyrolysis oil obtained with and without the reflux condenser. The temperatuee of th

reflux condenser was 200°C. The concentration of the total bromine compounds in the

oil obtained with the reflux condenser was 296 mg/L, while that obtained without the

reflux condenser was 3105 mg/L, which was approximately ten times than thatdbtaine

using the reflux condenser. The concentration of 2-bromophenol, 3-bromophenol, and

2,4-dibromophenol in oil obtained by pyrolysis with the reflux condenser was 6.5%,

11.3%, and 9.5% of the concentration obtained without the reflux condenser,

respectively. The use of the reflux condenser is possible to reduce around one tenth of

bromine compounds in oil obtained via pyrolysis.
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Fig.4. Concentration of bromine compounds in the oil obtained via pyrolysis with or

without reflux condenser.
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Table 2. Component of the decomposition oil, molecular weight and boiling point by

reflux temperature

Reflux Temperature

Peak R.T BP
Compound Formula MW (%)
No.  (min) (°C)
150°C  160°C 170°C  180°C 190°C  200°C
1 25 Isopropyl Alcohol ¢HsO 60 83 0.9 0.8 0.7 0.7 0.7 0.6
2 5.3 Toluene Hs 92 110 16.8 13.3 13.0 10.9 10.6 10.2
3 8.2 Ethylbenzene 1o 106 136 29.0 26.0 24.3 235 22.7 21.7
4 8.9 Styrene s 104 145 2.0 1.9 1.9 1.8 1.7 15
5 9.7 Cumene &io 120 152 14.3 11.9 11.6 11.0 104 9.2
6 10.3 Propyl Benzene o2 120 159 9.5 6.9 6.3 7.8 6.7 6.9
7 11.8 2-Propylbenzene olio 118 152 8.4 7.8 6.9 6.9 6.7 6.3
8 119 a-Methylstyrene GH1o 118 165 0.6 0.4 0.3 0.1 0.1 0.1
9 12.4 Butylbenzene s 134 183 0.7 0.7 0.5 0.4 0.3 0.2
10 12.7 2-Bromophenol EsBro 172 195 2.3 2.3 2.3 2.4 25 25
11 12.9 2-phenylpropan-2-ol 98,0 136 202 0.3 0.5 0.5 0.6 0.6 0.9
12 15.2 Isopropylphenol .0 136 212 0.1 0.1 0.2 2.0 2.1 21
13 16.2 3-Bromophenol &sBro 172 236 0.2 0.3 0.4 0.4 0.6 0.6
14 17.0 Benzenebutanenitrile 181N 145 - 0.2 0.2 0.2 0.2 0.2 0.2
15 17.2 2,4-Dibromophenol s84Br,0 250 154 0.2 0.3 0.6 0.8 0.9 1.0
16 211 1,3-Diphenylpropane 14B16 196 - nd 0.1 0.1 0.2 0.1 5.1
17 21.4 1,3-Diphenylbutane 18818 210 - nd 0.2 0.2 0.4 0.5 1.0
18 22.0 1,2-Diphenylcyclopropane  CisHig 194 - nd 0.2 0.3 0.1 0.3 0.5
19 22.2 1,4-Diphenylbutane 1818 210 - nd 0.1 0.2 0.2 0.3 0.3
20 22.6 o--Methylstyrene dimer GHao 236 161 nd 0.0 0.1 0.1 0.1 0.2
21 23.3 4-Cumylphenol &H160 212 - nd 0.0 0.1 0.1 0.1 0.2
22 23.6 Hexadecanenitrile 143N 237 - nd nd nd nd 0.7 0.8
23 25.6 Octadecanenitrile 14BN 265 - nd nd nd nd 0.5 0.6

R.T: retention time; BP: boiling point; MW: molecular weight; nd: not detected
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4.4. Conclusions

ABS resin containing brominated flame retardant was pyrolye4b0°C using a

reflux condenser to produce oil with low content of bromine compounds. The oll

obtained via pyrolysis in all experiments consisted primarilyisopropyl alcohol,

toluene, ethylbenzene, styrene, cumene, propylbenzenmethylstyrene, and

butylbenzene, which are similar to the content of heavy oil. The heooumpounds in

the oil were 2-bromophenol, 3-bromophenol, and 2,4-dibromophenol. With increasing

reflux condenser temperature, the yield of oil decreased, yielbiofue increased, and

the yield of bromine compounds decreased. Hence, the bromine contenbhtaoied

via pyrolysis with the reflux condenser was lower than that olatan#hout the reflux

condenser. These results indicate that the reflux condenser appeaatefective for

reducing bromine compounds in oil.
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Chapter 5

Bromine compounds reduction with addition of NaOH uisng a reflux condenser

5.1. Introduction

Plastics are low-cost materials and widely used becausecéimelpe easily processed

into light but durable materials with low thermal and electraaiductivity. However,

according to the strong increase in plastic consumption more aredptastic waste is

accumulated that poses serious problems to the environment due topfleasant

aspect and the long persistence in landfill. On the other handcplastte has a high

content of organic materials and energy that is totallydgstisposal or is recovered

only in a very small amount by incineration. Due to the world'séithreserve of coal,

crude oil and natural gases, it becomes very urgent to preserveexibing

non-renewable materials and to find other carbon sources as feeodhsttaials or as

fuels. Pyrolysis is one of the best methods to recover the isdlaa@d energy from

polymer waste, as only about 10% of the energy content of the plaste is used to

convert the scrap into valuable hydrocarbon products [1]. These hglamacaroducts

are obtained by breaking down polymers at high temperatures intochenical

feedstock components from which they originate, while the additiveékel polymer

materials (e.g. metals, inorganic fillers and supports) remain in the pgrobgidue.
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Waste plastics are divided into two groups of hydrocarbons such ashytdye (PE),

polypropylene (PP) and polystyrene (PS) and hydrocarbons contaetergdtom such

as polyvinylchloride (PVC), acrylonitrile-styrene-butadiene resfABS) and

polyethylene terephthalate (PET).

One of the major components of the waste from electric anttalerequipment is

ABS, which usually contains brominated flame retardants. Tetradygphenol A

(TBBPA), and brominated epoxy oligomers (TBBPA is built in thgesiner structure)

are widely used flame retardants in the plastics of electronic industtyus epoxy and

polycarbonate resins, ABS, high impact polystyrene, phenolic resinssaddrutextiles

as well. Br-ABS and HIPS-Br are commonly found in the waste fedectric and

electronic equipment (WEEE).Moreover, ABS materials cause additpmoblems

because organic halogen compounds in oil can lead to formation of dimxiier

benzofurans [2,3]. Therefore it is necessary to remove halogen from pyrolysis oils

Various pyrolysis processes have been tested for processingsplakich contain

brominated flame retardants (BFRs) including fluidized bed pgi®l{4], two-stage

pyrolysis [5], long residence time pyrolysis [6], and pyrolysighe presence of iron

and calcium based catalysts [7]. Recently, William et altdBprted that the removal of

bromine content of Br-ABS by using zeolite ZSM-5 and zeolitéedlite was carried
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out in a fixed bed reactor at 440°C. The concentration of bromine wagil2.7 wt%

without zeolites, and the contents of bromine in oil contained 2.6 wt% aeilhtes.

Joo-Sik Kim et al. [9] also reported that the removal of bromineecbrdf HIPS by

using various Ca-based additives (CaO, CagOHphell) was carried out in a

bench-scale system equipped with a fluidized bed reactor at 460°%% fbund that the

concentration of bromine in oil was 5 wt% without catalyst, and ahéeats of bromine

in oil contained 1.6, 1.3, and 2.7 wt% with various Ca-based additives.

In the present study, the virgin materials of Br-ABS are pyed with or without

sodium hydroxide by using a reflux-condenser at 450°C. It is demouqstinatteusing a

reflux-condenser in combination with sodium hydroxide is expectedefiucing to

trace amounts of bromine compound in product oil. The main objectivesadttidy is

to elucidate the influence of a reflux condenser and additive on thendialbtion of

pyrolysis oil.
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5.2. Experimental Procedures and appar atus

5.2.1. Material sand additives

Brominated flame retardant of acrylonitrile-butadiene-styrese (ABS) was obtained

from Asahi Kasei Chemicals Co. Ltd. (Tokyo, Japan). These virgtermhcontains

ABS 65%, flame retardant 30%, antimony trioxide (Sb203) 3.8% andsatt2¥. The

additives of sodium hydroxide (NaOH) are obtained from Wako PureniCake

Industries, Ltd.

5.2.2. Apparatus and analysis procedures

The reactor was used glass reactor (length:130 mm; i.d. 50mm)tlendgeflux

condenser (length: 350 mm; i.d. 12 mm) was also made of glass. pyfdigsis of

Br-ABS plastic was performed in a glass reactor under nmtrquessure with or

without a reflux condenser. The experimental apparatus is shown in 1Fig

Approximately, 60 g of plastics were loaded into the reactor ther thermal

decomposition. Sodium hydroxide was used 1% to 5% of plastic weiglefaatalytic

tests. In a typical run, the reactor was purged with nitrogen gas at a féoef rat

50 ml /min and held at for 60 min to remove oxygen from plastic safmp&reactor

temperature was increased to the decomposition temperature (450°C) at arhgating
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of 5°C /min and held for 30 min. The temperature of the plastic bedneasured as
the decomposition temperature.

Thermocouple........... Heater
: : Water/ Ice
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N2 Gas
1 | Thermo .
3 = in
couple
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Temperature _—, pin
1
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— e
O"  bubbler
Pyrolysis oil i O
O

Fig. 1. Schematic diagram of the pyrolysis reactor with a reflux-condé@migieror
without NaOH)
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The glass reactor (450°C) and the reflux-condenser (200°C) were he#teddesired

temperature. The reflux condenser is setting up to break down the aodecules

break into smaller molecules in the reactor by heating. A poaicdhe hydrocarbon

gases distillates and falls back into the reactor. The unconderssstbrfs passed

through the reflux-condenser and cold water condenser are colledtedepiarating

funnel. Moreover, the non-condensable gases pass through cold watenseonded

finally only the gas is collected in an aluminum bag by bubblintpénalkaline water

solution. All the tests are carried out for a fixed time. Afigrolysis, the residue was

remained in the reactor. The pyrolysis products (oil, gas and r¢sigue calculated

mass balance after experiments.

The product oils were analyzed by gas chromatography/massospettr (GC/MS).

The char and oil were analyzed by using combustion flask followediohy

chromatograph. About 1 g of char and oil sample were combusted in theistoon

flask and then washed with ion exchanged water in order to dissolvgatie®us

products. The obtained solution was analyzed by a DIONEX DX-120 ion

chromatograph that can be anion. And the solid char was also analyzshnning

electron microscopy (SEM, JSM-6510A) coupled with energy dispers{-ray
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analysis.

Gas chromatography/mass spectrometry (GC/MS) was pertbrwith use of a

Hewlett-Packard 5890-II gas chromatograph interfaced whir &972 mass selective

detector.  GC analysis was carried out on a fused-silica col6@m x 0.25 mm i.d.)

coated with a SPB-5 (1.0m film thickness) operated with temperature programming

from 40°C up to 250°C at a temperature rate of 3.5°C min-1 with Herasragas

(linear velocity = 20 cm/s). El mass spectra and reconsttutiromatograms were

obtained by automatic scanning in the range 35-400 m/z. All the oils were quaetyitat

and qualitatively analyzed by comparing the peaks obtained by SCINE product oil

was diluted with methanol. The main compounds were identified by QMG

spectrum library (match quality higher than 90%). lon chromatograyalsycarried on a

DX-120 ion chromatograph with an lon Pac CS12A (4 mm) cation ag@aicolumn, a

guard column and a conductivity detector. Sample was filtered thr@@y45 micro m

membrane, diluted with de-ionized® and injected with a mobile phase, flow rate of 1

ml/min. The residue and gas bubble water were analyzed by ion-dograyhy

DX-120. The solid residue analyzed by SEM/EDX (JSM-6510A) foir tAlemental

contents, including bromine, chlorine, antimony and sodium.
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5.3. Results & Discussion

5.3.1. Mass balance of products

This paper has investigated the effect of addition of NaOH (0 to 5 percent) onldise yie

of pyrolysis products when Br-ABS plastic was pyrolyzed at 450°C.The quavetitat

results of the decomposition of Br-ABS and addition of NaOH (0 to 5 percent) shown in

Fig.2 where it can be seen that the oil was obtained 56 to 63 weight percent. And the

residue also was obtained at 27 to 34 weight percent. The gas product was cbllected

8 weight percent, respectively. Since NaOH addition of produced oil is low than without

NaOH pyrolysis. However, NaOH addition may be increased of residue amigase

products also a little increased.
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Fig.2.Product yields from the pyrolysis of Br-ABS with NaOH by useftux

condenser

5.3.2. Analysis of products

The components of product oil were identified by GC/MS. The GC/MS

chromatograms of the product oil obtained from Br-ABS are showigumef 3. The

major compounds obtained were similar to the content of heavyhsl.compounds

obtained were isopropyl alcohol, toluene, ethylbenzene, styrene, neume

propylbenzeneg-methylstyrene, and butylbenzene, and the minor components were

isopropylphenol, 2-phenylpropan-2-ol, benzenebutanenitrile, 1,3-diphenylpropane,
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1,3-diphenylbutanez-methylstyrene dimer, 1,2-diphenylcyclopropane, 4-cumylphenol,
hexadecane- nitrile, and octadecanenitrile. The bromine compounddedeteere
2-bromophenol, 3-bromophenol, and 2,4-dobromophefible concentrations of
bromine compounds in the oil are shown in figure 4. With decreasing\edditNaOH,

the bromine compounds in the oil increase. The total concentrationrofrizphenol,
3-bromophenol, and 2,4-dibromophenol using the reflux condenser at 200°C are 296
mg/L, 207 mg/L,143 md/L,127 mg/L,87mg/L and 46 mg/L respectively.

These results indicate that the oil containing low bromine compoundsecalotained

via pyrolysis with NaOH and using a reflux condenser.

8
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Fig. 3.GC/MS chromatogram of oil products by pyrolysis (reflux temperat@@0&C)
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Fig.4. Concentration of bromine compounds in the oil. (Br-ABS and with sodium
hydroxide)

The halogen concentration in the produced oils is shown in table 1.Frotaliiaisl,
we can see that the addition of NaOH was increased, the hatogént in oil was
decreased. The bromine was decreased from 7500 mg/L to 451 Mmwwke result
indicated that the pyrolysis oil was possible use as alteenaitel. The table 2 shows
the analysis of halogen in residue products by ion chromatogregihge NaOH
addition of residue was found that a lot of halogen, it consideredNh@H was
captured halogen compound and leave in residue. However, when addition amount of
NaOH was increased, the residue was a little increased awdritent of halogen also

increased.
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Table 1.The halogen concentration in the oil

The halogen concentration in the product oil (mg/L)

F Cl Br
NaOH 0%  450.04+ 1598.14+ 7504.91+
NaOH 1%  384.59+ 826.01+ 4581.56+
NaOH 2%  369.75% 416.43+ 2683.59+
NaOH 3% 274.77+% 263.31+ 2395.35+%
NaOH 4% 172.17+ 231.51+ 1454.84+
NaOH 5% 154.76x 129.11+ 451.67+

Table 2. The halogen concentration in the residue

The halogen concentration in residue (mg/L)

F Cl Br
NaOH 0% 69.57+ 276.39+ 7878.54+
NaOH 1% 195.54+ 907.76+ 14108.12%
NaOH 2% 1755.62+  1466.34+ 22955.67+
NaOH 3% 2830.31+ 1961.58+ 25109.60+
NaOH 4% 2729.22+  3454.11+ 43781.82+
NaOH 5% 1428.34+% 7275.69+ 48161.58+

The solid residue analyzed by SEM/EDX (JSM-6510A) for their elementamisnt

including bromine, chlorine, antimony and sodium.(show in table 3) The results of table

3 also indicated that the addition amount of NaOH was increased, the content of

halogen and antimony were also increased. Figure 5 is showed analysis of residue of

Br-ABS with NaOH. This figure 5 can be seen bromine and sodium and other elements.

The analysis of residue by ion chromatography are showed in Fig.6.Theositfati
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residue are showed in Fig 7 (a) and (b).This figure can be seen that the residbe of w

NaOH was found white things on the surface of residue and so hardithaut NaOH.

Therefore, it may be considered that NaOH could caught halogen.

Table 3. The elemental composition of residue by SEM-EDC

Elemental composition of residue by SEM-EDC (n8&$s

C N O Na Cl
NaOH 0% 73.02 13.456 5.67 0.25 nd 014 007 €20 1.19
NaOH 1% 66.52 13.73 2.88 032 0387 024 nd 12.04 3.35
NaOH 2% 65.15 13.00 3.00 049 148 024 nd 12.59 4.07
NaOH 3% 65.0/ 7.02 155 045 250 037 008 1766 5.30
NaOH 4% 64.22 642 138 079 25 052 009 1831 5L.71
NaOH 5% 6164 653 012 170 261 066 0.18 1940 7.11
2
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Fig.5 Analysis of residue of Br-ABS with NaOH by SEM-ECD
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Fig.7.(a) Residue of Br-ABS (b) Residue of Br-ABS®Na

5.4. Conclusions

ABS resin containing brominated flame retardant was pyrolyzed wi without

NaOH at 450°C using a reflux condenser to produce oil with low coofelmtomine

compounds. With increasing addition of NaOH, the yield of oil decdeageld of

residue increased, and the yield of bromine compounds decreased. tHernm®mine
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content in oil obtained via pyrolysis using the reflux condenser awasrlthan that

obtained without NaOH. These results indicate that the addition oHNa@ the reflux

condenser apparatus was more effective for reducing bromine ancheroompounds

in oil. Otherwise, the NaOH addition was may be leave halogen in the residue.
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Chapter 6

Thermal pyrolysis of Polyethylene plastic by using a reflux-condenser apparatus;

Removal of waxes from the pyrolysis oil

6.1 Introduction

High-density polyethylene (HDPE) or Polyethylene high den$RiEHD) is a

polyethylene thermoplastic made from petroleum. It takes 1.75 kgewbleum (in

terms of energy and raw materials) to make 1 kg of HDIPEPE is commonly

recycled and has the number “2"as its recycling symbol. (1) Hegtsity polyethylene

is one of the largest used commaodity plastics due to its vastafomtis in many fields.

Due to its non biodegradability and low life, HDPE contributes sigmifly to the

problem of Municipal Waste Management. To avert environment pollution ¢¥BHD

wastes, they must be recycled and recovered. On the other hanly, degdetion of

fossil fuel and increased energy demand, motivated the reseaaolleteschnologists to

search and develop different energy sources. Waste to energy has igadicarg way

to utilize the waste sustainably, simultaneously add to meetnrgy demand. Plastics

being petrochemical origin have inherently high calorific valukusTthey can be

converted back to useful energy. (2) This paper we investigateefto® condenser

temperature and removal of waxes in the pyrolysis oil at 450 °C.
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6.2. Material & Experimental appratus

High Density Polyethylene resin (HDPE) was obtained fromhAKasei Chemicals

Co.Ltd. (Tokyo, Japan). The amount of samples was analyzed by mga%Qrmg

from 5 mg and DTA at 5°C/min to 550°C under a standard pressure rogamt

atmosphere. The experimental apparatus is shown in Fig. 1.

Approximately, 30 g of plastics were loaded into the reactorthe thermal

decomposition. In a typical run, the reactor was purged with nitrogeatgaflow rate

of 50 ml/ min and held at for 60 min to remove oxygen from plastic gafpk reactor

temperature was increased to the decomposition temperature (45Gf@gating rate

of 5°C/ min and held for 30 min. The reflux condenser temperature wad5@i@ ~

200 °C. The temperature of the plastic bed was measured as thmpdsdion

temperature. After the decomposition, the product oil was analgge@GC/MS of

Hewlett-Packard 5890-II gas chromatograph.
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Fig.1.Schematic experimental setup for pyrolysis of HDPE atGl50

6.3. Resultsand Discussion

Figure 2 shows the distribution of reaction products by reflux tesiyrer (156C ~
200 °C). In this case of reflux temperature (180 ~ 200-C), the product oil was
collected 26.30, 27.48, 35.22, 37.50 and 44.29 wt%, respectively. The gas product was
collected about 6 to 10 wt % .The residue was 64.11, 66.56, 57.28, 65.28, 56.21 and
47.52 wt%. The residue was found waxes. We understand that the productealksede
slightly from 150°C ~ 160°C of reflux temperature, the residue lsasiatreased than

170°C ~ 190°C of reflux temperature. Also produces oil yield was isede&rom
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170°C ~ 190°C, in the case of 200°C, the residue was decreased and, ingteatax

increased slightly. It considered that if the reflux tempeeatsilow, the oil yield has

decreased by polymer decomposed is condensed and gone back into the reactor.
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Fig.2 products yield distribution by various reflux temperature via pyrolysis

The GC/MS analysis of the product oil by the reflux tempergds8 °C, 170°C, 200

°C) shows figure 3. In the case of 150 °C of reflux temperatureatbhen number was

found G to G5 and the molecular weight components also smaller than otlefls<(r

87



temperature 170°C, 200 °C).If the reflux temperature of 170°C and 2aB6&€Carbon

number was €-C;3 and G~C,;. It considered that if the reflux temperature is high, the

higher molecular weight components from escaping through the refhdenser. From

Figure 3, we saw all hydrocarbon compounds are straight chainodaydon

compounds and some are branch chain hydrocarbon compounds are as welheFrom t

fuel we found alkane group and alkene group compound. Long chain hydrocarbon

compound showing at retention time 26.38 minutes and compound is Heneicosane

(C21H44) and molecular weight is 296. In the fuel all hydrocarbon compounmasins

heavy hydrocarbon and their derivatives as well as hydrocarbge ar-C;;.In the

detail analysis prospects maximum compounds are mention fronn#tgsia result

index. Such as in detail analysis according to the retention 1.88racel rhass 42,

compound is Pentane {d,g), retention time 2.53 and trace mass 41, compound is

Cyclopropane,1-ethyl-2-methyl-,cis4@,,), retention time 2.69 and trace mass,

compound is Hexane §H;,), retention time 3.28 and trace mass 41,compound is

1-Heptene (@Hi4), retention time 3.35 and trace mass 41, compound is Heptane

(C7/H1g),retention time 5.81 and trace mass 41, compound is 1-Octgig;)Cetention

time 6.08 and trace mass 43, compound is Octagté; {C retention time 6.92 and trace

mass 41,compound is 1-NonenegHg), retention time 7.07 and trace mass
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43,compound is Nonane {d,0), retention time 8.75 and trace mass 41,compound is

1-Decene (&H»o),retention time 8.85 and trace mass 43, compound is compound is

Decane (GHyy), retention time 11.10 and trace mass 43, compound is 1-Undecene

(C11H22), retention time 11.29 and trace mass 43, compound is Undecane

(C11H24) ,retention time 13.18 and trace mass 41, compound is 1-DecestdJC

retention time 14.71 and trace mass 43, compound is DodecghkgfCretention time

16.23 and trace mass 41, compound is 1-Tridecangi{4}, retention time 16.36 and

trace mass 43, compound is TridecangHigs), retention time 17.64 and trace mass 41,

compound is 1-Tetradecene 1(B,g) , retention time 17.76 and trace mass 43,

compound is Tetradecane(8so), retention time 17.92 and trace mass 41, compound

is 1-Pentadecene {£Hso), retention time 18.35 and trace mass 43, compound is

Pentadecane (gHs,), retention time 19.06 and trace mass 41, compound is

1-Hexadecene (fgHsp), retention time 19.22 and trace mass 57, compound is

Hexadecane ({gHsz4), retention time 20.18 and trace mass 41, compound is

E-14-hexadecenal, (€H300), retention time 20.29 and trace mass 57, compound is

Heptadecane (GHse), retention time 21.35 and trace mass 41, compound is

1-Nonadecene ({gHsg), retention time 21.45 and trace mass 57, compound is

Nonadecane (fgHa4g), retention time 22.45 and trace mass 85, compound is Eicosane
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(CooH42), retention time 22.55 and trace mass 57 , compound is Heneicosarg)(C

etc. In the ultimate phase of the analysis index at retemti@en23.54 and trace mass 43,
compound is Heneicosane »(H,42), retention time 24.42 and trace mass 85, and
compound is Heneicosane x(H42) as well, retention time 26.38 and trace mass 71,

compound is Heneicosane,{H.4), retention time 28.08 and trace mass 57, compound

Is Heneicosane (GHa4) respectively.
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6. 4. Conclusion

High density polyethylene was pyrolyzed by using a reflux-condenser ajpatat

450°C and the product oil was analyzed by using GC/MS. If the reflux temperature is

low, the oil yield has decreased and, but it can be residual wax to the residuen@y usi

oil produced from the results GC/MS.
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Chapter 7

General Conclusions

The most common used of electrical and electronic equipments of resin  Br-&R5

the most general waste plastics of polyethylene (PE) resigns wergzagtdily using a

reflux-condenser apparatus at 450°C and the product oil was analyzed by using GC/MS.

The brominated acrylonitrile -butadiene -styrene “Br-ABS” was pyeayto reduce the

content of bromine compounds in prrolysis oil and the polyethylene was pyrolyzed to

remove wases in pyrolysis oil using a reflux condenser apparatus.

In chapter 2, the acrylonitrile butadiene styrene (ABS) com@imirominated flame

retardants (Br-ABS) was pyrolyzed at 460to obtain the oil with low halogen content

to use as fuel. Experiments were carried out using sodium hydr¢Xia@H) as

additive and pine charcoal as capture for reducing bromine conteradacproil. The

contents of bromine in oil obtained at 450 °C was 3.2 wt % without bothwedditid

capture, and those by using capture and additive decreased to 1.74 wt% ant¥d.25

respectively. By using both NaOH and capture, the content of bramioig mostly

decreased to 0.6 wt %. The pyrolysis oil was tested by combussbio measure the

colorific value and corrosion for use as fuel. It was found that yhaysis oil with the
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content of bromine in pyrolysis oil less than 2000 mg/L can be edilas fuel without

corrosion.

In chapter 3, the acrylonitrile butadiene styrene “ABS” rasimsed in a variety of

exterior and chassis electrical products, it have been containednbted flame

retardants to prevent fire accidients. If the resin (ABS) tvasmally decomposed, the

bromine compound was mixed in the pyrolysis oil. In this work, the ifracof

acrylonitrile butadiene styrene “ABS” containing brominated flaretardants was

pyrolyzed by using a reflux-condenser apparatus installatiotb@tC.And we used

additives of sodium hydroxide “NaOH”, calcium hydroxide “Ca(OHgtid scallop

shell. The bromine compound in product oil could be reduced until to 27 mg/L by

NaOH.

In chapter 4, ABS resin containing brominated flame retardant was pyrolty28@°&

using a reflux condenser to produce oil with low content of bromine compounds. The

oil obtained via pyrolysis in all experiments consisted primarily of isopraigghol,

toluene, ethylbenzene, styrene, cumene, propylbenzanethylstyrene, and

butylbenzene, which are similar to the content of heavy oil. The bromine compounds in
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the oil were 2-bromophenol, 3-bromophenol, and 2,4-dibromophenol. With increasing

reflux condenser temperature, the yield of oil decreased, yield of resataasad, and

the yield of bromine compounds decreased. Hence, the bromine content in oil obtained

via pyrolysis with the reflux condenser was lower than that obtained without lilne ref

condenser.

In chapter 5, the resign of Br-ABS are pyrolyzed with dhaiit sodium hydroxide by

using a reflux-condenser at 450°C. It is demonstrated that usinfypegendenser in

combination with sodium hydroxide is expected for reducing to temoeunts of

bromine compound in product oil. The main objective of this study is todelgcthe

influence of a reflux condenser and additive on the debromination of pgroiysThe

total bromine compounds could be reduced from 296 mg/L to 46 mg/L

respectively.These results indicate that the oil containing lomine compounds can

be obtained via pyrolysis with NaOH and using a reflux condenserhdlogen was

found a lot at residue.

In chapter 6polyethylene is heated in an inert atmosphere and the volatile pscdect

condensed, the molecular weight distribution (MWD) of the product obtasedry

wide. In addition, this product is very waxy, has poor low propertiesisamausable as
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a liquid fuel. To improve the product quality, various catalystsuatally used in the

recycling process. However, these catalysts are costly. Qothike hand, if the higher

boiling fractions of the volatiles evolved due to degradation arellogtenl to escape,

then the MWD of the final product can be improved. This paper we Haded

pyrolysis of High Density Polyethylene (HDPE) by usingefiux-condenser apparatus

at 450 °C for removing of waxes in the pyrolysis oil. The producivad analyzed by

using GC/MS. The analysis result indicates that HDPE waagtipko produced heavy

fuel hydrocarbon chain rangg @ G; and light gas are also present and hydrocarbon

range is G-Cy.
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