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Thedegradationofseveralsamplesofhigh-impactpolystyrene（1通S）containingtheflameretardants
decabromodiphenylether（DPE）anddecabromodibenzyl（DDB)，respectively，wasinvcstigatedby
themnogravimetrycoupledwithmassspectroscopy（TG-MS).Additionally,ｔｈｅｅ砿ctofantimonyoxide
(Sb203)waseXamined､Variousbrominatedcompoundswereobservedduringthedegradationofthcflame
retaIdant、Brominatedbenzenes，phenols，anddibenzofUranswereobtainedfromDPE，whilebrominated
toluenesweredctectedinthepresenccofDDB､l-Bromo-1-phcnylethaneasaadditionproductofHBrand
styrenewaspresentinanysample･Thcriseinthefbrmationofradicalscausedachangeinthemechanismof
thepolystyrenedegradation．

K砂恥r‘fs:1匹S,BmminatcdFlamereta『dant,Polybrominateddibcnzofilrans,Polybrominatedphenanthrenes

1．Introduction

Flameretardantsareanecessaryadditivefbrmanyplastic
applications・Brominatedflameretardantsareofienusedibrthis

purpose､Duringrecycling,however,theyimposcahighriskof

releasinghazardouscompoundswhenthermallytreated，

Carcinogcnsubstances，ｓｕｃｈａｓｂｒｏｍｉnateddibenzodioxinsand

dibenzofUrans，arereleasedFurthermore，thcdegradation

pathwayofthepolymerischanged，alteringtheproduct

composition，

Inthiswork,wcinvestigatcdthcefY1ectoftheflameretardant

onthepyrolysisbehaviorofhigh-impactpolystyrene（HIPS)，

andthedegradationoftheflameretardantsdecabromo

diphenylether（DPE）anddecabromodibenzyl（DDB）ｉｎｔｈｃ

ｐにsenceandintheabsenccofantimonyoxide(Sb203)．

TGA-experiments，Theproductoilwasqualitativelyanalyzed
byGC/ＭＳ（ＨＰ6890/I悪5973）andquantifiedbyGC-FID（GL

ScienceGC390)．Brominatedcompoundswereanalyzedby
GC-ECD（ＨＰ6890)．Ｔｈｅｓａｍｅｔｙｐｅｏｆｃｏｌｕｍｎ（GLScience

lnertCap5MS/Sil)wasusedfbrallGCanalyzes．

Table1．Samplccomposition
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ThethermaldegradationtheSb203freesamplesDPE-Sb(0）

andDDB-Sb(O）ｓｔａｒｔｃｄａｔａｂｏｕｔ３００ｏＣ（Fig.２)．Thc

degradationproceededintwosteps，visiblebytheshouldcr

attachedtothemaindegradationstep・Thedegradationofthe
Sb203containingsamplesDPE-Sb(5)andDDB-Sb(5)startedat

aboutthesametemperaturc，however,thedegradationratewas

inthebeginningstronglyaccelcrated，resultmgiｎａｎｅａｒｌｙ
ｍａｘｉｍｕｍａｔ３３０ｏＣａｎｄａｓｅｃｏｎｄｍａｘｉｍｕｍａｔａｂｏｕｔ４００ｏＣ，

whichmightbeidenticaltofirstdegradationstepoftheSb203
fiecsamples,ＴｈｅｐｒｅｓｅｎｃｃｏｆＳｂ２０３雁sultedinanaccelerated

dcgradationofboththeflameretardantandIⅡＰＳ.Ａcloserlook

atthcdcgradationofDPE-Sb(5)ataheatingrateof5Ｋｍｉｎ~l
byTG-MSrevealsthatstyreneandｉｔｓｄｉｍｅｒｓａｎｄｔｒｉｍｅｒｓｗｅｒｅ

２．Experimental

Fortheseexperiments,ＨＩＰＳｗａｓｂｌｅｎｄｅｄｗｉｔｈＤＰＥａｎｄＤＤＢ，

respectively（Fig.１).Ｓｂ２０３ｗａｓａｌｓｏａｄｄｃｄｔｏｓｏｍｅｓａｍｐｌｅｓ、

ThecompositionofthesamplesusedｉｓｓｈｏｗｎｉｎＴａｂｌｃｌ・

TheTGAmeasurementwasperfbrmedwithaSeiko

TG/TDA6200overatemperaturerangeofbetween50and

700oCataheatingｒａｔｅｏｆ５Ｋｍｉｎ.'，ｕｓｉｎｇｌＯｍｇｏｆｓａｍｐｌｅ・
Ｔｈｅｈｅｌｉｕｍｆｌｏｗｗａｓｓｅｔｔｏ２００ｍｌｍｉｎ､lｉｎｏｒｄｅｒｔｏａｖｏｉｄ

ｃorrosion，causedbythediirUsionofHBr，releasedduringthe

dccompositionofflamerctardedInPS・Ｔｈｅｇａｓｗａｓａｎａｌｙｚｅｄ

ｂｙＭＳ(ＨＰ5973).ＴＧａｎｄＭＳｗｅｒｅｃｏｎｎｅｃｔｅｄｂｙａ５ｍｓｔａｉｎless

steelcapillary（FrontierLabo，UADTP-5M）withaninner

diameterofO,２５ｍｍ,heatedat300oC

Evolvingproductswereidentifiedbypyrolysisexperiments

carTiedoutinaquartzgIassrcactor，ｕｓｉｎｇ５００ｍｇｏｆｓａｍｐｌｅ・

Ｔｈｅｓａｍｅｈｅａｔｉｎｇｐｒｏｇｒａｍｗａｓｕｓｃｄａｓｆｂｒｔｈｅ
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ＴＧ－ＭＳを用いた臭素系難燃剤を含む耐衝撃性ポリスチレンの熱分解挙動の検討
Investigationofthethermaldecompositionofflameretardedhigh-impactpolystyrenebyTG-MS

○正GrauseGuido（東北大学）学柄木田大樹（東北大学）正亀田知人（東北大学）
正BhaskarThallada（IndianlnstituteofPetroleum）正吉岡敏明（東北大学）

GuidoGrause,DaikiKarakita,TomohitoKameda,ToshiakiYoshioka,ＴohokuUniversity
ThalladaBhaskar,IndianlnstituteofPetroleum

１００２００３００４００５００６００

Temperature（｡C）

Fig.２.ＴＧＡ/DTGofHIPSandflameretardedHIPS

２１

Ｂｒ ＢｒＢｒＢｒＢｒＢｒＢｒＢｒ

Ｄｅｃａｂｒｏｍｏｄｉｐｈｅnylether(DPE）Decabromodibenzyl(ＤＤＢ）

Fig.１．Ｆ１ａｍｅＩ℃tardantsusedintheseexpenments

。 ｡｡亘《三|:L賊蕊。
】Ｆ１4.-、ｈⅡ

《~》



triphenylpentane，arelesscommonfbrthedegradationof
polystyrene，butcanbecxplainedbytheextraordinary
conditionsinthepresenceofaflameretardant・

GC-ECDrevealedthepresenceofvariousbrominatedorganic
compoundsｐｒｅｓｅｎｔｉｎｔｈｅｐｒｏｄｕｃｔｏｉｌｏｆｆｌａｍｅｒetardedHIPS

anerthethermaldegradation（Fig.３)．DPEreleasedmore
brominatedcompoｕｎｄｓｉｎｔｈｅｐｒｅｓｅｎｃｅｏｆＳｂｚＯ３ｔｈａｎｉｎits
absence・ＷｈｅｎＤＤＢｗａｓｕｓｅｄａｓａｎａｍｅｒｅｔａｒｄａｎｔ，thevice

versae鮭ctwasobserved・AccordingthedifIbrentstructuresof

thcflameretardantsused，thechromatogramsshowed

significantdi鮭renccs､WhilcDPEfbrmedbrominatedphenols
anddibenzofUrans，brominatedphenanthrcneswercobscrved

fromthedegradationofDDB・cL-Ethylbenzene，however，ｗａｓ

ｆｂｕｎｄａｓａｐｒｏｄｕｃｔｏｆｂｏｔｈＤＰＥａｎｄDDBcontainingHPS，
sinceitisnotderiveddirectlyfiromthedecompositionofa
nameretardant，butresultedhomthereactionofHBrwith

styrene・

ThcpathwayofthedegradationofflameretardedIⅡPS

difYersstrongIyfiromthatofpolystyrene（Fig.４).Polystyrene
undergoesachainfissioninthefirststep，fbllowedbythe
unzip-mechanismasthcmainreactionpathway､２，３Tosome

extent,back-bitingreactionstakeplace,resultingindimersand

trimers、Inthepresenceofaflameretardant，themechanism

changesduetothehighconcentrationoffieebromincradicals・

Afierthedegradationoftheflameretardantmolecule，the

resultingbromineradicalstransfbrtheradicaltothepolymer
chain，ｉｂｒｍｉｎｇＩ四r，Sincethesecondarymacroradicalismore

stablethantheprimaryone，ｉｔｃａｎｂｅａｓｓｕｍｅｄｔｈａｔｓｏｌｅｌｙｔｈｅ

ｓｃｃondarymacroradicalisfbrmed,whichcandecomposebythe
unzip-mechanismTheothersideofthcchainisstabilizedasan

alkeneanddoesnotundergoafimherdegradationuntilanother

radicaltransfbrtakesplace､Eachradicaltrans化rleavcsanodd

chainend,whichresultsinproductsdi鮭renttothoseobtained

fiomthedegradationofpurelⅡPS．

DPE-Sb(5) Ｂｒ
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Fig.３.GC-ECDofthedegradationproductsofflame
retardedHIPScontainingSb203

produccdduringthewholedegradationrange，Hyd『ogen

bromideasanindicatorfbrthedegradationoftheflame

retardantwasonlyreleascdduringthefirststageofthe

dcgradation・obviously，thepresenceofSb203triggercdthe

decompositionoftheflameretardantatalowertemperature

relcasinghighconcentrationsofHBr，SbBr3，ａｎｄwater､lThe

degradationoftheflameretardantproceededbyaradical

mechaniＳｍ，andbromineradicalswerereleasedinhigh

concentrations・Radicaltransferreactionswiththepolystyrenc

chainresultedinHBrandpolystyrenetertiarymacromdicals・

Thechainfissionresultedinasecondarymarcoradical，

releasingstyrenebyazippermecha､ism，andapolymerchain

withanunsaturatedchainend，whichmightnotundergo

degradationimmediately,ｂｕtbeingthesourceoftheincreased

productionofby-productsductotheoddchainend

Besidesstyrene，styrenedimersandtrimers，whichare

commonproductsofthepolystyrenedegradation，by-products

inhighyieldswereobservedduringthedegradationofflame

retardedlⅡPS，Products，ｓｕｃｈａｓｔｏｌｕene，a-methylstyrene，

1,3-diphenylpropane，andmethyl-phenyl-naphthalenecanalso

befbundunderthedegradationproductsofpolystyrene，but

theirfbrmationwerestronglyenhanced・Products，suchas

cumene，1,3-diphenylbutane，diphcnylpentadiene，ａｎｄ
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