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Abstract

Polystyrene belongs to the category of widely used materials, mainly as building insulation and packing material,
for its excellent thermo-insulating properties and low price. The aim of our work was to characterize the behavior
of expanded polystyrene EPS 100F under a thermal load ranging between 20 °C to 200 °C. Changes in weight,
volume, degree of polymerization (by Size Exclusion Chromatography - SEC) and formation of volatile products
(by Headspace Gas Chromatography — Mass Spectrometry — HS-GC-MS) were investigated. The decrease in vol-
ume occurred at temperatures above 80 °C, the degree of polymerization decreased at temperatures above 120 °C.
In volatile products, mainly styrene, toluene, ethylbenzene and xylenes were identified. At the temperature of 200

°C the main degradation product was styrene (81 mg-kg™?).
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1 Introduction

The importance of plastic substances and
their use in everyday life has steadily increased
in recent years. Polymer products are generally
complex materials which consist of polymers or
copolymers supplemented with additives of var-
ying volatility [1]. Expanded polystyrene (EPS)
has become recently very widespread and has
become the most widely used plastic material in
several countries. Due to its low density and ex-
cellent mechanical properties, it is used as pack-
aging material, in the furniture industry and in
production of home appliances [2]. Due to its
characteristic thermal insulating properties,
moisture resistance, minimum weight, excellent
mechanical properties and a favorable price, EPS
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1 Uvod

Vyznam plastickych hmot a ich pouzitie v kaz-
dodennom zivote v poslednych rokoch neustale
narasta. Vyrobky z polymérov st zvycajne kom-
plexné materialy, ktoré sa skladaji z polymérov,
alebo kopolymérov, doplnenych aditivami s roz-
nou prchavostou [1]. Expandovany polystyrén
(EPS) je v poslednej dobe vel'mi rozsireny a v nie-
kolkych krajinach sa stal najpouzivanejsim plasto-
vym materidlom. Vd’aka jeho nizkej hustote a vy-
bornym mechanickym vlastnostiam sa pouziva
ako obalovy material, v nabytkarskom priemysle a
pri vyrobe domacich potrieb [2]. EPS vd’aka svo-
jim charakteristickym tepelno-izolaénym vlastnos-
tiam, odolnosti vo¢i vlhkosti, minimalnej hmot-
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is one of the most frequently used thermal insu-
lators. It is used for thermal insulation of build-
ing claddings; it is used for different purposes in
industrial buildings, in insulation of ceilings,
partitions, roofs, as well as floors with reduced
load bearing capacity. More than 30 countries
have signed an international agreement to max-
imize its reuse and recycling [3, 4].

EPS products are obtained by polymerizing
the styrene monomer with the addition of pen-
tane as a blowing agent [3]. A very common ma-
terial used to enhance the energy efficiency of
buildings is polystyrene EPS 100F. The cur-
rently relevant topic is the modification of poly-
styrene to increase its the long-term thermal
load, its lifetime, to improve its fire characteris-
tics and to use more efficient flame retardants
with less impact on the environment.

Generally, polystyrene is non-toxic. Never-
theless, it may cause mechanical irritation, its in-
halation poses a certain danger, in particular that
of powdered dispersants [5]. However, less at-
tention is paid to the release of volatile products
in course of its long-term use. Residual styrene
can be gradually released from polystyrene,
where it can be found in trace amounts in the fi-
nal product, even at relatively low temperatures
and also under thermal degradation of polysty-
renes together with other products [5,6]. Styrene
is toxic, carcinogenic and mutagenic. The Inter-
national Agency for Research on Cancer (IARC)
placed it in the 2B category, among possible car-
cinogens [7]. It also causes burning of the skin
and eyes, it is tear inducing. It is harmful to in-
hale and ingest it, as is its absorption through
skin, and long-term exposure may affect the cen-
tral nervous system [6].

Knowledge of changes taking place in mate-
rials during aging, photo-oxidation, thermal
loading and burning are important from a safety
and health point of view as well as from the point
of view of fire protection. The aim of this work
was to detect the changes in the properties of
EPS 100F facade polystyrene at temperatures
starting with the one stated by the manufacturer
for long-term thermal load up to 200 °C, focus-
ing on the changes in weight, volume, molar
weight, and especially the formation and compo-
sition of volatile degradation products, as these
data are missing in available scientific literature.

nosti, vybornym mechanickym vlastnostiam a vy-
hovujucej cene, patri medzi €asto pouzivani te-
pelni izolaciu. Pouziva sa na tepelnu izolaciu ob-
vodovych plastov budov, ma rozne ucely pouzitia
v priemyselnych objektoch, na izolaciu stropov,
priecok, striech, ako aj podlédh so znizenym zata-
zenim. Viac ako 30 krajin podpisalo medzinarodnti
dohodu pre maximalizdciu jeho opatovného pouzi-
tia a recyklacie EPS-1A [3, 4, 23].

EPS produkty sa ziskavaju polymerizaciou mo-
noméru styrénu s pridavkom pentanu ako nadu-
vadla [3]. Vel'mi ¢astym materialom pouZzivanym
na znizenie energetickej naro¢nosti budov je po-
lystyrén EPS 100F. Aktualnou témou je modifika-
cia polystyrénu za ucelom zvysenia dlhodobej te-
pelnej zat'azitel'nosti, Zivotnosti, zlepSenie proti-
poziarnych charakteristik, ako aj pouzivanie ucin-
nejSich retardérov horenia s mensimi vplyvmi na
zivotné prostredie.

Polystyrén sa vo v§eobecnosti povazuje za ne-
toxicky. Moze sposobit’ mechanické podrazdenie a
urc¢ité nebezpecenstvo predstavuje aj jeho vdych-
nutie, najmé zloziek dispergovanych v praskovej
forme [5]. MenSia pozornost’ je v8ak venovana
uvolnovaniu prchavych produktov pri dlhodobom
pouzivani. Z polystyrénu moze prchat’ zvyskovy
styrén nachadzajici sa v stopovych mnozstvach vo
vyslednom produkte aj pri relativne nizkych teplo-
tach a tvori sa aj pri tepelnej degradacii polystyré-
nov spolu s inymi produktmi [5, 6]. Styrén je to-
xicky, karcinogénny a mutagénny. Bol zaradeny
medzinarodnou agentlirou pre vyskum rakoviny
(IARC) do kategoérie 2B, moznych karcinogénov
[7]. Sposobuje tiez popalenie koZe a oci, je slzo-
tvorny. Skodlivé je jeho inhalacia, poZitie aj vstre-
bavanie kozou a dlhodoba expozicia moze posobit’
na centralnu nervovu sustavu [6].

Poznatky o zmenach materialov pri starnuti, fo-
tooxidacii, tepelnom zat'azeni a horeni, su z hla-
diska pohl'adu poziarnej ochrany délezité. Ciel'om
nasej prace bolo zistit’ zmeny vlastnosti fasadneho
polystyrénu EPS 100F pri teplotach od vyrobcom
udavanej teploty pre dlhodobu tepelnu zat'azitel’-
nost’ az po teplotu 200 °C, so zameranim sa na
zmenu hmotnosti, objemu, moélovej hmotnosti a
hlavne na tvorbu a zlozenie prchavych degradac-
nych produktov, ked’Ze tieto udaje chybaja v do-
stupnej vedeckej literatire.
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2 Material and Methods

A 50 mm EPS 100F facade polystyrene from
Isover (Saint-Gobain Construction Products) in
self-extinguishing rendering with a polymer-
based retarder, designated especially for outside
systems of thermal insulation (ETICS) with en-
hanced insulating capability, was tested. The
gualitative and quantitative analyses of volatile
organic compounds were performed on an Ag-
ilent 7890A GC / 5975C MSD system with an
Agilent Headspace Autosampler 7697A. Anal-
yses were performed on 0.1 g polystyrene sam-
ples. Samples were placed in a 20 mL headspace
vial and the vials were tightly closed with an alu-
minum crimp cap with PTFE / silicone septum.
Vials with samples were thermal loading in the
temperature range from 80 °C to 200 °C and
compared with the sample treated at the temper-
ature of 20 °C. The long-term heat resistance of
EPS 100F has been established by technical letter
of producer to be at 80 °C, therefore we chose
this temperature as the lower limit.

The experimental GC-MS conditions: Head-
space: Carrier gas — He, pressure 7.5 psi, oven
temperature — seven experiments with increasing
incubation temperature from 80 to 200 °C in 20
°C increments, i.e. 80, 100, 120, 140, 160, 180,
and 200 °C, loop temperature 10°C more than
oven, transfer line temperature 10°C more above
loop, vial equilibration time 60 min. GC condi-
tions: column - HP-5MS (30 m x 0.250 mm x
0.25 pm), carrier gas: Helium (constant flow 1.0
ml min't), temperature program: 40 °C (1 min) to
220 °C at 6 °C min, 220 °C (5 min) to 270 °C
(15 °C min?), injection — headspace (150 °C,
split 10:1), transfer line 280 °C. The substances
were identified by comparing the measured spec-
tra with the NISTO5 mass spectra library and the
retention times of standards from the reference
material Aromatic VOC-MIX 3 (Dr. Ehren-
storfer GmbH).

Changes in weight and volume, were investi-
gated, after thermal loading. Density was deter-
mined by immersion into the liquid and conse-
guently by calculation.

Molar weights, polydispersity and molecular
weight distribution of polystyrene samples were
analysed by size exclusion chromatography
(SEC) using Agilent 1200 series equipment with
two PLgel 10 um MIXED B, 300 x 7.5 mm col-
umns preceded PLgel 10um Guard column 50 x
7.5 mm (Agilent), mobile phase tetrahydrofuran

2 Material a metody

Testoval sa fasadny polystyrén EPS 100F
hriubky 50 mm od firmy Isover (Saint-Gobain Con-
struction Products) v samozhasavej Giprave s retar-
dérom na baze polyméru, ktory je ur€eny najma pre
vonkajSie tepelnoizolacné systémy (ETICS) so
zvySenou izola¢nou schopnostou. Kvalitativna
a kvantitativna analyza zlozenia prchavych orga-
nickych zlucenin prebiehala v zariadeni Agilent
7890A GC /5975C MSD s Agilent Headspace Au-
tosampler 7697A. Vzorky s hmotnostou 0,1 g sa
navazovali do 20 mL Headspace vialiek, uzatvore-
nych jednorazovym PTFE / silikbnovym septom.
Vialky so vzorkami boli tepelne zatazené v teplot-
nom rozsahu 80 °C az 200 °C a porovnané s refe-
ren¢nou vzorkou zatazenou pri 20 °C. Dlhodoba
tepelna odolnost” EPS 100F je podla technického
listu vyrobcu stanovena na 80 °C, preto tato teplota
bola zvolena ako dolna hranica.

Podmienky GC-MS experimentu: Headspace:
nosny plyn — He, tlak 7,5 psi, teplota zat'azenia —
bolo vykonanych 7 experimentov v teplotnom roz-
medzi 80 °C — 200 °C s rozdielom 20 °C, ¢ize: 80,
100, 120, 140, 160, 180, 200 °C; teplota na slucke
0 10 °C viac ako teplota zat'azenia, transfer 0 10 °C
viac ako na slucke. Vzorky sa pri danej teplote za-
tazovali 60 min. Podmienky GC: kolona - HP-5MS
(30 m x 0.250 mm x 0.25 pm), nosny plyn: Hélium
(konStantny prietok 1.0 ml-min
1, teplotny program: 40 °C (1 min) do 220 °C (6
°C-min?) 220 °C (5 min) do 270 °C (15 °C-min?),
teplota injektora 150 °C, split 10:1, transfer 280 °C.
Jednotlivé latky boli identifikované porovnavanim
nameranych hmotnostnych spektier s kniznicou
hmotnostnych spektier NISTOS a retenénymi ¢asmi
Standardov z referen¢ného materialu Aromatic
VOC-MIX 3 (Dr. Ehrenstorfer GmbH).

Po tepelnom zatazeni sa zistili zmeny hmot-
nosti, objem ponorenim do kvapaliny a hustota vy-
poctom.

Modlové hmotnosti, polydisperzita a distribacia
molekulovych hmotnosti polystyrénovych vzoriek
sa analyzovali rozmerovo vylu¢ovacou chromato-
grafiou (SEC) na zariadeni Agilent 1200 s dvoma
PLgel 10 um MIXED B, 300 x 7,5 mm kolonami,
s PLgel 10 um Guard 50 x 7,5 mm predkolonou
(Agilent), mobilna faza tetrahydrofuran (prietok 1
ml-min?), teplota 35 °C, DAD detektor. Systém
bol kalibrovany polystyrénovymi §tandardmi s mo-
lovou hmotnost'ou od 500 do 1 110 000 g-mol™ [8].
Kazdé meranie bolo vykonané dvakrat.
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(flow rate 1 mL-min), temperature 35 °C, DAD
detector. System was calibrated with polystyrene
standards with molar weights from 500 to 1 110
000 g-mol* [8]. Measurements were performed
in duplicate.

3 Results and discussion

No volumetric or structural changes are seen
in samples loaded at 20 °C and 80 °C (Fig. 1).
Visible shrinkage, loss of volume and reduction
of the "ball" structure occurs at temperatures
above 100 °C. Kan and Demirboga [9] found out
the highest rate of change in EPS volume at 107
°C, while our measurements showed the fastest
rate of change in EPS 100F between 100°C and
120°C, which is a very good agreement. At 160
°C and 180 °C, not only the volume, but also the
color (from white to yellowish) and the structure
have changed, the latter significantly. At 200 °C,
the structure of expanded polystyrene is com-
pletely lost, and, after cooling, it is changed to a
solid substance of yellowish color. The density
was practically unchanged at temperatures up to
100 °C, above this temperature, the density sub-
stantially increased (Tab. 1). Kan and Demirboga
[9] found that the EPS density continued to in-
crease up to the temperature of 140 °C and with
further increase in temperature, it did not change
again. This difference can be due to different
method of exposure of sample (15 min).

Thermal degradation of most polymers passes
through the classic radical chain mechanism [10].

3 Vysledky a diskusia

Medzi vzorkami zatazenymi pri teplotach 20
°C a 80 °C nie st viditelné objemové ani Struk-
tarne zmeny (Obr. 1). ViditeI'né zmrStenie, strata
objemu a zmensenie ,,gulickovej* Struktury nas-
tava pri teplotach nad 100 °C. Kan and Demirboga
[9] zistili najvacsiu rychlost’ zmeny objemu EPS
pri teplote 107 °C, pricom nase merania preukazali
najvacsiu rychlost’ zmeny objemu EPS 100F medzi
teplotami 100 °C az 120 °C, ¢o je vel'mi dobra
zhoda. Pri teplotach 160 °C a 180 °C sa zmenil nie-
len objem, farba (z bielej na Zltkastu), ale vyrazne
aj Struktara. Pri teplote 200 °C sa tplne straca
Struktira expandovaného polystyrénu a po ochla-
deni ju nahradza tuha latka zltkastej farby. Hustota
sa prakticky nemenila pri teplotach do 100 °C, nad
touto teplotou dochadza k jej vyraznému narastu
(Tab. 1). Kan a Demirboga [9] zistili, Ze hustota
EPS vzrastala do teploty 140 °C a pri d’alSom zvy-
Sovani teploty sa uz nemenila. Tento rozdiel mbéze
byt sposobeny rozdielnou metodikou zat'azovania
vzorky (15 min.).

Tepelna degradécia vacsiny polymérov precha-
dza klasickym radikalovym retazovym mechaniz-
mom [10].

Hlavnym prchavym produktom tepelného roz-
kladu polystyrénu za r6znych podmienok je styrén.
Dalsie ¢asto identifikované produkty su oligoméry
styrénu, toluén, benzén, etylbenzén, a-metylstyrén
a benzaldehyd [11].

B T ¥ -
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Fig. 1 EPS 100F samples after loading at particular temperature. (left to right: original sample, 20, 80,
100, 120, 140, 160, 180, 200 °C)

Obr. 1 Vzorky EPS 100F po tepelnom zat'azeni pri konkrétnych teplotach (zl'ava doprava: pévodna
vzorka, 20, 80, 100, 120, 140, 160, 180, 200 °C)
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Tab. 1 Change of mass, volume and density of EPS 100F after thermal load
Tab. 1 Zmena hmotnosti, objemu a hustoty EPS 100F po tepelnom zatazeni

Temperature (°C)
Characteristics
20 80 100 120 140 160 180 200
Am (%) 0.49 7.81 8.8 10.60 8.35 10.08 9.71 11.45
AV (%) 0 1.82 52.73 87.27 89.09 90.91 92.73 94.55
Density (kg-m3) 18.64 18.80 38.65 141.00 168.33 198.00 248.75 324.67

The main volatile product of thermal decom-
position of polystyrene under various conditions
is styrene. Other frequently identified products re
styrene oligomers, toluene, benzene, ethylben-
zene, a-methylstyrene and benzaldehyde [11]

The formation and composition of degrada-
tion products depends on temperature and also on
the presence of a flame retardant, which causes
changes in combustion products such as a reduc-
tion in styrene, benzaldehyde and an increase in
phenol content [12]. Although volumetric
changes of the EPS 100F under thermal load are
visible only after the temperature exceeds 100
°C, gaseous volatile products form at lower tem-
peratures already (Tab. 2). The blowing agent
(pentane) is released from EPS 100F already at
the temperature of 20 °C. Although the producer
states long-term heat stability at 80 °C, at this
temperature, the degradation products contained
not only styrene, but also toluene, ethylbenzene,
xylenes, cyclopropylbenzene, alpha-methylsty-
rene, and even fewer oxidizing products such as
benzaldehyde and acetophenone. With increas-
ing temperature, additional volatile products
such as 1-propenylbenzene, (1-methylenepro-
pyl)- benzene were detected, and at temperatures
above 140 °C, the presence of oxidation products
such as benzoic acid, benzeneacetaldehyde, phe-
nol and other increases rapidly, which points to
accelerated thermal degradation at higher tem-
peratures and to the onset of oxidation processes.

Chen and Vyazovkin [13] reported differ-
ences in the mechanism of polystyrene degrada-
tion in an inert and oxidative atmosphere. In oxi-
dative atmosphere, polystyryl radicals react with
oxygen to form peroxide radicals, whose thermal
degradation generates various oxidative degrada-
tion products such as benzaldehyde, acetophe-
none, phenol, styrene oxide, and the like. At the
highest temperature exposure, styrene dimers
were also identified in degradation products.

Tvorba azloZzenie degrada¢nych produktov
zavisi od teploty atiez od pritomnosti retardéra
horenia, ktory sposobuje zmeny produktov horenia
ako napriklad znizenie obsahu  styrénu,
benzaldehydu a zvysSenie obsahu fenolu [12]. Aj
ked” viditeIné objemové zmeny pri tepelnom
zat'azeni EPS 100F st az pri teplotach nad 100 °C,
plynné prchavé produkty sa tvorili uz pri nizSich
teplotach (Tab. 2). Pri 20 °C sa z EPS 100F
uvolfiuje hlavne naduvadlo (pentian). Napriek
tomu, ze vyrobca udéva dlhodobu tepelnu stalost’
pri 80 °C, pri tejto teplote sa v degrada¢nych
produktoch stanovil nielen styrén, ale aj toluén,
etylbenzén, xylény, cyklopropylbenzén, a-
metylstyrén a dokonca sa tvorili v mensej miere aj
oxida¢né produkty ako benzaldehyd a acetofenon.
So stapajucou teplotou tepelného zatazenia
pribudaju d’alsie prchavé produkty ako napriklad 1-
propenylbenzén, (1-metylénpropyl)-benzén a pri
teplotach nad 140 °C vyrazne pribudaju oxidacné
produkty ako kyselina benzoova,
benzénacetaldehyd, fenol a d’alsie, ¢o poukazuje na
zintenzivnenie degradacie pri vysSich teplotach
a nastup oxidac¢nych procesov.

Chen and Vyazovkin [13] zistili rozdiely v
mechanizme degradacie polystyrénu v inertnej a
oxidacnej atmosfére. Polystyrénové radikaly v
oxidacnej atmosfére reaguju s kyslikom za vzniku
peroxidovych radikalov, z ktorych tepelnou
degradaciou vznikaju rézne oxida¢né degradacné
produkty, prave ako benzaldehyd, acetofenon,
fenol, styrénoxid a d’alSie. Pri najvyssej teplote
posobenia boli v degradaénych produktoch
identifikované aj diméry styrénu. Podobné
zlozenie prchavych produktov pri tepelnej
degradacii, pripadne pyrolyze polystyrénu,
uvadzaju aj [10, 11, 14].

Kusch a Knupp [15] zistili, Ze pri teplotach 60 a
80 °C sa u EPS uvoltiovali podobné latky ako v
nasom experimente, napr. pentan, toluén, xylény,
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Similar composition of volatile products in ther-  etylbenzén, acetofenon, benzaldehyd ap. Pri poso-
mal degradation or pyrolysis of polystyrene is  beni tepla na EPS poc¢as 30 min zistili uz pri teplote
also cited by [10, 11, 14]. 55 °C v prchavych produktoch styrén, etylbenzén,
Kusch a Knupp [15] found that at tempera-  benzaldehyd, izokumén ap. [16].

tures of 60 and 80 °C, EPS released similar sub-

stances as were released in our experiment, e.g.

pentane, toluene, xylenes, ethylbenzene, aceto-

phenone, benzaldehyde, etc. In course of 30 min

of the EPS thermal exposure, styrene, ethylben-

zene, benzaldehyde, isocumene, etc. were identi-

fied in volatile products already at 55 °C [16].

Tab. 2 Volatile gaseous products identified at the thermal loading of EPS 100F.
Tab. 2 Prchavé plynné produkty identifikované pri tepelnom zat'azeni EPS 100F

Rt MW Temperature (°C)

Compound
(min) | (g-mol?) 20 80 100 [120 [140 [160 [ 180 [ 200
1.67 72.15 Pentane + + + + + + + +
2.38 78.05 Benzene + + +
3.53 | 92.06 Toluene + + + + + + +
5.19 106.08 Ethylbenzene + + + + + + +
5.36 106.08 Xylenes + + + + + + +
572 | 11410 3-Heptanone + + + +
5.83 | 104.06 Styrene + + + + + + +
7.07 | 118.08 Benzene, cyclopropyl- + + + + + + +
7.50 | 106.04 Benzaldehyde + + + + + + +
8.19 118.08 Benzene, 1-propenyl- + + +
8.24 | 94.04 Phenol + +
9.14 130.14 1-Hexanol, 2-ethyl- + + + + + + +
9.42 108.06 Benzyl Alcohol +
9.49 120.06 Benzeneacetaldehyde + + +
oo 1 a‘irg:tr;@lenepropyl)- * * * * +
10.09 | 120.06 Acetophenone + + + + + + +
10.56 | 118.08 alpha-Methylstyrene + + + + + + +
10.65 | 150.10 Benzene, (1-methoxy-

1-methylethyl)- R I

10
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Tab.2 continue
Tab. 2 pokracovanie

Rt MW
Compound Temperature (°C)
(min) | (g-mol?)
20 | 80 100 120 140 160 | 180 | 200
10.96 | 134.07 Benzeneacetaldehyde, + + + + +
alpha-methyl-
11.60 | 134.07 Benzyl methyl ketone +
12.47 | 134.07 1-Propanone, 1-phenyl- + + +
12,56 | 148.05 1,2-Propanedione,
+
1-phenyl-
13.65 | 122.04 Benzenecarboxylic acid + + + +
14.11 | 134.07 Benzeneethanol, beta- + + + +
methylene-
14.97 | 132.06 2-Propenal, 3-phenyl- +
2291 | 196.13 Benzene, 1,1'-(1,3-pro-
. . + +
panediyl)bis-
23.09 | 198.07 Benzoic acid, phenyl +
ester
23.81 | 222.14 Benzene,  1,1'-[1-(2-
propenyl)-1,2- +
ethanediyl]bis-
26.25 | 210.07 Ethanedione, diphenyl- +
27.07 | 210.10 beta-Phenylpropiophe- +
none
27.42 | 224.12 3-Phenylbutyrophe- +
none
30.19 | 208.09 2-Propen-1-one, 1,3-di- +
phenyl-
30.56 | 222.10 2-Buten-1-one, 1,3-di- +
phenyl-

Increasing temperature causes higher concen-
trations of selected degradation products, espe-
cially styrene (Fig. 2). Ethylbenzene significantly
increases at temperatures up to 160 °C (28.9
mg-kgt). At higher temperatures, its content in
degradation products does not grow significantly
unlike that of benzene, which may be due to
ethylbenzene degradation. At 200 °C, we found
81.1 mg-kg* of styrene in degradation products.
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Vzrastajlca teplota sposobuje vac¢sie koncentra-
cie vybranych degradacnych produktov, najmé sty-
rénu (Obr. 2). Etylbenzén vyrazne narasta pri tep-
lotach do 160 °C (28,9 mg-kg?). Pri vyssich teplo-
tach jeho obsah v degradaénych produktoch uz vy-
razne nerastie, ale narastd obsah benzénu, ktory
moze vznikat jeho degradaciou. Pri 200 °C sa v
degradaénych produktoch stanovilo 81,1 mg-kg™
styrénu.
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Fig. 2 Amount of selected volatile degradation products produced at individual temperatures of ther-
mal exposure

Obr. 2Mnozstvo vybranych prchavych degrada¢nych produktov vzniknutych pri zataZeni jednotli-
vymi teplotami

Tab. 3 Changes of molar weights (MW) (M, number-average MW; M,, weight-average MW; M, z-
average MW, M;.1 z+1 MW), polydispersity index (PDI=Mw/Mn), and degree of polymerization

(DP=Mw/Mw styrene)

Tab. 3 Zmeny moélovych hmotnosti (MW) (M, ¢iselna MW, My, hmotnostna MW, M, zetovd MW, M1
z+1 MW), (PDI=Mw/Mn) index polydisperzity a (DP=Mw/Mw styrénu) stupeni polymerizacie

Mn M M. Mzt
T (°C) PDI DP
(g:mol™) (g:mol™) (g:mol™) (g:mol™)
20 77 283 190 234 371634 585 829 2.46 1829
(2 076) (1 087) (251) (3 678) (0.05) (10)
80 74958 186 761 371256 597 834 2.49 1795
(226) (374) (630) (328) (0.01) (@)
100 71892 183156 368 960 606 855 2.55 1761
(669) (931) (5599) (20 283) (0.04) 9)
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Tab. 3 continue
Tab. 3 pokracovanie

Mn Mu M, Mz
T (°C) PDI DP
(g-mol ™) (g'mol™) (g'mol™) (g-mol ™)
120 73911 179 694 348 346 549 220 2.43 1727
(1 169) (1 347) (8402) (3 008) (0.02) (13)
140 61 422 155 733 302 536 478 324 2.55 1497
(7672) (4 871) (3263) (6 255) (0.24) 47)
160 36 705 86 377 156 860 242 601 2.35 830
(101) (943) (4997) (16 628) (0.02) )
180 17 319 44 257 86 270 138 853 2.56 426
(13) (247) (739) (2 470) (0.01) @)
200 6931 18 563 38173 60 828 2.68 178
(389) (309) (240) (236) (0.11) 3)

Note: Data in brackets represent standard deviation.

Poznamka: Déta v zatvorke znazoriiuji smerodajni odchylku.

In contrast to the formation of volatile prod-
ucts that are produced already at 80 °C, more pro-
nounced changes in EPS 100F polystyrene molar
weights occur only at temperatures above 120 °C
(Fig. 3). Molar weight of the original sample is
193 000 g-mol?, which is consistent with data
published for EPS 100 polystyrene, in the range
of 150 000 to 300 000 g-mol?[17]. At 200 °C,
this weight dropped to about 18,500 g-mol™, i.e.
it changed by 90% (Tab. 3). Reduction in the pol-
ystyrene molar weight has been observed by sev-
eral authors, whereas the changes depended on
its initial molar weight and thermal exposure
(temperature, time). Because of random cleavage
of bonds, polystyrene degradation is initially
rapid, slowing down as it progresses, with the
monomers cleaving off of the ends of the chain
predominating [18, 19, 20, 21, 22]. This agree
with results of molar weight determination and
concentrations of volatile products in our work.
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Na rozdiel od tvorby prchavych produktov,
ktoré vznikaju uz pri teplote 80 °C, vyraznejSie
zmeny v molovych hmotnostiach polystyrénu EPS
100 F nastavaju az pri teplotach vyssich ako 120
°C. Molova hmotnost’ pévodnej vzorky je 193 000
g-mol?, ¢o je v stlade s publikovanymi tidajmi pre
polystyrén EPS 100, ktoré sa pohybuju v rozsahu
150 000 az 300 000 g-mol* [17] a pri teplote 200
°C klesla na hodnotu cca 18 500 g-mol?, ¢o je
zmena 0 90% (Tab. 3). Pokles moélovych hmotnosti
polystyrénu pozorovali viaceri autori, pricom
zmeny zaviseli od jeho pociatoénej molovej hmot-
nosti a podmienok posobenia (teplota, ¢as). Degra-
dacia polystyrénu je spociatku rychla v dosledku
nahodného Stiepenia vizieb, neskor sa spomal’uje a
prevlada odstiepovanie monomérov z koncov re-
tazca [18, 19, 20, 21, 22]. Uvedené je v stlade
s vysledkami stanovenia molovych hmotnosti
a koncentracii prchavych produktov v nasej praci.
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Fig. 3 Influence of thermal loading on molar weight distribution of EPS 100F

Obr. 3 Vplyv tepelného zat'aZenia na distribiciu mélovych hmotnosti EPS 100F

5 Conclusions

The EPS 100F expanded polystyrene was ex-
posed to temperatures of 20, 80, 100, 120, 160,
180 and 200 °C for 1 hour in oxidative atmos-
phere.

The results show that changes in volume, den-
sity, weight, degree of polymerization occur at
temperatures of 80 °C or, alternatively above 100
°C. Due to thermal degradation of polystyrene,
volatile products are released as early as 80 °C
temperature is reached, many of which are harm-
ful to the human organism, e.g. styrene, toluene,
ethylbenzene, xylenes, etc. Analysis of volatile
organic compounds can therefore be considered
as the most suitable method for monitoring the
degradation of expanded polystyrene in course of
thermal degradation. From the health protection
point of view, it is advisable to minimize the use
of polystyrene in environments with elevated
temperature.
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5 Zaver

Expandovany polystyrén EPS 100 F bol tepelne
zat'azeny v oxida¢nej atmosfére pocas 1h pri teplo-
tach 20, 80, 100, 120, 160, 180 a 200 °C.

Z vysledkov vyplyva, Ze zmeny objemu, hus-
toty, hmotnosti, polymerizaéného stupiia nastavaja
uz pri teplotach 80 °C, resp. 100 °C, Pri teplote 80
°C dochadza v dosledku tepelnej degradacie polys-
tyrénu k uvolnovaniu prchavych produktov, z kto-
rych viaceré su skodlivé pre l'udsky organizmus,
napr. styrén, toluén, etylbenzén, xylény ap. Ana-
lyzu prchavych organickych zlucenin mozno teda
povazovat’ za najvhodnejSiu metdédu na sledovanie
degradacie expandovaného polystyrénu pri tepel-
nom zatazeni. Z hladiska ochrany zdravia je
vhodné minimalizovat” pouzivanie polystyrénu v
prostredi so zvysenou teplotou.
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