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ABSTRACT

Thethermal degradation behaviours of polystyrene plasticized with dim-
ethyl terephthal ate was studied by thermogravimetric (TG) analysis. The
effect of added plasticizers on thermal degradation was also investigated
under dynamic conditions (30-550°C) in pure nitrogen gas, at the heating
rates 5,10,15, and 20°Cmin™. The characteristic of the TG curves were
determined. These can be used to indicate the thermal stability of polysty-
rene films. Kinetic parameters, such as the activation energy (E), and the
pre-exponential factor, (A) were calculated using the Flynn-Wall-Ozawa
and Kissinger methods. The thermogravimetric (TG) curves of dynamic
degradation of PS and PS doped with dimethyl terephthalate plasticizer
were, obtained inthetemperaturerange 30-550°C at the heating rates5,10,15,
and 20°Cmin't. PS doped with dimethyl terephthal ate plasticizer showed
an acceleration of photodegradation at higher temperatures in compari-
son with the non-plasticized PSfilms. It is evident that the thermal degra-
dation of pure PS proceeds by one-step process between 400 and 550°C,
which represent by a single peak in the corresponding DTG curves. The
thermograms of PS/'DMT blends show two unresolved degradation steps,
the first corresponds to the thermal degradation of DMT and the second
to the thermal degradation of PS.  © 2008 Trade SciencelInc. - INDIA
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Polymer degradation isanimportant aspect of en-
vironmental andindustria research, because of itsap-
plicability in polymer recycling andin stability towards
thermd heating and irradiation. Thephoto and thermal
degradation kineticsof polymersiscomplex duetothe
polydispersity of polymeric chains. Thermd energy and
exposureto UV- radiation can break polymer chains
though chain scission*®. The presenceof air canaso
accel erate degradation through thetherma oxidation

and thermal degradation processesin polymerg® 19,
Thermal degradation of polystyrene has beeninvesti-
gated by many workers, McNell et al. hasinvestigated
by pyrolysis, the degradation kinetics of polystyreng?.
Polystyrene thermal degradation was reviewed by
Cameron and MacCallum™, and Cameron and Kerr
reported aweak links in polystyrene chaing*?. The
existence of weak linksin polystyrenewasused to ex-
plaintherapid dropinmolecular weight at low reaction
times. Chiantore et a. provided further evidence of
weak link scission by degrading polystyrene at 200-
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300°C by pyrolys sand measuring themol ecular weight
distribution by gel permeation chromatography*3. They
also measured the rate coefficient and the activation
energy for thedegradation at longer irradiation times.
Thermal degradation of polystyrenewasinvestigated
at 240-300°C, and found a dependence of the mo-
lecular weight distribution on reaction time4. Experi-
mentd dataindicated that polystyrenedegrades by both,
random chain scission, and specific chain-end scission.
The existence of weak linkswas evident, asindicated
by rapid chain scissonduring aninitia time period*4.

The mechanism of thermal degradation of polysty-
reneat higher temperatureswasfound to bemore com-
plicated. Though thermal degradation hasbeen exten-
svely investigated by pyrolysisexperiments, thedegra-
dation kineticsand mechanism remainsthe subject of
inquiry and discussion. A fairly completeand unified
elucidation of the mechanism of thermal degradation of
polystyrene hasnot yet achieved because of adetailed
comparison between theoreticd resultsfor agiven modd
mechanism and experiment. A chain depolymerization
mechanismwith transfer and assuming random initia-
tion hasbeen previoudy treated in thismanner™.

Itisacommon fact that thetherma stability of poly-
mersinairissomehow islower thanthatinN,. The
aim of thiswork isto study thermal degradation of
blended polystyrenewith dimethyl terephthaate, under
N, atmosphere by means of thermal gravimetrica ana-
lyzer (TG). Also comparethe obtained resultswith that
for thermal degradation of pure polystyrene. Thether-
md stability of plasticized polystyrenewasfound to be
affected by theamount of plasticizer presentinthe poly-
mer backbone.

EXPERIMENTAL

Materials

Thesampleof polystyrene(PS), was standard with
narrow molecular weight distribution and was supplied
by Across-Organicswith high purity polystyrene, (Mw
= 200 000, Mn=110000). Spectroscopic-quality,
dichloromethane (DCM), wasfound to give no detect-
ableabsorptioninrange 250-400nm. It was purchased
from Fluka GMBH and used as received. The used
plasticizeisdimethyl terephthalate (DMT), and was of
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high purity of (99.8%), purchased fromAcross-Organics
and werefound to give no detectableabsorptioninrang
265-400nm.

Plasticized PSfilmsused inthisstudy were pre-
pared by dissolving certain weight of the polymer in
DCM solvent, thenwe add aknown weight of the plas-
ticizer dimethyl terephthalate (DM T) in order to obtain
20wt% solution. Thenthey weremixedinto determine
themassratio (100/0, 95/5, 90/10, 85/15, 80/20, 70/
30, 0/100) and stirred well. Findly, filmsof PSSDMT
blends were obtained by evaporating the solvent fol -
lowed by dryinginvacuum at 30°C for 48h.

Thermogravimetricanalysis

Thetherma degradation of the synthes zed samples
was determined by non-isothermal thermogravimetric
anadysisinthetemperaturerangefrom 30-550°C using
NETZSCH STA 409 PG/PC thermoanalyzer inN,, at-
mosphereflow. Therma degradation experimentswere
carried out at nitrogen flow rate of 30ml/min?and at
varioushegting rates of 5,10,15,20°C min'. Before op-
erating, the syslem was stabilized for onehour with ni-
trogen flow rate of 30mi/min™.

RESULTSAND DISCUSSION

Dynamic thermal degradation of plasticized
polystyreneunder inert nitrogen atmosphere

Thethermogravimetric (TG) curvesof dynamicther-
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Figure 1. TG curvesof dynamicthermal degradation of
PS(a) and DMT (b) at heating rateof 5, 10, 15, 20°C/ min,
under N, flow (fromIeft toright)
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mal degradation of PSand DMT plasticizer obtainedin
thetemperaturerange of 30-550°C at the heating rates
5,10,15,20°Cmin areshowninfigure 1(aand b) abov.

Asseeninfigure1(a), itisevident that thethermal
degradation of pure PS proceeds by one-step process
between 300 and 450°C, which represent by asingle
peak in the corresponding DTG curves. Thisagrees
with thedatapublished by Grassieet a.[*¥, and Chen
et al.[*, where proposed degradation mechanismin-
cluded depolymerization and intermol ecular transfer.
Fromthemassloseand residua yield, the mechanism
of thermal degradation of PSfilmscan be deducedto
betheresult of competition between arandom chain
scissonwhichindudesmonomer vol ailization™, and
anintermol ecular mass sustai ned.

Thetemperaturea theminimumrateof DTG curve
corresponds PS degradati on correspondsto the tem-
perature at the maximum rate of PS degradation. With
increasing heating rate the degradation startsat higher
temperature, thetemperature at the maximum rate of
PS degradation increasesand themaximum rate of PS
degradation increases. Thismeansthat therate of PS
degradation dependson the heating rate. During this
degradation step theweight lossiscompletewith only
traces of residues.

Thermal degradation of purePSand DM T occurs
through one step between 200 and 500°C, depending
onthehesting rate, which characterized by asingle pesk
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Figure2: DTG curvesof dynamicther mal degradation of
PS(a)and DMT (b) at different heatingrates. (1; 5°C/min,
2; 10°C/min, 3; 15°C/min, 4; 20°C/min)
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Figure 3: TG curvesof dynamicthermal degradation of
PS/DMT blendsat different heatingrates(a) 5°C min?, (b)
10°C min,(c) 15°C min‘?, (d) 20°C mint

on DTG curvesasshown in figure 2, (@) and (b) re-
Spectively.

In TG curves, a second degradation step is ob-
served at heating rate above 15°C min?t and it appears
below 200°C. It is also evident that PSisthermally
morestablethan DM T becausethermal degradation of
DMT startsearlier and goesoninanarrower tempera:
tureinterval. With increasing heating rate, the degrada-
tionof DMT startsat higher temperature, thetempera-
ture at the maximum rate of degradation increases
dightly, but themaximum rate of degradation increases
sharply. Thismeansthat therate of degradationof DM T
isdependent very well onthehesating rate.

Thermal degradation of pure PS occurswith one
step, whilethermal degradation of plasticized PS oc-
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Figure4: DTG curvesof dynamicther mal degradation of
PS'IDMT blendsat a heating rateof 10°C/min
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Figureb5: Effect of PSS DM T blend composition and heat-
ing rateson theonset temper atures(a), and on thetem-
peraturesat themaximum ratesof degradation (b)

cursthrough two steps as shown by the thermogravi
metric(TG) curvesof dynamic thermal degradation,
obtained in thetemperature range of 30-550°C at the
heating rates5,10,15,and 20°Cmin are showninfig-
ure 3(a-d), respectively.

Theeffectsadditionof DMT on TG curvesisto
decreasethetemperature a which PSfilmsstart mass
loses. For pure PS, the measurable masslose starting
between (400-460°C) is detected. Thismeansthat in
these sampl es bel ow 400°C very small degradationis
present. It can be seen from the TG curves that the
therma degradation of plasticized PSfilmsishigher than
pure PS of similar molar mass.

The corresponding derivative thermogravimetric
(DTG) curves, only for the heating rate 5°Cmin’?, are
showninfigure4.

Thethermogramsof PSYDMT blendscontain two
unresolved degradation stepsthefirst correspondsto
thetherma degradation of DM T and thesecond to the
therma degradation of PS. Thehighest rate of PSdeg-
radationisachievedinthepure PSand thed owest rate
of PSdegradationisachieved intheblend PSDMT
70/30. Thismeansthat therate of PS degradation de-
creasesby increasing the content of DM T intheblend.
Thetemperatures at the maximum rate of degradation
(represented by peaks on DTG curves) in PSS DMT
blendsarea most remain constant compared with pure
PS. Furthermore, thewidthsare almost the same.

Thecharacteristicsof the TG and DTG curves:. the
onset temperatures of thestart of degradation (T°) (the
Intersections of the extrapol ated base linewith thetan-
gentsdrawn intheinflection points of the TG curve),
the temperature at the maximum rate of degradation
step (T,M), thedegree of conversion a.isdefined as:

a =(mg-m)/)(m-m,) D
Wherem,, mand m, refer totheinitial, actua and re-
sidual massof thesample. Thesearecad culated by us-
ing NETZSH system software. Furthermore, the de-
pendencies of onset temperatures (T°)) and thetem-
peratures at the maximum rate of degradation in the
first degradationstep (T,™) onDMT ratiointheblends
for different heating ratesareshowninfigure5 (aand
b), respectively. It isnoticed that these characteristics
depend on the composition on of PSYDMT blends.
Withinthesamerate, it isclear that thereisno obvious
correlation betweenboth T° and T," withDMT com-
position, which meansthat DM T neither affect thebe-
ginning of thermal degradation nor thetemperature of
maximum degradation rete.

Furthermore, the dependence of the degree of con-
version at the corresponding maximum ratesof degra-
dation (c.,") and the mass percent lose (Am,), at the
end of the second degradation step on the PSSDMT
blend ratiosfor different heating ratesisshowninfigure
6 (aand b) respectively.

Withtheadditionof DMT toPS, (o, ™) showslower
valuesthan that for pure PS at the following heating
rates (5°C min?, 10°C mintand 15°C min?), whileat
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Figure6: Effect of PSSDM T blend composition and heat-
ingratesonthea,™ (a) and onthe Am, (b)
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Figure 7. Kissinger method plot of In(B/T? ) against
In(1000/T, ) for PSDMT blend
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20°C mintheating rate, the addition of DMT to PS,
showshigher or the samevaluesasfor pure PS. At the
sametime, Am, decreaseswith theincreaseintheadded
PS/DMT ratio in the blend, and found to depend on
theheating rate.

I nfluenceof heating rateon kinetic parameter sof
thethermal degradation

The application of dynamic TG methods can be
used for unravelling the mechanism of physical and
chemical processesthat occur during polymer degra-
dation. Thermd degradation of PSand PSYDMT blends

= Pyl Paper

can be explained by eval uating somekinetic param-
eterssuch as, activation energy (E), Arrheniusfactor
(A), and conversion function (o).

Theraeof conversion, d(o)/dt, for TG experiments
at constant rate of temperature change, f=dT/dt may
be expressed by:

d d
B =k (@) @

wheref (o) and k (T) arefunctionsof conversion and tempera-
ture respectively.
k (T) isexpressed by Arrhenius equation:
k(T)=AgfRT (3
where, Ea is the activation energy, and A is the Arrhenius
factor.
Thefunction of conversonf (o) isgiven by:
f(a) =(1-a)" (4)
wherenistheorder of thereaction. Insertion of Egs. (3) and (4)
into Eq. (2) gives:
da da n —E/RT
E‘BE_(L“) A e ©)
In this work, two methods have been used to
andysethenon-isothermd kineticsof PS'DMT blends
at different heating rates.

Kissinger method!*®

Thistechniqueinvolvesobtaining thetemperature
values(T__ ) that occursat the maximumrate, while
d(do/dt)/dt is zero, differentiation of EqQ. (5) withre-
spect to time (t) and setting theresulting expression to
Zerogives.

EB/RTZmax: An (1 — Ol )n—le—E/RTmalx (6)

Inequation (6), Kissinger assumesthat the product
n(1-o)*'=1, and isindependent of the value of 3
and thefollowing equation was obtai ned:
INB/T2max)=IN(AR/E) + IN[N (1= &z )" 2] = E/ RT e (7)

Kissinger method has been employed to analysis
of TG dataof PS'DMT blends, becauseit isindepen-
dent of any thermodegradation mechanism. Thisalows
the activation energy to be determined from aplot of
In(B/T> ) against (1000/T _ ). Theactivation energy
(E) iscaculated from the d ope, and the pre-exponen-
tid factor (A) from theintercept of theobtained straight
line. A typical plot obtained by Kissinger method is
showninfigure?.

Thekinetic parametersca culated from thismethod

—r—,  \lBCromolecules
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TABLE 1: Aver agevaluesof kinetic parameter sof non-iso-
thermal degradation of PS/DMT blends determined by

Kissinger’s method
PS/'IDMT 100/0 95/5 90/10 85/15 80/20 70/30 0/100
r? 0.9995 0.9982 0.9979 0.9995 0.9989 0.9944 0.9818

(E)KJmol™ 190 207 232 222 203 181 195
Log A 96 108 127 120 105 89 139
1.40g
*0.1
"oz
- 120 403
£ x0.4
S o £
= +0.7
2 osof ~0.3
= -0
0.60
135 14 145 15 155

KT
Figure8: Application of Flynn-Wall-Ozawa method for
95/5PSDMT blend.

areshowninTABLE 1.

It has been reported that the cal culated activation
energy for PS, (Mw = 24500) wasfound to be 205 kJ/
mole, and to decrease with theincrease in Mw val-
ues™®, Our datausing Kissinger method gave 190kJ/
molefor pure PS, and very closeto the above reported
vaue

Flynn-wall-ozawa method™* 2

Thismethod isderived from theintegral method,
a s0 beingindependent of degradation mechanism. Itis
directly based on equation (5) that can bearranged as
shown below:

da A _EIRT
=—(e dT 8
o) B ( )
Whichisintegrated withtheinitial conditionof (o =0)
atT=T_,toobtaintheequation below:

o da A (T _E/RT
Onassumingthat A, (1-a)"and E areindependent
of T, whileA, and E areindependent of a, thenby using
Doyle’sgpproximation of E/RT >20, for theintegrated
equation?, can besimplified asinthefollowing loga-
rithmic equation bel ow:
logF(a) = 10g(AE/R) —logB - 2.315-0.4567(E/RT) (10)
Where F(a)is the conversion functional relationship, B isthe
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heating ratein (°C/min).

For different hegting ratesat constant degree of con-
version (o), EQ. (10) can be formulated and called
Flynn-Wall-Ozawaequation, as shown bel ow:
logB = -0.4567(E/ RT) - 2.315+l0og(AE/R) - logF(a) (11)
Where (o) isthe degree of conversion = (0.0- 0.9).

From Eq. (11), vauesof log p wereplotted against
1000/T, and E- values at different degree of conver-
sion for 95/5 PF/ DMT blend were calculated. As
Doyle’s approximation has been applied for theinte-
gral in thismethod, (o)) =0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, and 0.9 have been used. A typical plot ob-
tained plot by the Flynn-Wall-Ozawaisoconversional
kinetic method for 95/5 PS'DMT blend isshownin
figure8 above

Inthiswork, thecalculated activationenergy (E) is
called apparent activation energy becauseit isthesum
valueof activation energies of chemical reactionsand
physical processesinthermal degradation, andiscal-
culated from of the dope of theselines. Thevaluesof
pre-exponentia factor are calculated from theintercept
of thestraight linewith y-axis, for each conversion us-
ing thefirst reaction order kinetic mode. For pure PS,
vauesof (E) aredmost constant inthe conversonrange
o =0.1- 0.9. According to thisfact, one can conclude
that inthisconversionrange, themechanism of thermal
degradation dmost remains congtant!®!. For Pure DM T
inconversonrangeo. =0.1- 0.9, valuesof (E) increases
withtheincreasein degreeof conversion. Pure PShas
higher (E) thanfor pure DMT. (E) Vauesof PSYDMT
blend decreaseswith theincreasein blending ratio and
they do changelinearly with theratio of PSintheblend.
Calculated valuesof kinetic parameters(EandlogA)
of non-isotherma degradationfor eacchPSDMT blend
intheconversionrange (0.1- 0.9) areshownin TABLE

Theaveragevauesfor kinetic parameters (E and
logA) of non-isotherma degradationof PSYDMT blend
arecdculated intherange of gpplicability of Hynn-Wall-
Ozawamethod and arelistedin TABLE 3.

Fromthedatain TABLES 1 and 3, it can be seen
that by using Kissinger and FHlynn-Wall-Ozawameth-
ods, dmost equa va uesof activation energiesand pre-
exponential factor are obtained for thewhole conver-
sonrange. Itisafact that activation energy, pre-expo-
nential factor and conversionfunction valuesshould be
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TABLE 2: Kinetic parameter sof non-isother mal degr adation of PSYDM T blends determined by Flynn-Wall-Ozawa method

PSIDMT Conversion, a
blend 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
r’ 0.9907 0.9938 09987 09982 0.9984 0.9979 09980 0.9959 0.9922
100/0 EKJmo™ 157 171 177 178 176 177 177 172 161
log A 10.9 12.1 12.7 12.8 12.8 12.9 12.9 12.7 11.9
r’ 09795 09930 09941 09961 09972 09977 09977 0.9981 0.9983
955 EKJmo™ 170 187 195 196 196 196 196 194 188
log A 11.9 13.4 14.1 14.2 14.3 14.4 14.4 14.3 13.9
r’ 09877 0.9884 09918 09943 09963 09976 09975 0.9977 0.9767
90/10 EKJmo™ 167 167 185 193 195 197 197 190 152
log A 4.0 11.8 133 14.0 14.2 14.4 14.5 14.0 11.2
r’ 09062 0.9201 09682 09808 0.9895 0.9906 09919 0.9920 0.9742
85/15 EKJmol™ 165 159 180 184 191 188 186 181 160
log A 0.2 11.3 12.9 13.3 14.0 13.8 13.7 13.4 11.8
r° 0.9107 09056 09753 09900 0.9929 0.9947 0.9945 0.9941 0.9912
80/20 EKJmol™ = 182 173 184 193 192 193 193 192 192
log A 1.0 12.4 13.3 14.1 14.0 14.2 14.2 14.1 14.2
r° 0.9967 0.9675 09804 09973 09985 09983 0.9965 0.9955 0.9926
70/30 EKJmol™ 145 160 146 165 171 173 171 170 162
log A 1.1 15 10.4 12.0 12.4 12.7 12.5 12.6 12.0
r° 09676  0.9961 09961 09942 09875 09812 09822 09785 0.9746
0/100 EKJImol™ 87 91 94 103 112 125 141 160 180
log A 7.8 8.2 8.5 9.4 10.3 11.6 13.2 15.1 17.2
TABLE 3: Aver agevaluesof kinetic parameter sof non-iso- i
thermal degr adation of PS/DMT blends determined by Flynn-
Wall-Ozawamethod 12
PSDMT 1000 955 90/10 85/15 80/20 70/30 ”
Conversion, o 0.2-0.8 0.3-0.8 0.3-0.8 0.3-0.8 0.4-0.9 0.5-0.8
r2 0.9973 0.9968 0.9958 0.9855 0.9929 0.9972 g
(E)KImol™ 175 196 193 185 193 171 6
Log A 127 143 140 135 141 126 LG OO B
- - . E EKJmol™
used smultaneoudly to describethethermal stability o Figure9: Compensation relationship in non-isother mal
plasticized polystyrene. WhenlogA and Evaluesex-  degradation of PSYDM T blends
hibit alinear relationship for the samereaction carried
outinaseriesof different conditions, itisknownasa pisyel!
o . ] . i 14 141 142 143 144 145 146 147 148
kinetic compensation effect®2, Thelinear relaionship 0
was observed on the plot betweenlogA and E for PS/ 102+
DMT blendsandisshowninfigure9. WA
Ascanbeseeninfigure9, thereisalinear relation- ]
ship between log A and E for PSYDMT blends. Ac- £ 08
. . M
cordingto Agrawa?!, atrue compensation effect ex- s
istsswhentheArrheniusplotsof (Ink) vs. U/T display a e
singlepoint of concurrence(T, ) awhichall ratesare -
. . g MET—— 0 w355 —a— 3010
equal (k). Aplotof (Ink) vs. /T isshowninfigure B - -7
10, bel ow: Figure10: Arrheniusplotsink vs /T for thenon-isother-
Asseeninfigure 10, A point of concurrencewas ~ Mal degradation of PSDMT blends

observed for PSY'DMT blends at blend ratio of 100/0,
85/15, 80/20, and 70/30, but not at higher blending
ratio of 95/5 and 90/10. The concurrence point was

found at Ln k=-10.7 for 100/0, 85/15, 80/20 and 70/
30 PS/'DMT. Thismay indicate that atrue compensa-
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tion effect exists at these lower ratios. On the other
hand, at higher ratiosof PS'DMT blends, this point of
concurrence doesnot exist and therefore, acondition
for existence of the true compensation effect isnot ful-
filled.

CONCLUSIONS

1. Fromtheinvestigationsof thethermal degradation
of PSYDMT blendswith non-isothermd thermogra
vimetry inaninert nitrogen atmosphere, it wascon-
cludedthat:

2. Thedynamicthermal degradation of pure PSoc-
cursthrough one degradation step at the heating
rates, of 5, 10, 15, 20°C mint, wheretherma deg-
radation of PS'DMT blends occur through two
degradation steps at the used hedting rates.

3. Blendingof PSwithDMT plagticizer, shiftstheon-
set temperature and the temperature at the maxi-
mum rates of degradation to lower values. Also,
the mass lose for pure PS starts between (400-
460°C), whilethemassloseof PSDMT blend starts
below 400°C. Inthelater case, thermal degrada-
tion of plasticized PSfilmsishigher than for pure
PSfilms

4. Kissinger and Flynn-Wall-Ozawamethods were
used to determine somekinetic parameterssuch as
(logA and E) of thermal degradation of PSDMT
blendsat different heating ratesand blending ra-
tios. Almost the sameresultswereobtained by the
two methods.

5. Theapparent activation energy (E) of pure PShas
lower va uethan blended PS and found toincrease
at low blendingratio.

6. An isokinetic point has been obtained at lower
blending ratios, but not at higher blending ratios.
Therefore, it can be concluded that thereisatrue
compensation effect in the case of non-isothermal
degradation of PS'DMT at low blending ratio.
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