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ABSTRACT

In our previous study, we have investigated the biodegradation of y-steril-
ized polyolefinsin composting and microbial culture environmentsat differ-
ent doses. It was found that the biodegradation increases with the increas-
ing dose of y-sterilization and time of incubation in compost. It was con-
cluded that the pretreatment of y-sterilization can accel erate the biodegrada-
tion of neat polymer matrix in biotic conditions significantly. The aim of the
present study is to study the effect of y-dose rate on the biodegradation of
y-sterilized polyolefins. Films of isotactic polypropylene, high density poly-
ethylene and ethylene-propylene (EP) copolymer were sterilized under v-
radiation with doses of 10 and 25 kGy. Two different ®°Co sourceswere used
with dose rate 600 and 780 Gy h. Neat and sterilized samples were incu-
bated in compost and fungal culture environments. The changes in func-
tional groups, surface morphology and intrinsic viscosity in polymer chains
were characterized by FT-IR spectroscopy, SEM and viscometric measure-
ments, respectively. It was observed that both y-degradation and biodegra-
dation processes depend on the dose rate of y-source. It was found that the
biodegradation of y-sterilized polyolefinsin composting and microbial cul-
ture environments increases with decreasing the y-dose rate.
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INTRODUCTION

Synthetic polymersareubiquitousinour world, find-
ing diversegpplicationsin many fieldsbecause of their
useful propertiesand inexpens ve and contributeto en-
hancement of comfort and quality of lifeinour modern
industria society. The propertiesof polymerslikedu-
rability, resistanceto weathering and photo-degrada-
tion aswell ashiological attack and hydrophobicity,

have contributedto their skyrocketing utility in different
applications. Inbiomedical field, they have beenthe
choiceof materid sfor medica suppliessuchassyringes,
catheters, vials, blood transfusion bags, diayizersfor
blood purification etc. Themost commonly vaidated
doseusedto serilizemedica devicesis25 KGy!Y., This
processisreplacing thehazardousand environmentaly
destructive use of ethylene oxide/CFC mixtures, which
arevented into atmosphere after use and theresidue of
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ethylene oxideiseven carcinogenic. However, steril-
ization of biomedica polymersusingy-radiationisalso
known to result in physical changes including
embrittlement, stiffening, softening, discol oration, odour
generation and decreasesin molecular weight. During
the degradation process of polymers, thereisgenerally
achangein physical properties such asthe average
molecular weight, themolecular distribution, and the
mechanica properties?.

Biomedicd polymer wastesaremostly incinerated.
Incineration of polymerswhich needshigher energy in-
put, emitstoxic gasesand great deal of energy which
may damagethefurnace. It requiresmoreland-space
andfinding of acceptablesitesfor landfilling near urban
areasisbecoming difficult but, from an economic point
of view, plasticsto disappear in the soil would beenvi-
ronmentally acceptable method®. Bio-recycling/ bio-
degradation can bean dternativeto over comethe prob-
lem of plastic waste disposal. Biodegradation of
polyolefins has been another paramount importancein
thefield of research for few decades. Thesepolyolefins
have been found to undergo photo-induced biodegra-
dation® andin natural and acce erated composting con-
ditiong®. In our previous study'® wehaveinvestigated
the biodegradation of vy-sterilized polyolefins in
composting and microbid cultureenvironmentsat dif-
ferent doses. It wasfound that the biodegradationin-
creaseswith increasing the dose of y-sterilizationand
time of incubation in compost. It was concluded that
the pretreatment of y-sterilization can acceleratethe
bi odegradation of neat polymer matrix in biotic condi-
tionssgnificantly.

Therdativeranking of polymersaccordingtotheir
radiation resistanceis complicated by themarked ef-
fect of doserate”. For total y-sterilization dose, we
havefound that thelow dose ratewas more damaging
than high rate’®1%, Thiseffectisnot fully understood,
but has been discussed by some authorg2&4, [n addi-
tion, the study of dose rate effectsand the comparison
of datafrom different authors are complicated by dif-
ferencesin exposure conditions. There have been no
reports made on the effect of y-dose rate on the biode-
gradability of polyolefins. Thus, itisworthwhileto sudy
the effect of y-radiation dose rate on the biodegrad-
ability of polyolefinsafter stexilization. Thiswill show
whether the pretreatment of y-sterilization usng differ-
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ent doseratewill effect thebiodegradation of polymer
matrix inbiotic conditions. Thepresent investigetionis
intended to study the effect of y-doserateon thebiodeg-
radation of high-dengty polyethylene (HDPE), polypro-
pylene(PP), and ethylene-propylene (EP) copolymer in
compodgtingand microbid cultureenvironments

EXPERIMENTAL

Materials

Commercid samplesof isotactic polypropylene (i-
PP) and high-density polyethylene (HDPE), ethylene-
propylene copolymer (EP) were obtained from M/s
Indian Petrochemicas Corp Ltd., Baroda, India. The
molar percentage of ethylene content in copolymer
sample (EP) was 4.45. These polymer pallets were
purified by dissolving in refluxing xyleneunder nitrogen
atmosphere. The solution was preci pitated with cold
methanol, filtered, and dried at 50°C in vacuum oven.
These sampleswere assumed to be additivefreeand
designated as purified samples.

Filmspreparation and y-radiation

Thepurified samplesweremolded into 100+ 10um
thicknessfilmin auminumfoil betweentwo platesby
first heating at 210, 170, and 200°C, for PP, HDPE
and EP copolymer, respectively, and holdingfor 7min
and then increasing the molding pressure to 15000
pounds. Thepressurewasalowedtofdl, themoldwere
thenimmediately quenched into alargebath filled with
water at 20°C. Thefilmswerekeptinawell type®Co
for y-radiation alowing uniform exposure. Two differ-
ent %°Co sources were used with different dose rate
600 and 780 Gy h*. Thesampleswere sterilized to the
range of sterilization dose (25 KGy) under different
®Co sourcesat room temperaturein presenceof air.

Viscosity measur ements

Intringcviscodties[n], weredetermined indecalin
solution at 135°C. Theantioxidant, 0.1 wt % (2, 6-di-
tert-butyl-p-cresol) was added to prevent any further
degradation. The decalin solution wasfiltered through
aNo.3 glassfilter at 70°C before dissolving the PP
films. Theviscosity-averagemolecular weight (M ) was
caculated fromtheintrinsic viscosity by using Mark-
Houwink equation: [n] = K M2 Theconstant valuesK
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and awere taken from Ref.[*4, The error due to ex-
pansion of flask isnegligibleas preheated flask and pi-
pette (140°C) were used to mix the solvent into an
Ubbe ohdeviscometer.

I ncubation in compost

Thebiodegradability testswereperformedinalabo-
ratory scale composer, and the size of the filmswas
5x5cm. The constitution**3 of solid waste mixture
(compost) used for biodegradability testing of y-steril-
ized sampleswasasfollows (dry weight): 40.8% shred-
ded leaves, 11.4% cow manure/dung, 15.8% newspa
persand computer paper, 2% whitebread, 7.8% saw-
dust, 19.2% food waste (dry milk, potato, carrot, ba-
nana, and others vegetables) and 3.0% urea. Tota dry
weight was 5kg. The moisture content was maintained
by periodic addition of water. From figure 1, it was
observed that the temperature of compost had been
dightly higher than atimaospherictemperatureand thetem-
perature of compost increased to approximately 40 de-
greesin 3months, which waskept for one month and
then began to drop. The biodegradability was deter-
mined by measuring the gravitationa weight | oss (per
surfaceareain gm/cn?) ondigita balance, Prescisa205
SCS, Switzerland.

Incubationin culture

Thetest fungi i.e. Aspergillusniger whichwascul-
tivated by inoculating in Sabouraud Dextrose Agar
(SDA) of pH 6.5 at 28 C for 4 days. The SDA agar
was prepared by dissolving 10g of peptone, 40 g of
dextrose, 159 agar in oneliter of delonized water. The
grown spore suspension was used further. Thebasic
salt agar for testing thefungal growth on polymer was
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Figurel: Temperatureprofileof composting
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prepared by dissolving potass um dihydrogen phosphate
(0.70g), magnesium sulfate (0.70g), ammonium nitrate
(1.0g), sodium chloride (0.005g), ferrous sulfate
(0.002g), manganese sulfate (0.001g) and agar (15.009)
inoneliter of deionized water. After the mediumwas
sterilized at 120 + 5°C for 25 min, the pH was ad-
justed between 6.5 and 7.0 by addition of a0.1 N
solution of NaOH. For providing thesolidified agar layer
(depth 4-7mm) basic salt agar was poured into steril-
ized petri dish. Thesurface of test gpecimenwasinocu-
lated by spraying the spore suspension. Thepetri dishes
wereincubated at 28-30°C after sed ed by wax toavoid
the contamination for six weeks. Therate of funga
growth wasestimated in accordancetoASTM G-2170
wheretherecorded parameter (S) isthefraction of the
surface covered by fungus (S < 10% (1), 10< S<
30% (2), 30 < S< 60 (3) and S> 60% (4)).

FT-1R Spectroscopy

FT-IR (Fourier transforminfrared 16 PC spectrom-
eter) was used to characterize the chemica changes
caused by y-radiation in the polymer films, and our inter-
es wasmainly focused onthechangesin hydroxyl (3700-
3100 cnt) and carbonyl region (1600-1800 cm?) to
follow y-induced oxidation.

Scanning el ectr on micr oscopy

Thefilmswere placed in stoppered bottles con-
taining osmium tetroxide (2% agqueous) and alowed to
stand for 48 h. Thefilmswerewashed with water and
dry ethanol and they weredried under vacuumfor 24 h
at 50°C. The gold-coated sampleswere examined un-
der e ectron microscope (LeicaCambridge Stereoscan
440 mode!).

RESULTSAND DISCUSSION

v-degradation
FTIR spectral changes

FTIR Spectroscopy isaconventiona techniqueto
follow oxidetive degradation by monitoring changesin
functiona groupsand our interest wasfocused at car-
bonyl and hydroxyl regions. Figure 2 show the FTIR
spectral changesof polymersupony-sterilization. Itis
clearly observed that theincreasein absorbanceat car-
bonyl and hydroxyl regionswas observed for al the
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Figure2: FTIR spectraof neat and y-gterilized (a) PP and (b) PE at car bonyl region with different doserate
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Figure3: SEM of y-sterilized samples (with doserate 780
Gyh)a) PPand b) PE

derilized polymer samples. Theformation of oxidation
products absorbanceincreaseswith decreasing y-dose
rate. On the other hand thelower doserate, the higher
degree of oxidation. The appearance of peaksat car-
bonyl region (1550-1800cm'*) with maximum absorp-
tion at 1720cm* can be attributed to theradio-oxida-
tive degradation of polymers. Thisasoillustratesthe
presence of y-lactones at 1795cm?, peresters at
1774cm?, peracids at 1750cm?, carboxylic acids at
1705cm'?, and clear shoulder at 1685cm™ assigned to
o, B- unsaturated ketones (-CH = CH-CO-). A week
band appearsat 1733cn! assigned to aldehydes. The
major band at 1720cm'?, regularly used to monitor the
oxidation process, isattributed to ketones. It isclear
seen that the concentration of these groupsincreases
with decreasing doserate of y-radiation. Amongall the
polymers, theincrease at carbonyl regionwasobserved
to be higher for 25 KGy y-sterilized PP sampl es.

Variation in viscosity

TABLE 1 showsthechangesinintrinsic viscosties
of polymersafter y-sterilization. It can be seenthat [n]
of al the polymers decreased with decreasing they-
doserate. The ethylene content has an effect on the

mol ecular weightsof pure PP matrix, therefore, [n] of
unsterilized EPishigher thanthat of unsterilized PP, In
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Figure4: SEM of y-sterilized samples (with doserate 600
Gyh?)a)i-PPand b) PE

al the polymers, the decreasing the doserate of y-ra-
diation reducestheintring c viscosty wherey-sterilized
sampleswith dose rate 600 Gyh* showed lower [1]
valuesthan y-sterilized with doserate 780 Gyh™. The
decreasein [n] can beattributed to chain scission or
theformation of |ow mol ecular weight compounds dur-
ing Serilization. Theremay becompetitionbetweenchan
scission and crosslinking, but in our investigation, ap-
preciable crosslinking was not observed in the system,
asfilmsremained completdy solublein decdine.

M or phological changes

Figure 3 and 4 show the scanning el ectron micro-
graphs of y-sterilized samples of i-PP, and HDPE at
different doserate. It isevident from the micrographs
that under y-sterilization, samples were observed to
show deformed/cracked surface. It can be seen that
the surface crack of al the polymersincreased with
decreasing they-dose rateindicating that the degrada
tionaremoreseverefor thesterilized sampleswithlower
doserate. It iswell known that this cracked (amor-
phous) surface will accel eratethe degradation further,
sincetheoxidative degradationisinitiated at surface of
materias. Theseresultssupporting to that obtained from
FT-IR wherethe concentration of the oxidation prod-
uctsincreased with decreasing the doserate.
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Figure 7 : Weight loss (%) y-sterilized samples with dose
rate600 Gyh

Biodegradation
Composting

Weight lossisone of the most val uable dataindi-
cating the actual biodegradation of polymeric materia
after composting whenever validated by paralel moni-
toring of theneat respirometric microbid activity bound
to the carbon content of the sampleunder testing. The
weight lossof neat and y-sterilized and compost-bur-
ied, polymer samples (~100um thickness and

—= Pyl] Peper

TABLE 1: Changesinintrinsicviscosity duringy-steriliza-
tion at different doserate

Sterilization dose with different doserate

S(') M atrix Neat

N 780 Gyh'* 600 Gyh™
1 HDPE 161  0.97 0.85
2 PP 18 073 0.56
3 EP 227 105 0.74

TABLE 2: Visual growth rating of Aspergillusniger on poly-
mer films

HDPE i-PP EP
" g S v I B v T
1 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 1 0 0 1
3 0 0 1 0 1 2 0 1 1
4 0 0 1 1 1 3 0 1 2
5 0 1 2 2 2 3 1 2 3
6 0 2 2 2 3 4 1 2 4

TABLE 3: Variationsin theintrinsic viscosity [n] of y-ster-
ilized and composted samples

HDPE i-PP EP

780 600 780 600 780 600
Gyh* Gyh? Neat Gyh* Gyh* Neat Gyh* Gyh?

097 085 183 073 056 227 105 0.74
094 074 168 055 035 211 093 054
089 063 150 044 021 194 0.78 0.42
081 056 130 - - 188 061 -

Months

0 161
2 1.59
4 157
6 154

5cmx5cm 9ze) wasmeasured monthly during Six months
of composting by removing, washing thesampleswith
digtilled water and ethanol and dryinginavacuum oven
at 60-65C until constant weight. Figure 5-7 show the
weight lossof ungterilized and y-sterilized sampleswith
different dose rate (600 and 780 Gy h?). It is quite
obviousthat the degradation rate (gravitationa weight
loss) increased rapidly with decreasing thedoserate of
y-radiation and timeof incubation in compost. Among
all the polymers, samples of unsterilized HDPE have
a so shown lower rate of weight | oss.

The samples of PP have comparatively shown
higher we ght lossthan that observed for HDPE samples
in both y-sterilized and neat samplesindicating the
greater susceptibility of i-PPto microorganismsduring
composting. TheHDPE samplesweremore stableto-
wardsthemicrobia attack than samplesof other poly-
merswhiley-sterilized HDPE filmswith 600 Gy ht
have shown higher weight lossthan neat and y-steril-

—r—,  \lBCromolecules
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ized HDPE with 600 Gy h*. Theweight loss (%) of
unsterilized samples of EP copolymer issignificantly
observed after 2 monthsand EP was more susceptible
to biodegradation than HDPE. Of dl thepolymers, the
y-sterilized sampleswith 780 Gy h* have shown the
significant weight lossbut lessthan y-sterilized samples
with 600 Gy ht. After 4 monthsof composting, y-ster-
ilized PP sampleswith 600 Gy h* werenot recover-
ablefrom the compost. However, y-sterilized EPand
PP samplewith 780 Gy h™ werenot recoverablefrom
the compost after 5 months suggesting the
biodisintegration of filmsin composting and the accel -
eration of biodegradation processdueto changing the
doserateof theused y-radiation. Infigure 1, tempera-
ture of compost was found to be higher than atmo-
spheric temperature. Thismay be dueto thefact that
earlier monthsof composting, compost itself couldin-
crease the temperature because of exothermic micro-
bia degradation™19., In correlation of figure Landfig-
ure6-7, it can be seen that the weight losswas|ower
forinitial daysand rapidly increasesafter 2-3 months
suggesting that temperature of compost will dsohavea
sgnificant effect on thebiodegradation.

Incubationin culture

Thevisua growthrating™ testisvaluablein as-
sessing the performance of polymer duringitsuse un-
der such conditions. Thesampleswereused asthe sole
carbon source for a fungus, e.g, Aspergillus niger.
Duringincubationwith fungd culture, thespores (black

Macromolecules

(b)
Figure8: SEM of y-sterilized (with doserate 780 Gyh* and 4 monthscomposted samples(a) PP, (b) PE, and (c) EP

(b)
Figure9: SEM of y-sterilized (with doserate 600 Gyh*) and 4 monthscomposted samples(a) PP (b) PE and (c) E

LT

spots) as colonieswere observed to grow. TABLE 2
representsthedatacf funga colonization (visud growth)
onthesurfaceof polymer filmsafter 6 weeks of incu-
bationin culture. Theabsence of any colonizationina
controlled petri-dish (without polymer sample) clearly
suggest that fungusisusing the polymer specimenasa
sole sourceof carbon, astherewas compl ete absence
of carbonin nutrient agar. It can be observed that with
increas ngtimeof incubation, thefungd colonizationwas
found to increase for all the samples. Among the
ungterilized samples, microbia growthwasnot observed
onHDPE whileit wasseenfor PP after 4 weeks. The
funga colonizationwasrdatively lower onthesurface
of EPthan that of PP and higher than HDPE. It was
interesting to observethat among all incubated steril-
ized polymers, thefungal colonization wasrelatively
higher onthesurface of y-sterilized with 600 Gyh* than
y-sterilized with 780 Gyh™. Then, it wasa so seenthat
they-sterilized sampleshave shown higher fungd colo-
nization than unsterilized and it wasincreased with de-
creasingthedoserate. In caseof sterilized samples, the
coverage on the surface of filmswas much morefor y-
sterilized PPfilmsthan othersin both cases (either 780
or 600 Gyht). Thehigher colonization onthesterilized
samples can beattributed to easy consumption of short
chainsasenergy source by fungus.

FTIR spectral changes

TheFT-IR spectral changesafter composting of y-
sterilized filmswith 600 and 780 Gyh* hasshown a
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decreasefound at carbonyl region may bedueto the
release of short chain carboxylic acidsintheform of
degradation productsduring the biotic step such asin
polyethylene, wherethe carboxyl functiondized short
pi eces can undergo [3-oxidation by co-enzymatic ac-
tion and thereaction mechanism can be compared with
paraffin degradation™>17. Thisdecreasewas not much
sgnificant, sincetheremay beincomplete consumption
of carbonyl compoundsand may be possibility of con-
tinuing oxidation processes (thermd oxidation and aero-
bic condition). The absence of primary a cohol group
in HDPE after treating with NaOH suggeststhemicro-
bia oxidation of thetermina methyl group of short and
longchains.

Variationsin viscosity

Thevaiaionsinintringcviscosty [n] of iPP, HDPE
and EPfilmsafter composting aretabulated in TABLE
3. During composting, withincreasing timeof incuba-
tion, thegradud decreaseinintrinsic viscosity wasob-
served for both sterilized and ungterilized samples. This
may be dueto the microbia consumption of low mo-
lecular weight (functional group) compoundsthat may
berandomly present at polymer backbone chain. Un-
der composting, chain scissonwasobservedto belower
at initial daysof composting and toincreasewithin-
creasing time of incubation. Chain scission under
composting condition a so was observed to be higher
but lessthan that observed under sterilization. It was
clearly seenthat all sterilized sampleswith 600 Gyh'*
shows lower intrinsic viscosity than that sterilized
sampleswith 780 Gyh. The higher surface deteriora-
tion of due sterilization withlow y-doserate and the
increaseinweight lossand thedecreaseinintrindgcvis
cosity of al y-sterilized samplesafter composting are
evident that thedegradation processoccursinitidly and
dominantly onthesurfaceof thefilmsandthenit moves
into polymer matrix by penetration of microorganisms.

M or phological aspects

Figures8 and 9, respectively, show the scanning
€l ectron micrographs of composted samples after ster-
ilization with different doserate of y-radiation. Thede-
formation/deepness of erosion of y-sterilized samples
with 780 Gyh* wasl ess, which may be dueto thelower
extent of oxidation in comparison with y-sterilized
sampleswith 600 Gyh. A network of crack formation

—== Py Paper

was observed with an increasein dose of y-steriliza-
tion. Formation of microcrackson the polymer surface
iIsdueto chain scission of polymer after y-irradiation.
The cavities on the surface were observed after
composting of sterilized samples, suggesting that mi-
croorganisms penetrate the polymer matrix during the
degradation process. The presence of small and large
cavities onthe surface may bedueto the absence of a
uniform distribution of short branches or degradation
productsgenerated during Serilization, which are pref-
erable carbon source (food) for microorganisms. Their
consumption by microbesresultsin good erosion on
thesurfaceof polymer films,

CONCLUSION

Theeffect of y-dose rate on the biodegradation of
v-sterilized polyol efinswas studied in composting and
microbial culture environments. Anincreased absorp-
tionin carbonyl and hydroxyl regionsof FTIR spectra
was observed for y-sterilized samplesand it wasfound
to increase with the decrease in the dose rate of y-
derilization. Significant changesinthecarbonyl region
were observed for composted samples. Ingeneral, a
decreaseinintringcviscosty andincreaseinchan s
sion were also observed with the decreasing y-dose
rateand timeof incubationincompog. Thehigher waght
losses of y-sterilized sampleswith lower intrinsicvis-
cosity suggested that chain scission and radio-oxidized
functional groupswereimportant unitsin thebio-/g-
degradation of polymers. Thevariationin degradation
behaviour of polymers (i PP, HDPE and EP copolymer)
suggested that they-gterilization with different doserate
have g gnificant effects on both y-degradation and bio-
degradation. We concludefrom thisinvestigation that
thepretreatment of y-sterilization with low doserates
can accel erate the biodegradation of neat polymer ma-
trix inbiotic conditionssignificantly.
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