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Polvethvlene and polypropylene are the two polyclefins with wide ranging applications. They are recalcitrent end

kence remain inert to degradation and deterioration leading to

their accumulztion in the enviroament, and, therefore creating

serious environmental problems. In this review, biodegradation of these two polymers under in yvitre conditions is reponted.
An zttempt has been made to cover the mechanism of biodegradation, the various bacterial and fungal organisms Lhat have
been reponted for the sume, methods adopted for the studies and different cheracterization techniques followed to measure

the extent of degradation

Keywords: polyethylene, polypropylenc, biodesradation, in vitro

Introduction

The myriad applications of polymers in almost all
the fields ranging from sophisticated articles such as,
prosthetic hips and knee joints to disposable food
utensils implies their significance and importance in
our day to day life. Thus, enormous production and
utilisation of polymers lead to their accumulation in
the cnvironment. Since not easily degraded by
microorganisms, today they have become a scrious
source of pollution affecting both flora and fauna.

Polyolefins or saturated polymers have a broad
range of applications. Polypropylene (PP) and
polycthylene (PL), expressed as CcHs, arc most
widely used linear hydrocarbon polymers. The
versatility of these polymers arises from the fact that
they are made from cheap petrochemical feed stocks
through efficient catalytic polymerisation process and
their case of processing to various products. The
range of their applications include, food packaging,
textiles, lab equipments, and automotive components.
PP has a methvl group instead of one of the
hydrogens present in PE, on every other carbon,
which gives ris¢ 10 the existence of three
srereoisomeric forms namely, atactic, isotactic, and
syndiotactic'. This stereoregular polymer was first
svnthesised by Ziegler and Natta with propylene as
the monomer. Metallocene catalysts can also be used
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for its synthesis. Industrially applicable PL was firsl
synthesised in 1933 by Eric Fawcett and Reginald
Gibson at ICI chemicals’. PE is totally linear and
available with varying range of densities from 0.91 to
0.97 g/em’. Low density 'E has branching at random
places leading to low packing of the polymer chains,
whereas the high density PE is more linear with
minimal branching leading 1o high packing density’.

As reported by American Plastic Association,
percentage  distribution  of PP, high density
polycthylene  (HDPE), linear  low density
polycthylene (LLDPE) and low density polvethylene
(LDPE) are 18.4%, 17.4%, 12.1% and 3.2%,
respectively in terms of sales and use in the year
2004 in the United States, Canada, and Mexico’.
Non-degradable  plastics  accumulate  In the
environment at a rate of 23 million tonnes par year'.
Extensive use of non-biodegradable thermoplastics
and the rate at which they accumulate in the
environment, makes the humankind to realise the
necessity to find its environmental impact. As the
polymer usage is unavoidable, ways have 10 be
found o (1) Enhance the biodegradability of the
polymers by blending them with biodegradable
natural polymers such as starch™"® or cellulose™ etc:
(2) Mixing with prooxidants’™"** so that they are
easily degraded and (3) Isolate™ and imprave
microorganisms that can efficiently degrade these
polymers. In order to attempt the third option the
mechanism of biodegradation should be understood.
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Overview of Biodegradation of Polymers

A general overview of biodegradation of polymers
over a period of time is schematically represented in
Fig. 1. Polvmenic materials released into the
environment c¢an undergo physical, chemical and
biological degradation or combination of all these due
to the presence of moisture, air, temperature, light
(photo-degradation), high energy radiation (UV, -
radiation) or microorganisms (bacteria or fungi). The
rales of chemical and physical degradation are higher
when compared to that of biodegradation. Also,
physical and chemical degradation facilitates
microbial degradation and complete mineralisation of
the polymer happens due to biodegradation, which 1s
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generally the final step™ .

Mechanism of Biodegradation
Biodegradation of polymers involves following steps:

1. Atachment of microorganism 1o the surface of
the polvmer

2. Growth of microorganism utilising the polymer
as the carbon source

3. Primary degradation of the polvmer and

4. Ultimate degradation

Microorganisms can attach to the surface, it the
polymer surface is hydrophilic. Since PP and PE have
onlv CH: groups, the surfaces are hydrophobic. Initial
physical or chemical degradanon leads to the insertion
of hydrophilic groups on the polvmer suriace making it
more hvdrophilic (insertion of hvdrophilic groups also
decreases the surface energy). Once the organism gets
attached to the surface, it start growing by using the
polymer as the carbon source. In the pnmary
degradation, the main chain cleaves, leading to the
formation of low-molecular weight fragments
(oligomers), dimers or monomers™. The degradation is
due to the extra cellular enzymes secreted by the
organism. These low molecular weight compounds are
further utilised by the microbes as carbon and energy
sources. Small oligomers may also diffuse into the
organism and get assimilated. The ultimate products of
degradation are €Oy, H:O and biomass under acrobic
conditions. Anacrobic microorganisms can also degrade
these polymers under anoxic conditions. The pnmary
products then are CO,, H,O, CH,; and biomass under
methanogenic condition or H:S, CO; and H;O under
sulfidogenic condition. The environmental conditions
decide the group of microorganisms and the degradative
pathway involved. Ultimate degradation of recalcitrant
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Fig. 1—Overview of degradation of polvmers -(Adapied lrom
Vasile).

synthetic polymers may take several hundred years™ ™,

Additives, antioxidants and other stabilisers added to
commercial polymers may be toxic to the orgamsms or
may slow down the rate of biodegradation.

Stratcgies used to Characterize Biodegradability of Polymers

As mentioned before, the high molecular weight
polymers are degraded first into oligomers, some of
which might be warer soluble and then they are
further broken down into organic intermediates, The
intermediate products may be acids, alcohols, ketones,
et¢. The following strategies are used 10 assess and
monitor the biodegradation of the polymers:

. Accumulation of biomass (expenimentally
determine the growth rate of microorganmisms
with the polvmer as the sole carbon source)
Oxygen uptake rate

Carbon dioxide evolution rate

Products of reaction using chemical analysis
Surface changes

Changes in the mechanical and physical
properties of the polvmer’

S g b

Analytical Techniques

Several analytical techniques have been used to
monitor the extent and nature of biodegradation
(Fig. 2). These characterisation techniques are meant
to study the mechanical, chemical, and physical
propertics of the polymer before and after
degradation, which will help in understanding the
extent as well as the mechanism of degradation. The
study of mechanical properties comprises measuring
of the tensile strength, clongation at fail and modulus
of the polymer by using Instron. The physical
propertics of the polymers monitored are: morphology
(microcracks, embrttlement using SEM, transmission
optical microscopy), density, contact angle, viscosity,
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Fig. 2—Differem levels of polymer

biodegradation.

molecular weight distribution (using GPC), melting
temperature (T,), glass transition remperature (Ty)
(doing TGA and DSC) and changes in the ey stalline
and amorphous regions (X-ray diffraction, SAXS and
WAXS). The changes in the chemical propertics that
could be measured include formation or disappearance
of functional groups as determined by FTIR. The
molecular weight and molecular weight distribution of
the degraded products or intermediates are charactenised
by techniques such as TLC, GC, GCMS, CL, MALDI-
TOF, NMR (Fig. 3)*%. The level of information derived
from each technigue, as shown in Fig. 2, increases as
one moves downwards thereby understanding the
mechanism of biodegradation. CO; evolution 1is
measured by using GC, titating with barium
hydroxide™’, Biofilm studies can be carried cut using the
acridine orange or BacLight hacterial viability kit The
metabolic activity of the cells in the culture as well as in
the biofilm can be done by ATP assays™, protcin
analysis and FDA analysis™. Thermally stimulated
current spectra obtained from clectret-thermal analvsis
reveals the clectric polarization properties of polymer
which is used for investigating biodegradation. Corona
discharge pretreatment of polymers showed bener
results compared to UV treament’ =",

Factors Affecting Biodegradability
Biodegradability of the polymer is essentially
determined by the following important rhysical and
chemical characteristics:
1. Availability of functional that
increases hydrophilicity
2. Size, molecular weight and density of the
polymer
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Fig. 3—Technigues used to characterize the degraded products

3. Amount of crystalline and amorphous regions

4. Strucrural complexity such as lineanty or
presence of branching in the polymer

5. Presence of casily breakable bonds such as ester

or amide bonds as against carbon-carbon bonds

Molecular composition (blend) and

Nature and physical form of the polymer such

as whether it is in the form of films, pellcts,

powder or fibres™’

-

Mechanism of Biodegradation of Polyolefins

In general, polyolefins are incrt materials not
susceptible to microbial auwack because of the
following reasons:

1. Hvdrophobic backbones consisting of long
carbon chains that give high resistivity
against hydrolysis’

Addition of antioxidants and stabilisers
during their manufacture which keeps
polyolefins from atmospheric oxidation”

3. High molecular weight (from 10,000 to 40,000)
4. High packing density’

!--J

Even though PP is a polyolefin and prone to
oxidative degradation similar to PE, the substitution
of methyl in the place of hydrogen in the [} position
makes it more resistant to microbial attack, as already
discussed in the factors affecting biodegradability
(namely structural complexity)".

The decreasing order of susceptibility of polymers
to degradation in soil mixed with municipal refuse
was PE>>>>LDPE>HDPE as revealed by analysing
the weight loss of samples, CO; evolution, changes in
tensile strength, changes in FTIR and bacterial
activity in the soil”.

Studies reported on biodegradation of PP arc given
in Table 1. As evident from the table, the work carried
out in this area is scarce. Apart from fungal species
(Aspergillus niger), microbial communities suchas the
species of Pseudontonas and Vibrio have been reported
to biodegrade PP”. A decrease in viscosity and
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Table 1—Various literature rzpons on biodegradation of polypropylene and its blends
Titke of the paper Polymer Orgenism Conditions Analhytical
techniques
lsotactic polypropyiens Isotactic Microzerophilic  Mineral medium IR, NMR,
bivdegrudation in polypropylene microbial containing GU-MS
microhial community community sodiumlaciate &
glucase
UV-Irradiated Fithylene- Fungal species  Composting & FIIR, SEM,
hiodegradability of propylene culture VISCOSITY
cthy lene-propylene vopolvmers environments
copalymers
Biodegradation of - Isotactic Fungal species  Composting & FTIR, SEM,
slerilised biomedical polypropylene culrure VISCOSITY
polyvalefing environments
Blends
Calorimetric & Polypropylene’ Soil Soil burial tests  DSC end TGA
thermogravimetric starch
studies of UV-irradiated
polypropylene/starch-
based matenals aged in
soil
Effect of shont polypropy lene’ Soil Compasted in ATR-FTIR,
winvelength UV- celluloge garden soil TENSILE &
irradiation on ageing of SEM
polvpropy lene/'cellulose
compasitions
Mecharnical behavierof (HDPE)Y Saoil Soil burial tests  DMM,
biodeznuiable polyvpropylens VISCOFEI ASTI
polvoleiins (PP) C & DSC
Structure & properties  polvolefin- Phanerockaere  Liguid [ungus Tensile DMTA,
of degradable polyolefin- starch chrsosporium culture & soil GPC, intrinsic
steech blends burial test viscosily, FTIR,
& optical
MICTOSTUR)
Enzymatic degradation of PCLPP Rhizopus Eneymatic SEM &
plastics containing arrizus lipase  condition SPECTHO-
polyeaprolactone METRIC
Thermal degradation of Polypropylens’ Swpil Soil burial tests TGA, FTIR
polypropylene/starch starch based
hased materials with marerials
enhanced bivdegradation
Characterization by Rlends of Soil Seil burial tests TG, DSC and
thermal analysis of HDPEPP with dynamic-
HDPEPP blends with  differens mechanical
enhanced biodegradation biodegradable SpECrascapy
additives

cey stalline morphology
and activation energics of
reluxetion processes
happens at ditferent time
& depends on the
additives used

Relerence

23

I8

36

5
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formation of new groups namely carbonyl and hydroxyl
were observed during the degradation process 23
Except for one report™, all the studies deal ‘mm
degradation of pretreated PP. The pretreatment
techniques rtpﬂned range from U‘s’-mﬂdmtmn‘ P e
sterilization™ and  thermal meatment'’.  These
pretreatments either decrease the hydmphﬂb:clt}f of the
polymer thereby making it more compatible with the
organism or introduces groups such as C=0 or -Oll,
which are more prone to degradation. It is reported that
UV-trcated PP sample is more susceptible 10
degradation  than LDPE™. Biodegradation of
polypropylene/starch or polypropylene/cellulose blends
has been reported using soil organisms. It is observed
that the organisms casily degrade starch or cellulose
leaving behind the polymer. These carbohydrates or
fillers also increase the adhesion of the organisms to the
surface of the polymer —. Polycaprolactone (PCL)
blended PP has also been reported to degrade in the
presence of lipase™". PCL is an ester and since lipase is
well known to degrade ester linkages,
this polymer is facile. Lipase cannot afleet the carbon-
carbon present in PP. There are no reports available on
the effect of tacucity on the nature and rates of
biodegradation as well as on the use of manne
organisms to achieve biodegradauon.

Biodegradation of isotactic polypropylene without
any pretreatment is reported with one of the
community designated as 3S among the four
microbial communities (designated as 1S, 25, 35 and
6S) adapted to grow on starch containing
polyethylene obtained from e¢nrichment culwre.
Pseudvmonas chlororaphis, P. stuizeri, and Vibrio
species were identified in the community 35. TLC,
GC-MS, FTIR and NMR analysis of dichlore
methane extracted products confirmed the mixtures of
hydrocarbons  with  different  degrees  of
functionalisation along with aromatic esters, which
are added to the PP as a plasticiser. Sodium lactate
and glucose had a co-metabolic eftect. Starch
enhances the adhesion of the microorganisms and also
acts as a co-metabolite™.

The degradability of PCL blends such as PCL with
polystyrene (PS), poly-cthylenctelephthalate (PET),
and polvhvdroxybutyrate (PHB) were less when
compared to the degradability of PCL blended with
LDPE or PP. This was due to the miscibility of PCL
with conventional plastics such as polyolefins. High
biodegradability of PCL was observed with PCL-
LDPE and PCL-PP blends™.

dzgradation of

Outdoor soil burial tests were done on the samples
of a HDPE and PP blend with different biodegradable
additives. DSC analvsis of these polymers with
different addirives after a year showed no change in
melting temperatre and fraction of crystalline region.
Therefore, it was concluded that the biodegradation
begins at the amorphous region rather than at the
crystalline region. Bmdeg.raded HDPEPP blends were
more brittle in nature compared to non-degraded ™.

Mechanical, rheological and susceptibility for
natural degradation of polymer starch blends mainly
depends upon the content, properties of starch, kind
and concentration of additives added with the plastics.
LDPE demonstrated lower degradability as compared
with polypropylene in the presence of epoxidised
rubber. The biodegradation of polymer along with the
starch phasc was observed in few cases”.

The biodegradability of the UV-irradiated films of
isotactic  polypropylene (i-PP), ¢thylene-propylene
copolymer and LDPE was studied in composting and A.
niger culture. Increase in the rate of carbonyl and
hydroxyl groups, decrease in the intrinsic viscosity and
increase in chain scission after UV-irradiaton has been
reported. Decrease in the carbonyl region in FIIR was
confirmed by the utilization of oxidized polymers by the
microorganisms. The copolymer EPF-30R (having 7.7%
ethylene) degraded faster than EPQ-30R (having 15.1%
ethylene) demonstrating the effect of the composition of
copolymer on biodegradability. PP was found to be
more susceptible to microbial attack than LDPE. Weight
loss and surface crosion were also reported.” Addinves
are more susceplible to degradation rather than the
HDPE and PP in HDPE/PP blends in outdoor so1l bunal
test. Changes in the crystalline morphologies and
activation cnergies of the relaxation process were
confirmed by thermal analysis™.

Accelerated photo- and bio-degradations  were
reported with PP/cellulose blends when compared with
pure PP in garden soil compost™. -Sterilization of PP,
LDPE and E-P copolymers were reported to have the
same_kind of cffcets as mentioned for UV-irradiated
films". Colorimetric and thermogravimetric studies on
photo-degradation of polypropylene and a starch
biodegradable additive mixture showed decrease in the
crystallinity content due to free radical assisted chain
scission, followed by biodegradation in soil, which
later increased crystallinity due to the break down of
chains in the amorphous region of the starch ™.

Studies camied owt on polyethylene bio-
degradauon have been mentioned in Table 2. Unlike
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Table 2—Various mpr.m:un biodegradution of polsethvlene and its hlends

Tule of the paper Polymet Organtsm Analyviical techmgues Ubservalion Refetenae
s
Rindegrodation of LDPE Fungi Aspergillus miver DSC.FTIR. GIC & Molecular weicht acdduction. M
thermally oxudized Pemctilam fumecalnium, SEM merease in carbonyl double
palyethviene Paecilomyces varimi. o bond groups, erosion oo the
{feesclodiem virens Bikiens surfuce of polyethyicoe s doe
SMrepiiinvces dnaedives. M ek the e nsoz ganmism
selend & N virsdospainoic
Pregindatzon product LDPES Arthrolacter parealfiend us Cias chramatography- Decscase invalue o »
paitern and morphology  starch mass speciromelry,  onestallinnty, microorganisg
changes as means o Neray diimcton. stae consumes varbosyhic conks
ditferentiate abictically vachustion tearbon) evidenced by gun
and otically aged Chromatag rphy mass spectromatry prxdigt
degradable palyethylene FTIR, L'V Vis
speciroscapy, DSC
and SkM
Brodegradation of L.OPEY Soil mucroorgantsins, shikdee Tensile steenpth, B3 preemiage of clongaizoen
octanoeted starch and s stazch blends  pnrcroorgamiso elongation, weight amd S1%2 weight foss in 6
bleads with 1LDPE loss & SEM st
Brodegradation of Polvethvlene Fungi Mucor ranan & Tensile sirenath Heat teeatment T0C tor [ 40
disposable palyethyiene Bacienum Sirepiomsaes spp sapples showed Al
by fungi and elongation neduction in
Sreptomye es SpeCios Streprinnyees sp & 6.5 m
fungi
Mechamweal behavior ot HDPERPY  Sodd nncroorganistis DSC, viswoelaste Under sotl bunial condinons 36
miodepradable nlends propertics HDPLPP dlends alterad
palyvalefins rmeclanzcal bebay wours
Physiwal structure of LOPE blersds  Sotl avganisims IISCT AR5 nerease m onvstellminy N
rwilyulelinsstarch blends irnlex
atler ygeing
Surface clhanges broaght 1 DPE Fungns Contact angle and Farmantion of carbony s greups 27
about by coroms FTIR by onidative progess
discharge rcatinent of %

peolvethylene fikm and the
effect on subsequent
micronial colomization

Linhancenment of LDPIEA2S  Fangus Planciocheat Visessity, percentage  Molecalar werghi neduced 4
hiondepradabilicy of starch blend  climviaporium of elongation, €O, froim 904xX 10 SO00K] :n 5
dispusable polvetbylens  LDPE: evalutton, FT-IR matiths, FT-R shomed sty
i controlled brological absoebrings in the regon
sl O30 186 oy, S6v'e
perceniage of elongatiog in g
months increases OO
evonlution adter 4> Jd ol
mcubation
Thermally peated low LDPE Peractlifum proophslive: & DSC, Xooan Mineralization was evaliiad 42
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Tatde of the paper

Studies on
Proeadegradabalsy.
muRphclogy and thenmo

machanical propemics ol

L DEE maditied starch
blonds

Degrsdaton o1

palvethylene by a lungus
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for hru!-;.g[mhhi[i!}- of
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Titk of the paper

Table 2—Various repors on bicdegradation of poly ety lene and its blends: Conid

Polymes

Organism

Elecret-thermal analysis LDPE‘tarch  Bactena Bucaifus,

o assess biodegradation
of polymer composites

DSC. FIIR
characterization of
biodegradation of
pelyethylene
Colonizatien, biofilm
formation and
biodegradation off
pelyzthylene by a struin
of Rhodovocus rubber
Synergistic effect of
combining UV sunlight-
<ol bunal treatment on
the biodegradation rate of
L.DPL/starch blends

Biodegradation of
polyethyvlene hy the
thermophilic bacterium
Brevibacilius borstelensis
Study and development
of LDPE starch panially
biodegradable
compounds

biodegradability of
polvethylene conlmning
pro-oxidant additives

FfYect of compatibiliser
on the biodegradation
and mechanical
propeniss of high content
starch/low density
polyvethylens blends
Polvethylene
biodegradation by
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Observation

Riolegical erosion of
poly ethvlene by oxidutive
process

Decreased amorphesity ol the
semple and relative intensity
of carbonyl bond formation

Carbonyl index reduced 66%,
ennchment medium
supplement with 2% mingral
oil showed 30%: degradation
after 30 d incubation

Swarch blend PE exposed UY
radiation & <ail burial samples
showed 66% degradzuon

31% Molecular weight
reducticn in 30 d

Reduction in tensile strength
& elongation properties.
LDPE degraded in the
amorphous region responsible
for oxidative process

R riwdochrous & N. astroides
tound 1o be most ective for
molecular weight reduction

65%: weight loss increase in
14 d

Weight loss of preheated
pulyethylene treated with
fungi showed 71507 &
without preheating trealed
with showed 6.657%:

FTIR, tensile strength, Increased carbony| index &
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NSC & FTIR

Tensile strength & elongation
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LDPEstarch blends

Under 50il bunal condiuon

PEPoly ester blends affect
mechanical behaviors
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The bacteria, Arthobacter parraifinens was found
to degrade LDPE in three years by  utilising
carboxylic acid formed during thermal oxidation. The
utilization was through the [-oxidation mechanism
that yields the degradation products like acetyl ¢oA
and propionyl CoA. 3- methyl-3-octanol and 1-
hexadecanol were detected in biotic environment with
serics of n-alkanes such as C21-26. These were
microbiologically metabolised by the oxidation of
carboxylic acid through [5~ﬂxidatiﬂn!‘

Rate of degradation of octonated starch 15 slower
than pure starch. OCST-LDPE blend and octonated
starch was subjected for six month soil bunal test,
which showed weight loss and reduction iIn
mechanical properties. SEM analysis of OCST-LDPL
blend showed the presence of holes on the surface,
which confirmed the degradation of OCST region in
blend’.

Corona discharge treatment was found to be more
effective towards colonisation of microorganisms on
food packaging grade LDPE films with liule ¢ffect on
the mechanical properties as compared to UV
treatment. ‘This suggests that corona discharge
treatment is affecting the hydrophobicity of the
surface of the polymer and not penetrating it. A
reduction in hydrophobicity of the LDPE from (92° to
66.6°) was also reported™". The pll of Phanerochaete
chrysosporium inoculated soil with polyethylene
decreased ar a faster rate. Biomass, biological acuvity
and CO; evolution was higher in inoculated sol
Analysis of the mechanical properties showed that
decrease in the percentage elongation is faster in the
inoculated soil compared to the uninoculated sol.
Viscosity analysis of the polymers with regular
intervals also showed the same trend™. A similar
study was performed by Yamada-Onodera er al using
Triton X-100. Improvement was observed in the
growth of Penicillium simplicissimum YK, however,
there was no utilisation of Triton X-100. FTIR
analysis confirmed the utilisation of polyethylene by
the fungus®™,

Thermal treatment of LDPE-TDPA (Pro-oxidant
additive) in acrobic conditions showed substantial
polvmer fragmentation with loss of mechanical
properties in 11 d. 26% of biodegradable and solvent
extractable fraction was obtained after thermal
oxtdation for 20 d. 50-60% carbon dioxide evolution
was observed in 18 months of further treatment with
soil microorganisms™. Temperature is the crucial
factor in determining the rate of thermo-oxidation

whereas the effect of concentration of oxygen on the
rate of thermo-oxidation is insignificant™. A. niger. G.
virens, Penicillium pinophilum, Phanerochaete
chrysosporium showed biodegradation on thermally
treated or accelerated ageing treated (AAT) LDPE in
9 months. The biodegradation was evaluated by
observing decrease in the onset of melung
temperature (Tg) and melting temperature T, and
relative cryvstallimty. Highest mineralization (3.20%)
values were obtained with AAT. Superficial growth
of microorganisms occurred and  penetration  of
hyphac was obscrved in the oxidised sample®.
Synergistic effect of combining UV treatment and soil
burial test was rcported by Abd El-Rehim er af*.
Electret-thermal analysis used in the clectnic
polarization of dielectrics was used to nvestigale
biodegradation of LDPE- starch blended polymer in 6
months. These studies were based on the assumption
that biodegradation process of polvmer matenal can
cause¢ twansformation in their electrically non-
equilibrium structure. Thermally sumulated current
spectra (TSC) of PE films exposed to various ageng
conditions in soil were reported. After ageing, new
peaks were detected on spectra. FTIR resulis showed
formation of functional groups. Reduction in melung
was reported in DSC analysis. The degree of
biological damage of the films was a funcuion of
starch content of the composites. The predominant
microbial taxa in composites were Bacillus,
Clostridium, Micrococcus, Aspergilius, Penicillum
and Mucor"”.

Rhodococcus ruber C208 was isclated from the
surface of the PE in polycthylene waste bunial site by
two step culture-cnrichment protocol. Weight loss of
8% of photo-oxidised PE was obscrved in four weeks.
This is higher than the rates already reported (3.5% 1o
8.4% after 10 vears)". In contrast to Albertsson’s
report, increase in the terminal double bond after
photooxidation was observed. This could be explamed
by Normrish type | degradation of the carbonyl
residues. They have reported that the double bonds
were observed after the biodegradation of short PE
oligomers produced during photooxidauon. The
analysis of extracellular polysacckandes in the
biofilm of C208 was 2.5 folds higher than protein,
suggesting its role in biofilm formauon. Biofilm
showed higher viability even after 60 d of incubation.
Cell surface hydrophobicity of R. ruber was swdied
by SAT (salt aggregation test) and BATH (bactenal
adhesion to hydrocarbon) tests. Addiion of mineral
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oil 1o this culture enhanced the degradation of the PE
film by about 50% afier four weeks of incubation.
SEM photomicrographs of the bactenal biofilm
showed some localized degradation of the PL around
the bacteria. Protein assay and FDA hvdrolysis by
extracellular esterases showed increase in the biofilm
formation for the first 2 d of assays followed by a
sharp decrease in biomass density. The authors have
hypothesised a low cell population with a low growth
rale cun.c-.isting of cells that are able to utilise PE as a

carbon source ™,

Brevibacillus  borstelensis, a  thermophillic
bacterium, was found to degrade polyethylene better
than R. rubber, although the biofilm forming capacity
of the former was not found to be as good as of the
latter. Sull it was able to show reduction in mass and
molecular weight by 11 and 30%, respectively for UV
irradiated polyethylene™. The LDPE and HDPE films
after photo-oxidation and thermal  oxidation
corresponding to three years of outdoor weathering
were incubated with R rhodochrous and Necardia
asteroids. ATP assay was done to see the metabolic
activity of the cells in culture and those adhered to the
surface of the polymer. There was fast growth of
microorganisms in the initial phase duc 1o the
availability of the low molecular weight oxidised
products, which was followed by stabile metabolic
activity. This was maintained for several months by
the organisms urlising the polymer. The NMR
analysis of the photo- and thermo-oxidized
LDPE/HDPE aqueous extract revealed the presence
of ethanol and formare, which are the end products of
PE oxidation. This evidence supports the initial fast
growth of microorganisms observed by ATP analysis.
Nocardia formed dense filamentous mycelium on the
surface. The size exclusion chromatographic analysis
of the LDPE/HDPE after biotic and abiotic treatment
showed no change in the molecular weight
distribution indicating that the microbial attack was
only on the surface of the polymer. The degradation
due to both biotic and abiotic factors depended on the
thickness of the polymer—. '

Studies on biofilm formation by Peniciilium
frequentans and Bacillus mycoides showed that P.
[frequentans formed a network of mycelia on
degradable  polyethylene  (DPL—<chemical or
photoinitiator added polyethylene), which was
colonised by B. mycoides. The biofilm formation
increased the biodegradability of . jrequentans by 14
folds. In general, homologous gene has been found in

the genome of some Bacillus species that produce
alkane monooxyegenase, The degradation was checked
with weight loss, microscopic studies to visualise
biofilm formation and CO; production using GC™.

Conclusions

This  review  discusses the literature on
biodegradation of PE and PP. Most of the examples
deal with fungi and bactenial based degradation. Pre-
treated polymers degrade more casily than the
untreated polymers. Also, degradation is more facile
with starch and ccllulose blended polymers. Cell
surface hvdrophobicity and addition of surfactants
showed an important role in biofilm formation, which
is prerequisite for biodegradation. Degradation leads
to decrease in molecular weight, tensile strength and
viscosity, formation of new functional groups such as
carbonyl, hydroxyl, etc. Based on the hicralure one
could conclude that in order to c¢nhance
biodegradation of PP or PE the following approaches
could be adopted:

[. Modifv the polymer for microbial utility by the
(1)Addition of nawral polymers and'or
prooxidants to PP: (i1) Modification of
polymers by protein hydrolysates, and (in)
Pretreatment of the polymer.

I1. Modify the microbes to utilise the polymer by
(1) Modifying medium composition, and thus
enhancing the utilisation of polymer; and (1)
genetically modify the microorganism to
utilise the polymer.

II. Overexpress the c¢nzyme, wWhich 1s
responsible for degradation and purify it
and utilis¢ for this purpose. Strategies 1l
and Il requirc the understanding of
mechanism of microbial degradation of
these polymers.

APPENDIX - ABBREIVIATIONS

AAT -Accelerated ageing treatment

ATP -Adenosine TriPhosphate

ATR-FTIR -Attcnuated total reflectance -
Fourier  Transform Infrared
Spectroscopy

CL -Chemilluminescnce

DMA -Dvnamic Mechanical Analysis

DPE -Degradable Polyehtylene

DSC -Differential Scanning Calonmetry

ESCA  -Electron Spectroscopy for Chemical

Analysis
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LESR -Electron Spin Resonance
FDA -Fluorescien DiAcetate
FTIR -Fournier Transform Infrared
Spectroscopy
GC-MS  -Gas Chromartography - Mass
Spectrometry
HDPE  -High Density Polyethylene
HTGPC  -High temperature gel permecation
chromatography
1-PP -Isotactic Polypropylene
LDPE -Low Density Polyzsthylene
MALDI-TOF-Matrix Assisted Laser
DesorptionTonisation - Time of flight
MFI -Melt Flow Index
NMR -Nuclear  Magnetic  Resonance
Spectroscopy
NY -Nylon
OCST  -Octonated starch
PCL -Polycaprolactone
PET -Polyethylenctelephthalate
PHB -Polvhydroxy butyrate
PS -Polvstyrene
SAXS  -Small Angle X-ray Scattering
SEM -Scanning Llectron Microscopy
Tg -Glass Transition temperature
TGA -Thermogravimetric analysis
LA -Thin Layer Chromatography
Tm - Melting temperawre
TSC -Thermally  Stimulated  Current
Spectra
uv -Ultra Violet Spectroscopy
WAXS  -Wide Angle X-ray Scattering
XPS -X-ray Photoelectron Spectroscopy
XRD -X-Ray Diffraction
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