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Abstract: Synthetic plastics are important in many branches
of industry. Although synthetic plastics provide numerous
benefits, they also cause a significant environmental pollution
problem because of their non-readily-biodegradability.
Biodegradation may provide solution to the problem, but not
enough is known about the biodegradation mechanisms of
synthetic plastics. This review has been written to provide an
overview of the current state of synthetic plastics (polyethylene,
polyurethane, nylon, polyvinyl alcohol) biodegradation.
Several biodegradation mechanisms of a few selected synthetic
plastics are also presented.
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o|al, FFTEE FEI W5 tolSAl HE Y|
Eohd Aol ofslo] B9k, sl
FAE oPZ|AIZ]AL QUTk[1]. o]t wAIE sdsh] Slsl
AR e e ZEkaE e A8s) 9 A o) Fs)
o] gFeo] AAAEA 1=, A&, =, oo} T A
ol M= thkek STk Aol AReld A AR
o738} sh= & el EkaE ] A3t 2hdke] 113y
w3z Qe [2]. SHAIRE el ERkaEE Alx AP
a1, 71 3 EEAaEE B =4d0] vol Al At A A
gol] ofel- Aol7] wlel & EekAE ] ARSI
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Table 1. List of different microorganisms reported to degrade
different types of synthetic plastics

Plastics Microorganism Reference

Pestalotiopsis microspora [18]
Geomyces pannorum [16]
Phoma spp.

Geomyces pannorum
Nectria gliocladioides

Penicillium ochrochloron

Polyurethane [17]

Bacillus subtilis [20]
[21]

(19]

Pseudomonas chlororaphis

Alicycliphilus spp.

Brevibacillus borstelensis [36]
[37]
Penicillium simplicissimum YK [9]

[38]

Rhodococcus rubber

Brevibacillus borstelen

Penicillium frequentans [10]
Bacillus mycoides

Aspergillus niger 1]
Penicillium pinophilium

Penicillium pinophilium
Aspergillus niger
Cliocladium virens
Penicillium chrysosporium

Polyethylene [12]

Bacillus sphericus

Bacillus cereus [13]

Synthetic

plastic Streptomyces spp.

Pseudomonas spp.
Aspergillus nidulans
Aspergillus flavus
Staphylococcus spp.
Bacillus spp.

[14]

Pseudomonas spp. [39]

Bacillus sphericus
Bacillus cereus

Vibrio furnisii
Brevundimonas vesicularis

(27]
Geobactillus thermocatenulatus [28]
[26]
[25]

Nylon .
y Trametes versicolor

Pseudomonas spp.

Fusarium solani
Fusarium oxysporum
Clonostachys rosea

(24]

Sphingomonas spp. [40]

Penicillium spp. [33]

Microbacterium barkeri
Paenibacillus amylolyticus

Polyvinyl
alcohol 311

Sphingopyxis sp. PVA3 [32]

Streptomyces venesuelae [34]

W& Edste] AR EelE 7] Sl g do] alofof
shoh, mae] &gk aiAke] el A 2lE FH)E a4
S} Al W a4} ofsitt, mjdEe] Al 9] a4 a1t
AFE oligomer, dimer, monomer = #3ll3HY, o]#]sh IS
%% (depolymerization)© ]2}l $Hc}, 71 9 o]50] v|AYE
O] A} Bi= A EH S State] thake e 24 whaed
oA o R AREEH, 0|75 F7]3} (mineralization) 2}l
gttt [6]. 27153104 HFAk=2 biomass, COz, H,00 1L,
7|27 += biomass, CHy, HoS, CO,, HoOOIT} [7]. 313
2ke] ARl g el s T Ak BS) ohesitt 1

EH QA5 Thevt 2k [6].

A=A QL AR 9] aaTH], &5

A5, vpol 2 AAEAA] 5

=]

Wowe] ¥3

<HAEA Q2L 2% pH, uE, UV, 9% 5.
« AR B 25, B4R, 717, A, Ak,

QATEY, ] B, {34, 33, 7, 7}
A F

Zepag ARl BrPHE theksttt. EekaE 3
o] B&ut A SEM W AFM F-4of| o3t 3} 7+ 7
2k FTIR, DSC, NMR, XPS, XRD #42 53+ T7]57]
Wl T, Z2E AT W3l cO, YA, halo zone
Wsol AR B7FE f1ske] ©]-8-E T} [5]. Table 13 2
= 99t 2 F7PEESE 200095 HE7HA 34
9 A Eekage] tisk ARl so] sl Hald nAE
=9 ot

=

2.1. Polyethylene 2] A5

PE+= ¢~ QPg3}aL, ethylene THEAIE2] S3E-s-< o5}
o] F=E AL EZolrt. BEgh PEE PP Sh RhA-REA
2B -pA AR 5 AR, A 9 7Rl Tk
FAge] A, =2 A vl vl &%k ARt
o Whado] Qlvk [8]. 12y UV, &, Akt 22 -
sFerAl A= PES] el a3 SRR mhebA,
olo} 1 M) 3Pyl whEA] Bpolet,

ARGt (Penicillium, simplicissimum, Penicillium
frequentans, Penicillium pinophilum, Penicillum pinophilium,
Penicillium chrysosporium, Aspergillus niger)= ©]-23t
PES] 37} 2hs] Ry Qle} [9-12]. - 384
© = dA2]% low-density PE (LDPE)<} high-density PE
(HDPE)= §19F 22 wgol5ol o8l ZafHo] B4,
A, AR5, 45 A, g8, 449 B 2717t
aaelal, 2k A7) ko] Srksklt. vlEle ot Bk
PES a2 5= it} Sudhakar 5> 71*2]%l LDPES}
HDPES © ©49 07 AME31Y Bacillus sphericus 2}
Bacillus cereus7} 33 vljFel|lA] 1A 28l & 535t
ST} [13]. FTIR #2]l|A carbonyl group®| S7FsF3 L,
LDPES} HDPE®] 771, V7%, A 57} 143190tt. Usha
oo WAl oSt PE #EllE HArsIITt [14]. Steptomyces
sp.& 67012 B 371 PES oF 46% H3lisk3it).
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Table 2. List of different microorganisms reported to degrade different types of natural plastics
Plastics Microorganism Reference

Natural plastic

Streptomyces spp.

Aspergillus fumigatus 3]

Aspergillus versicolor [41]
Poly (butylene succinate-co-butylene adipate) Paecilomyces fumosoroseus

Penicillium digitatum

Fusarium solani [42]

Aspergillus spp.

Ochrobactrum anthropi

Schlegelella thermodepolymerans [43]
Poly (3-hydroxybutyrate-co-3-mercaptopropionate) Pseudomonas indica K2

Acidovorax sp. TP4 [44]

Schlegelella thermodepolymerans [45]
Poly (3-hydroxybutyrate) Flavimonas oryzihabitans

Corynebacterium pseudodiphtheriticum [46]

Micrococcus diversus

2.2. Polyurethane 2] XJ-£-3]|
PUR-Z polyisocyanate £} =2} U] urethane 23} (carbonate
ester bond, -NHCOO-)< 7FA5= polyol2] F§HES-ol 2
ato] 9% Ak Bdola, 7H, I8, UEAE, A
HRAE 9] ik AE-H [15]. PUR U ester A3
(urethane bond)> "]AEEol oJste] 7=Ealld 4= St
Cosgrove 5+ polyester PUR®| 38 AH] 4l 4]
AFSE (sandy loam soil)oll Xl Geomyces pannorum 3}
Phoma sp.7} 717 A A o2 EAskaL, 7 ARFElA
polyester PUR®] 914757} oF 959% 7H431%5-2 Halsh
Itk [16]. EoFe] 8475 (water holding capacity) &} polyester
PUR ] Al Ate]2] #H71:= Barratt 5¢ll £J3to] 24}y
ATt [17]. €5 20-80%2] EU-> polyester PUR S| 17+
AT oF 60%7H A2AZIAIRE, 15,90, 100%2] g
3= polyester PURS] QI vl SR e9kar,
B 20-80%2] EUR2 Nectria gliocladioides, Penicillium
ochrochloron, Geomyces pannorum¥} 22 3330]7} A
W&ol gk, sk, WA+ Pestalotiopsis microspora
7F @ gAY O = polyester PURTHS: ARg-31o] 57]
2 A7) 7 23 stellA e ¢ Qlvkes SRES A9E
Russell 5-°] X3} t} [18]. Oceguera-Cervantes ‘o>
polyester PUR -3l1'5°] SIi= Alicycliphilus sp.& w-2]3F3)
t} [19]. Polyester PUR®| A7} wjekoll A Hoj] A E5%
1 17.8 mgmLe]$ AL, woFeell A esterase o] /o] Sl
< ERISISIE}. Polyester PUR & 231 & 918t Alicycliphilus
sp.2] 4L polyester PURS] IR spectrum 3}l SEM
Aol olgt 3 om] ] Wglel] oJsto] kGl o,
esterase &J°] polyester PURE3|| o] T 23HS 723513
T} Rowe o= E42] Q134 &3l AE7| (mesocosm)oll
Al Bacillus subtiliss 2] 9 F7dsto] MEJFEEE
polyester PUR3I G420 2o} 5240 #3k A= 3lst
ST} [20]. 0.18-1.5 mg/mL2] polyester PUR®] 71 Hiok
oM FHof vAAEEE 0760, 3} A= 0.086 mg/mLo)
AT}, Bacillus subtilis Z5-E] 7JA|%E 2F 28 kDa2] polyester

PURA3| &4~ phenylmethylsulfonylfluoride (PMSF),
adenylmethylsulfonylfluoride (AMSF), ethylenediamine-tetra
acetic acid (EDTA), bromelain®l] 2]3}o] E4do] A& =X
= 545 7KL Itk B3, Pseudomonas chlororaphis
o] ufjoFelloflA] 7.29 U/mL2] polyester PURT-S| G4 Edo]
STt [21). Candida rugosa=Z5-E 2% lipase 9JA|
polyester PURS 3|8 = Ut} [22]. 2.5 /L2 polyester
PUR 70 pg/mL] lipase”} 371 pH 7.02] ¥1-g-2& 35C
oA 1A 59k WSS 58St A3}, oF 70%2] polyester
PUR©| &l Sit}.

2.3. Nylon2] RJE-3f
Nylon<> amide group®] RFEEZ 0% AAH j17Ato]ar,
A nylon 6, 66, 12 5] AFAH 02 71 o] ARE-H L
N0, A= HHEER9] o] BhAGE oJu| it} [8]. A=
polyester 2} H] 3] nylon©] 7}z AJE-all e w9~ S},
]2 nylon®] ZAAKE Ul A gtol] ofsto] 2Ale st
FARE SR wWHEQl o= o AR AL Qi [23].
Hashimoto &2} Yamano s+ &/J 2UZ5-F nylon 4
5 ol 5 Q& Fusarium solani, Fusarium oxysporum,
Clonostachys rosea, Pseudomonas sp.= +-2]3}3It} [24,25].
0.33 g°] nylon 4+= 28 %, °F 49%7} 3|5 232, NMR
242 &3] nylon 42] WES- F7HAIR] y-aminobutyric acid
7} A E = S Zelskgit). 3k, Chonde-Sonal &3
Sudhakar ‘5 HARIFS! Trametes versicolor2} 3l1%F 1
28221 Bacillus cereus, Bacillus sphericus, Vibrio furnisii,
Brevundimonas vesiculariss ©]-23F°] nylon 65 -3l|5}
St} [26,27]. FTIR 2|4 formamide, amide, methyl,
aldehyde, carboxyl group=©°] AMEAl A/JE S =ZH nylon 6
o] HaE NS Elaar, 370 7+e] EafjollA B}
2 31%, TR 2% #asisit o At aF vy
52 Nylon 665 a3k ar, BAat A= 242 42%
o} 7% FHaasict [27]. EFOZ N E2¥ Geobacillus
thermocatenulatus<= nylone 12°] #3lls-= 7FA] 1L QJt} [28].
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Fig. 1. Addition of carbonyl group through photooxidation of PE [35].

G. thermocatenulatusi= 5 g/L2] nylon 127} 33 20 7H
o] wfjeellA EAbES oF 73% Az

2.4. Polyvinyl alcohol 2] AJ-£-3]|
PVAE BhA-BhA Ao gJste] AZ4% vinyl polymer©]il,
vinyl acetate WA ZH-E] A|ZH W, =g =7t A7}
240 5AE 7T Tk [29,30]. B9, w2 AR
o} HzE e A4S 7H7] witel BF Az, 2, Ay
g, AA] D QGARY] Folld AR, Z-A FoE Y
AREE AL Qi

Choi 52 Microbacterium barkeri®} Paenibacillus
anylolyticuss gHFslo] HlieF 5Y ¢ 275 750 mg/L
©] PVAE 42% HallBiSivtal Harstoict [31]. Yamatsu ‘6>
AT =l G YRR E T gAY O =X PVA
7} A7k JAuekelA PVA slls-= 71 Sphingopyxis
sp. PVA3E 2] 2 S48t [32]. 1% (w/v)S] PVASH
37 Sphingopyxis sp. PVA32] HI%F 64 5 PVA 2] 90%
ool EalE A UERAITE EE, PVAS] hydroxyl
group®] ~FsRE 0 24 W8Sk carbonyl group®] et 57t
7} TEE]LAL, PVAL] 7t olsto] dikslrar) el
Atk o]2f gt AE-2 PVA oxidaseol] 23 PVA L] Ab3lo|
]38t AT}, Qian 52 Penicillium % +°80] 2|3k
PVA &85 2 Warsiglvt [33]. 2Ea7de] 24 ey
ZHE] 22E Penicillium sp.i= 0.5% (w/iv)S] PVAE &<
Ehrglow ARESISHE o, ebds] Hallsh=dl 1292 Akt
o] 2QF AT}, Penicillium sp.= 5732 PVATINGAE
WISk, =& PVAFES Akrddo] PVARS a4AE
SWdsh=tl T-Q3) QIxjo |tk PVAZ} L8R Penicillium sp.2)
HjoFell A catalase 2] E/do] 578t} ©]712 PVA oxidase
o I3 PVAS] kel ©lste] sttt A E A =)
] o] 710 2RE| AELAFE WA S180] catalase)
o] S7FATE B8k Zhang - WAl &Sk PVAW-
Aah TS HAE BT [34]). PVAR 9% &
Fold PVAE ©Had o o] sz WAl wefsitlal,
Streptomyces venesuelae= 5733}, S. venesuelae=
PVAE T e0g o= AREsolS o, 120 U/LS] PVA
wAaArE T 18 glucose T ©AYP O R ARE
SIS Wi vl w212 U/LS] PVARSaAs 3795k
Tkl Husigich

3. ¢4 SE2H o AR 7%

a9 A e vEo] /K1 ol b Ha)

S

Iy

718o] A& A5 Agsto] B o® dojdtt. of7]of
a2l 3l 712 = adel g3k Akslel 7l
olt}. o] 5 7}A] WE&2 oxidase, dehydrogenase, esterase,
hydrolase, depolymerase ‘5-©] ¥oJ3ir},

(a) 1-‘11-‘[ H H 0 ;“2" OHH 0
R*(\?*(\?*CH: R*(‘J:JJ—UJ ~CoA R—(‘:—(‘:—‘c ~CoA
H H (anffn) FADH; 1-‘[ 1-‘[
FAD Cm'
Monooxygenase
]-‘[ 1-‘1 (‘) NADH + B
}‘[ ]‘{ R—C—C—C~CoA H 0
R—C—C—CH,0H ‘ ‘ H ‘ ‘
‘ ‘ H H (FatyacdCod) R*C*(\I*CW«A
H H (Alcohol)
- £y i
Lmnms AT CoA
H H NAD', B NADH+E'  H H 0
P NG A i I . 1
1-‘1 1-‘[(Aldrhyd) 1|{ 1-|[(mesz) (Fattyacid CoA)
; 2 atomsshorter
|
i i
Krebs cycle H,0 &CO,
®11 & T T |
C

T H O
— —C—C‘—L'—-—(}Z—C}—O—OH—>—C—C:0 + Bf—C— —> HC=(—
H H

) )

Citricacid cycle -+~ gc—(~5CoA

H
f(‘f*CfSCnA
CoASH l"l ‘w

Fig. 2. Paraffin biodegradation mechanism (a) and proposed
biodegradation mechanism of PE (b) [35].

3.1. Polyethylene2] AJ-E3f 73}t

PES] Aal] 712 1A ARE U] carbonyl group @] A4l
olato] Akt uvel £Jgk PE€] 34113} (photooxidation)
i+ carbonyl group= /St [35]. Fig. 104 K= nfs}
o], UV zAbel 23l radicale] 3% 1, 2kt H71= o
IrksHEo] P EA A o® a1EAl Yol mid=E
aol st ®3)7} 7153t carbonyl group®] & ¥t
71 o)%-2] ARSY 712k paraffin®] AR} FAE A=)
2 Abslal-gol oal] a7t 7laE = A ow o AR a1 gl
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71 °]+= PES} paraffin> ¥4 2 AL FEf7} vl
AR | wiiEeltt. Fig. 2% 1184 paraffin®] AJwal 714
I} AQFE PEC] ABial 71&tolrt [35]. AAkste] <Jsl B4
%l carbonyl group<- monooxygenase®l £J3l alcohol group
© =2 %=1, alcohol group-> alcohol dehydrogenase®l]
23} aldehyde group ©= AFsleITE o]€A] A/J% aldehyde
group~- aldehyde dehydrogenase®] &J3l] X|%ko = A3ls]
1, HFA o= pARS thERE S8l Wizt o) Fo] Xt

3.2. Polyurethane 2] £-3}| 7|2}
kS 350 W= polyester PURS BHE|2]o}, -30]of]
-4?1’ Asl|71 7FssHARE, polyether PUR- *ﬁ:v_—oﬁﬂ- SE
Zoz dejA it Fig 39 YA A o], polyester
PURJ A7) polyol F-22] ester Aol a47}F 24
sto] doubAIRt, polyether PURS] ether A3tolli= G40
2kgo] o]t} [8]. Esterasei= polyester PUR 2] ester 2%
S 7=3l5ke] diethylene glycol, adipic acid, trimethylol
propane ¥} o}2] WS A|A] ok 2haE YA sital o A

a1 QItt (Fig. 4). AReARES] polyester PUR ¥4} U urethane

A3 ok esteraseoﬂ o HallE 4 vt BuEgch
SRR a1 AFE2] polyester PUROIA:= esterase”| A4}

EC_‘_—:.

3l polyester PURS 2-g-5=A] = I32AF4S] polyester
PUR®l 24 2Esh=Al= o2 S4dabA] ot

(a) Site foresterase attack
o o
|l =
(CHy);—+C—O0+~C—N——
m -n
Polyester urethane polymer
(o] .......... o
a Il Il =
—R—FN—C—OF—(CH2)y——0—H—C—N——
I m 4,
Urethane bond Etherbond not susceptible for
esterase attack

Polyether urethane polymer
Fig. 3. Typical polyester PUR (a) and poly ether PUR (b) [8].

0,

HO—(CHy);—0—(CHj),—0H

Diethylene glycol

0

HO—C

0

_[CH:M_C_OH

CHy H0 Adipicacid

0 0 0
| [ E
C—N

v_| |
N—C—03-(CHy),—C—0
Hydrolysis
n

Polyester urethane polymer Trimelhyllpropase

Unknovwn byproduct

Fig. 4. Proposed biodegradation mechanism of polyester PUR [8].

3.3. Nylon®] R3] 7]z}

Tomita 5~ Geobacillus thermocatenulatuss ©]-35}¢
nylon 125 #3311, Fig. 5(a)2} o] vlelzlolo] 23k
w3l 712k AIRKSIATE [28]. nylon 12°] amide AT G40
oJ)] 73l %3, 12-amino dodecanoic acidE AJAJ St}
1 0]%-2] A3} 12-amino dodecanoic acid= carboxyl
AR de StEE Eefigitl ¢, Nomura 5+ w°8°]
of| 2J3} nylon 3l 7122 A|ksIATE (Fig. 5(b)) [47]. Nylon
A U D@2k} 1518 methylene group©] peroxidase®l]
o) 71 WA AFslE o] -CH- radicalS ®/d 3t} o],
radical> T4 0 = A5} 7&339,3&5’\1 formamide, amide,
methyl, aldehyde group= 71 TRt alPbasS /st

3.4. Polyvinyl alcohol2] A3 £-3]] 7] &}

dhegfo} gae] ok PVAS] 23l 712 HarE AL,

o}zl A w#] ¢t} Shimaoi= Fig. 63 Z2- PVA E—aﬂ

712ks AlRFSFSITE [29]. PVA 2} U] hydroxyl group->

dehydrogenase 5= oxidase®ll ©]3l| ketone group ©. = 4ts}

%31, ©]% hydrolase B+ aldolase®l] &J3l ®FA-gHA A%
o] el P =N PVALE AJEallErt.

H;0 2 (0]
! || { I 4+ Other simple
N—(CHa);3-C H;N—(CH _),1—c—on R—C—OH compounds
Hydrolysis
Nylon 12 12 amino dodecanoic acid Carboxyl product
(b) H
H H H H H
| | i . | o | | H Fll T - R— CONH; + oHC—C—FR'
R—c—c—c—R —Z-R M e R—C—(C—(C—F' * R—CB g
D B B R H
\ : r— o + me—w
Nylon 0

Fig. 5. Proposed mechanisms of nylon degradation by bacteria (a) and fungi (b) [28,47].
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OH

OH

m TITT

3 PQQ
*PQQ-dependent PVA dehydrogenase

* PVA-degrading enzyme with dehydrogenase
and aldelase activity PQQH,

+ PQQ-dependent PVA dehydrogenase

0;

*Secondary alcohol oxidase

* PVA-degrading enzyme with oxidase and
H,0, hydrelase activity

* PVA-degrading enzyme with
dehydrogenase and aldolase

PQQH: P activity
OH ] I'e} OH e @ OH 0 OH OH OH o N o OH
\)\)Uu\/ \M/l\)\/ (Aldolase reaction) CH; H
H0 « -diketone hydrolase HO, 0, PVA degradi an bV PQQ
= d - * PVA-degrading enzyme wil
Oxidized PVA hydrolase | - PVA-degrading enzyme . 5econdary alcohol oxidase dehvdresenaseand aldolase
N ith oxidase and T i " § i g g
w S * PVA-degrading enzyme with oxidase and activity [
hydrolase activity hydrolase activity N b PQQH;
OH 0 0 OH 9 yo

\A\Aj\m ’ lm/”\)v

Fig. 6. Proposed mechanism for PVA degradation by various enzymes [29].

4. 2E

Al H A o7 FAF H & FE2 AwEd SEkaEo]
ohd sl Zejagoln), uehA, B =1 akjix o
7 de] AREE AL Qli= 94 E2RAER] PE, PUR, nylon,
PVA L] AEallef Qlof Zhzte] m| &S o] -3t Aal] I
oF 71 78l 7]&e] 23S gEint. WhEel ] EEkaE
Ao Bt A= 1980 IthRE] Bks] ZBE AR,
AL 7Ere el EEkaE e ARslss 7
HAEES B, Y, di5 9 g SolA] e ¥
EAste] 7lsAe Akt Qo 11 Fal 714 wegk e
3] FEEA 9k ol 12X A QT HZolls WHEeA
ket Al d EARE Edste] ARERe =] A
a7} 7Vssk nEAI S et QAL dA e VEerE
oA o]RL %% Aol WHield EekaEe] 34
814 Falli= AF7E & sldsof she Aot whebA,
T3] Thekst n| AL SR fAR) 22| SJste] W
A ZeprES 8707 Bad 5 Qi v|AE o)
et X&5AQ1 A7} Feg s ojof st FATAE 7

A7 % 81 Zeltt,

AR

o Are SF-Y Aol aio) o] A7 E A EAK]
(FARIE |2 ALy 0.2 A2 A UL,

References

1. Yun, Y. H. and S. D. Yoon (2008) Preparation and physical
properties of biodegradable films using starch and PVA. J.
Adv. Eng. Tech. 1: 173-177.

2. Chung, M. S., W. H. Lee, Y. S. You, H. Y. Kim, and K. M. Park
(2003) Manufacturing multi-degradable food packaging films

10.

11.

12.

13.

14.

and their degradability. Korean J. Food Sci. Technol. 35: 877-883.

. Kim, M. N, S. H. Lee, W. G. Kim, and H. Y. Weon (2007)

Screening of microorganisms with high poly (butylenes
succinate-co-butylene adipate)-degrading activity. Korean J.
Environ. Biol. 25: 267-272.

. Leja, K. and G. Lewandowica (2010) Polymer biodegradation

and biodegradable polymers- a review. Pol. J. Environ. Stud.
19: 255-266.

. Krzan, A., S. Hemjinda, S. Miertus, A. Corti, and E. Chiellini

(2006) Standardization and certification in the area of
environmentally degradable plastics. Polym. Degrad. Stabil.
91:2819-2833.

. Mohan, S. K. and T. Srivastava (2010) Microbial deterioration

and degradation of polymeric materials. J. Biochem. Tech.
2:210-215.

. Gu,J.D. (2003) Microbiological deterioration and degradation

of synthetic polymeric materials: recent research advances. Int.
Biodeterior. Biodegrad. 52: 69-91.

. Gautam, R., A. S. Bassi, and E. K. Yanful (2007) A review of

biodegradation of synthetic plastic and foams. Appl. Biochem.
Biotechnol. 141: 85-108.

. Yamada-Onodera, K., H. Mukumoto, Y. Katsuyaya, A. Saiganji,

and Y. Tani (2001) Degradation of polyethylene by fungus,
Penicillium simplicissimum YK. Polym. Degrad. Stabil.
72:323-327.

Seneviratne, G., N. S. Tennakoon, M. L. M. A. W. Weerasekara,
and K. A. Nandasena (2006) Polyethylene biodegradation by a
developed Penicillium-Bacillus biofilm. Curr. Sci. 90: 1-10.
Volke-Sepulveda, T., G. Saucedo-Castafieda, M. Gutiérrez-Rojas,
A. Manzur, and E. Favela-Torres (2002) Thermally treated low
density polyethylene biodegradation by Penicillium pinophilum
and Aspergillus niger. J. Appl. Polym. Sci. 83: 305-314.
Manzur, A., M. Lim6n-Gonzalez, and E. Favela-Torres (2004)
Biodegradation of physicochemically treated LDPE by a
consortium of filamentous fungi. J. Appl. Polym. Sci. 92: 265-271.
Sudhakar, M., M. Doble, P. S. Murthy, and R. Venkatesan (2008)
Marine microbe-mediated biodegradation of low- and high-
density polyethylenes. Int. Biodeterior. Biodegrad. 61:203-213.
Usha, R., T. Sangeetha, and M. Palaniswamy (2011) Screening
of polyethylene degrading microorganisms from garbage soil.
Libyan Agric. Res. Cen. J. Intl. 2: 200-204.



221

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Shah, A. A, F. Hasan, A. Hameed, and S. Ahmed (2008)
Biological degradation of plastics: a comprehensive review.
Biotechnol. Adv. 226: 246-265.

Cosgrove, L., P. L. McGeechan, G. D. Robson, and P. S. Handley
(2007) Fungal communities associated with degradation of
polyester polyurethane in soil. Appl. Environ. Microbiol. 73:
5817-5824.

Barratt, S. R., A. R. Ennos, M. Greenhalgh, G. D. Robson, and
P. S. Handley (2003) Fungi are the predominant micro-organisms
responsible for degradation of soil-buried polyester polyurethane
over a range of soil water holding capacities. J. Appl. Microbiol.
95: 78-85.

Jonathan, R. R., J. Huang, P. Anand, K. Kucera, A. G. Sandoval,
K. W. Dantzler, D. Hickman, J. Jee, F. M. Kimovec, D.
Koppstein, D. H. Marks, P. A. Mittermiller, S. J. Nufiez, M.
Santiago, M. A. Townes, M. Vishnevetsky, N. E. Williams, M.
P. N. Vargas, L. A. Boulanger, C. Bascom-Slack, and S. A.
Strobel (2011) Biodegradation of polyester polyurethane by
endophytic fungi. Appl. Environ. Microbiol. 77: 6076-6084.
Oceguera-Cervantes, A., A. Carrillo-Garcia, N. Lopez, S.
Bolafios-Nuiiez, M. J. Curz-Gomez, C. Wacher, and H. Loza-
Tavera (2007) Characterization of the polyurethanolytic activity
of two Alicycliphilus sp. Strains able to degrade polyurethane
and N-methylpyrrolidone. Appl. Environ. Microbiol. 73:
6214-6223.

Rowe, L. and G. T. Howard (2002) Growth of Bacillus subtilis
on polyurethane and the purification and characterization of a
polyurethanase-lipase enzyme. Int. Biodeterior. Biodegrad.
50: 33-40.

Howard, G. T., J. Vicknair, and R. I. Mackie (2001) Sensitive
plate assay for screening and detection of bacterial polyurethanase
activity. Lett. Appl. Microbiol. 32: 211-214.

Gautam, R., A. S. Bassi, and E. K. Yanful (2007) Candida
rugosa lipase-catalyzed polyurethane degradation in aqueous
medium. Biotechnol. Lett. 29: 1081-1086.

Negoso, S. (2000) Biodegradation of nylon oliomers. Apply
Microbiol. Biotechnol. 54: 461-466.

Hashimoto, K., M. Sudo, K. Ohta, T. Sugimura, H. Yamada, and
T. Aoki (2002) Biodegradation of nylon4 and its blend with
nylon6. J. Appl. Polym. Sci. 86: 2307-2311.

Yamano, N., A. Nakayama, N. Kawasaki, N. Yamamoto, and S.
Aiba (2008) Mechanism and characterization of polyamide 4
degradation by Pseudomonas sp.. J. Polym. Environ. 16: 141-146.
Chonde, S. G., S. G. Chonde, P. R. Bhosale, D. B. Nakade, and
P. D. Raut (2012) Studies on degradation of synthetic polymer
nylon 6 by fungus Trametes versicolor NCIM 1086. Int. J.
Environ. Sci. 2: 2435-2442.

Sudhakar, M., C. Priyadarshini, M. Doble, P. S. Murthy, and R.
Venkatesan (2007) Marine bacteria mediated degradation of
nylon 66 and 6. Int. Biodeterior. Biodegrad. 60: 144-151.
Tomita, K., N. Ikeda, and A. Ueno (2003) Isolation and
characterization of a thermophilic bacterium, Geobacillus
thermocatenulatus, degrading nylon 12 and nylon 66. Biotechnol.
Lett. 25: 1743-1746.

Shimao, M. (2001) Biodegradation of plastics. Curr. Opin.
Biotechnol. 12: 242-247.

Flieger, M., M. Kantorova, A. Prell, T. Rezanka, and J. Votruba
(2003) Biodegradable plastics from renewable sources. Folia
Microbiol. 48: 27-44.

Choi, K., C. Park, S. Kim, W. Lyoo, S. H. Lee, and J. Lee (2004)
Polyvinyl alcohol degradation by Microbacterium barkeri

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

KCCM 10507 and Paenibacillus amylolyticus KCCM 10508
in dyeing wastewater. J. Microbiol. Biotechnol. 14: 1009-1013.
Yamatsu, A., R. Matsumi, H. Atomi, and T. Imanaka (2006)
Isolation and characterization of a novel poly (vinyl alcohol)-
degrading bacterium, Sphingopyxis sp. PVA3. Appl. Microbiol.
Biotechnol. 72: 804-811.

Qian, D., G. Du, and J. Chen (2004) Isolation and culture
characterization of a new polyvinyl alcohol-degrading strain:
Penicillium sp. WSH02-21. World J. Microbiol. Biotechnol.
20: 587-591.

Zhang, Y., Y. Li, W. Shen, D. Liu, and J. Chen (2006) A new
strain, Streptomyces venezuelae GY 1, producing a poly (vinyl
alcohol)-degrading enzyme. World J. Microbiol. Biotechnol.
22: 625-628.

Albertsson, A. C., S. O. Andersson, and S. Karlsson (1987)
The mechanism of biodegradation of polyethylene. Polym.
Degrad. Stabil. 18: 73-87.

Hadad, D., S. Geresh, and A. Sivan (2005) Biodegradation of
polyethylene by the thermophilic bacterium Brevibacillus
borstelensis. J. App. Microbial. 98: 1093-1100.

Sivan, A., A. R. Thompson, and V. Pavlov (2006) Biofilm
development of the polyethylene degrading bacterium
Rhodococcus ruber. Appl. Microbiol. Biotechnol. 72: 346-352.
Arutchelvi, J., M. Sudhakar, A. Arkatkar, M. Doble, S. Bhaduri,
and P. V. Uppara (2008) Biodegradation of polyethylene and
polypropylene. Indian J. Biotechnol. 7: 9-22.

Nanda, S., S. S. Sahu, and J. Abraham (2010) Studies on the
biodegradation of natural and synthetic polyethylene by
Pseudomonas spp.. J. Appl. Sci. Environ. Manage. 14: 57-60.
Kawai, F. and X. Hu (2009) Biochemistry of microbial
polyvinyl alcohol degradation. Appl. Microbiol. Biotechnol.
84:227-237.

Zhao, J. H., X. Q. Wang, J. Zeng, G. Yang, F. H. Shi, and Q. Yan
(2005) Biodegradation of poly (butylenes succinate-co-butylene
adipate) by Aspergillus versicolor. Polym. Degrad. Stabil.
90: 173-179.

Kim, M. N. (2004) Soil microorganism degrading polycaprolactone.
Korean J. Environ. Biol. 22: 400-404.

Elbanna, K., T. Liitke-Eversloh, D. Jendrossek, H. Luftmann,
and A. Striniichel (2004) Studies on the biodegradability
of polythioester copolymers and homopolymers by
polyhydroxyalkanoate (PHA)-degrading bacteria and PHA
depolymerases. Arch. Microbiol. 182: 212-225.

Wang, Y., Y. Inagawa, T. Saito, K. Kasuya, Y. Doi, and Y. Inoue
(2002) Enzymatic hydrolysis of bacterial poly (3-hydroxybutyrate-
co-3hydroxypropionate) s by poly (3-hydroxyalkanoate)
depolymerase from Acidovorax Sp. TP4. Biomacromolecules
3: 828-834.

Romen, F.,, S. Reinhardt, and D. Jendrossek, (2004) Thermotolerant
poly (3-hydroxybutyrate)-degrading bacteria from hot compost
and characterization of the PHB depolymerase of Schlegelella
sp. KBla. Arch. Microbiol. 182: 157-164.

Lee, A. R. and M. N. Kim (2000) Biodegradation characteristics
of poly-3-hydroxybutyrate, sky-green® and Mater-Bi"” by soil
bacteria. Kor. J. Microbiol. 36: 299-305.

Nomura, N., T. Deguchi, Y. Shigeno-Akutsu, T. Nakajima-Kambe,
and T. Nakahara (2001) Gene structures and catalytic mechanisms
of microbial enzymes able to biodegrade the synthetic solid
polymers nylon and polyester polyurethane. Biotechnol. Genet.
Eng. Rev. 18: 125-147.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


