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Abstract : Natural polymers, biopolymers, and synthetic polymers based on renewable resources are the basis for the 21th
portfolio of sustainable and eco-friendly plastics but high-volume consumable plastics continue to be dominated by non-
degradable petroleum-based materials. Three factors have recently made biodegradable polymers economically attractive: (i) rising
costs of petroleum production resulting from the depletion of the most easily accessible reserves, (ii) environmental and economic
concerns associated with waste plastics, and (iii) emissions of carbon dioxide from preparation of petroleum-based materials.
These pressures have driven commercial applications based on biodegradable polymers which are related to reduction of carbon
dioxide in processing, such poly(hydroxy alkanoate) and poly(lactide). Since initial degradation of these polymers leads to
catastrophic mechanical failure, it is necessary to control the rate of initial degradation for commercial applications. In this article,
we have a critic review on the recent progress of polymer modification for the control of degradation.
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Table 1. Degradable polymers[4]
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Preparation Applications Applied polymers Remarks
* Biopolymer * Food,  PHB type, * Perfect degradation
Biodegradable - Biochemical polymers * Chemical additives * Polysaccharides * High cost,
polymers * Natural polymers * Medical materials * PCL, PLA, PGA * Low mechanical properties
* Packaging + Chitin, Plant oil
* Blends with starch and * Trash bag, * PE + starch * Low cost commercialied
Biodisintegrable  aliphatic polyester * Shopping bag, - PE + PCL (PE, PP)
polymers * PCL/common polymer * Mulch film * Long-term degradation
blends (disintegration in short-term)

* Photosensitizer

* Metal-ion/polymer

* Vinyl-ketone polymer
* Ethylene-CO coplymer

Photo-degradable
polymers

food packing

cups, tray

* Mulch film, shopping bag,

* Paper coating, mulch film,

* PE + metal ions *+ Low cost
* PP, PE + VK system * Need Light
* PE + EC system * Only film

* Heavy metals
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Figure 1. Schematic representation of eco-recycle of microbial polyesters[9].
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Table 2. Comparison of properties of biodegradable polymers with common polymers[9]

Melting Glass transition Young’s Tensile Elongation
Sample temperature temperature modulus strength to break
(©) (©) (GPa) (MPa) (%)
PHB 180 4 35 40 5
P(HB-c0-20 mol% HV) 145 -1 0.8 20 50
P(HB-co-6 mol% HA)" 133 -8 0.2 17 680
Polypropylene 176 -10 1.7 38 400
Low-density polyethylene 130 -30 0.2 10 620
Nylon 6,6 265 50 2.8 83 60

Poly(1-lactide) (PLLA) 170 55 8 60 5
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Figure 2. Schematic representation of PLA synthesis from corn[11].
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Table 3. How much resources go into making one pound of polymeric materials?[14]

Energy Emission of CO, Water
Polymer - - -
kWh Relative Lbs Relative Gallons Relative
PLA (Corn) 7.39 100 0.27 100 8.29 100
Polypropylene 9.25 125 1.7 630 5.16 62
Poly(ethylene terephthalate) 10.17 138 2.8 1,037 7.44 90
Styrofoam 11.17 151 2.5 926 20.53 248
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Thermal
treatment

Figure 3. Schematic representation of the chain folding in PHB lamellar crystals after mechanical deformations. The elongation and com-
pression directions are parallel to the a-axis, as indicated by the arrows[26].
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Figure 5. AFM topographic images of P(HB-co-HV) (A) and P(HB-
co-HV)/PS (98/2 by wt%) (B) films. The bottom images
correspond to their images after 30 min of enzymatic
degradation[35].
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Figure 6. Weight loss profiles of P(HB-co-HV) and its blend films
with PS (a) and surface fraction of PS (b) in the blends
measured by XPS[35].

o}

= Zepzul 714 o
of &g W Aglel N|AE B9
potential 17}o] oa) o] Hw A3k Zepzne A9 A

2

l
Jofat 4 gl ol el k.
_C'>_

-

2 1A 3 7§ (modification), BE 3 ZK(deposition), 3E

Xl ZH(etching)o]] A ZE]o] ¢t} Chu[36] A A=) st

e £ F3ste] gk Egtzut AHE= AR
A

= &
|
F_B.

A3 Aol A Y Bk

AEelg LEAR 271—“%311—% HafjuiAle] 24 ATE &

ol ofsf AufEch S W, PLA= PGARTE RHETH9| <]
zof QolA WE7E ‘O‘P‘/} o] ZHA AL QAR Rl o

9o A= zﬂxm Zpo|2 HOILH10]. o] et FAFS wEr] =
s Z7tE o] ZhpEafol Kt ¢Hyet L1257}

°*EW °‘E¥ HJrEW Eetznt Ao o) A

e
ml
e
T ol
mluﬁ:ct
—‘3‘9“52
N O
:1;1‘1}14
N
f_jg*
o
rlrrﬂ'iz
[o3%)
%cﬁnﬂo
e
FHmmi
r%m;f
o 1:
J}Lé]}:‘l
N B mﬂll
5
\]O_>|:._d
J‘#ﬁw
é

_r;
o
<
fu)
ol
2
O
S
ﬁ
E,Zi
I
_I.‘_.
o
N
N

PHBS| CF;H %a'zul'fﬂfq% =
SAA WY o] FHENS S E}LH
gtzntA 2= 2ol gigt J57-2 40 ° o5t
o7 NAEUFE u|RhTi[37,38]. Figure 79|

Pﬂi

m s
R
gE
Qe

ol

Bopx

o

2 °

o
ook M o X orr

=}
-

olAbafek: A7k Aals mEA 197

F1s

O1s

Pure PHB Cls

Intensity (a.u.)

After O, Plasma

After CF;H Plasma

800 700 600 500 400 300 200 100
Binding energy (eV)

Figure 7. XPS survey spectra of PHB films before and after plasma

treatments[37].
40
CFSH treated time ]
< —m— Osec
R 30p e t0sec
?’; A 20 sec
8 -w-- 40 sec A
= 20+ -4 60 sec
: A
: s 4
k)
= ol ]
/ g
n g
olaia ¥ | |
Time (hr)
40 . .
O, treated time B
) —m— Osec ‘
SR @ 10 sec x
Py A 20 sec
g ~-¥-- 40 sec
-._8 ool ¢ 60sec
<
R
()
=

0 5 10 15 20
Time (hr)

Figure 8. Weight loss profiles of CFsH plasma and O, plasma-
treated PHB films[37].

2] PHBS] XPS survey?] 25 Ueh gz, 22 -2 PHB
o] Fxo) 95to] Clse}t Olsu]3E Holl} CFH Zalzuf
A Fojl= OlsT A7} S5 700 eV A A ot B4
93 E NE5A T & 4+ ok wEkA CFRH 820t A g
Zo] PHBZ =2 FWZ=C C-C, CF, C-CFn 718]1 CF-CFn %
o7 FAE &S Yn|gitt Figure 80 E2t=n} A 2A]
73 PHBY’J%QI RS A7t 2 2 HASE YERY
et mE ABE BAAS S715 Hate] BT 1



198 HA71&, A17E A3E, 20119 9Y

TE HoEr) SARRe] AARS| Fo RAWNUIE B &5
PHBZ &2 10% Ao 55 {AE Hol= B CRH &

zul AeE AH2 A A bl whet 2~4% ko] FAIZ
25 Belth o]yt 27| Eal&Ee A AL Fehxnte 9
af WAE EHFo] Eoflo AAAZA 2Hgstar S 9
ol gkeh 224)7ke] E3) Fofl <= PHB HE-2 35% JE=9]
FA FaE Hol= ¥, 20 9 6027 CF:H Zef=ut A
gEl AJHES 247 18% E 6% Fro] FAZAE Helct
Zetznl HeAzhe] 7kt g W1 Helg s Sk
ate]] o5 HAE xWFe FAVE S/ QJnlgict v
o 0, Zet=n} Zejof o3t B ApAst= Eafj7Fo] 2
FIFS v|A A &t o3t FARS Zetzul A elof 23
NAE 2WS2 ofF w|nlgh =g Fafjof oJgh a3l
of 71osh= vl&o] Ui W7 o] FXaE UehfA]
%=th CFH E2k=uf A ARt o F3da Asew
HE Bej&=S A4st 23}, PHBE 0.23 mghrem’?] 23]
252 Jehu 10%, 20%, 402, 60% CF:H Za}=u}l 3z
of wal Z-z} 0.17, 0.14, 0.1, 0.05 mg/h/cm’2] 23] 2|4
B k38 o]egt At Fepxube] mjdat A A
A Ao RA Halld Amel 27]Ralel 7]/1ek= 24
Aate] 2ol 7hsstal AFY S 2HT 4 USE ©

o] gk},

3.3. Yx|stst

PLAE polyalanine®] FARE2A 2 #AFS €7] 918t
o] drtAo 2 Jfgh Fekol o8 dHH Fe o=
B dAlE Axd 4= lo] tiRgate] 7hsste =8 A
&, A sdAR, dEdEALE o e Al
A ohFRt Zofoll A 5853 3tk PLAE= D} L 9|
A ol gAAIE 7HA AL o DA LA 9 Hl&& 2dstd
AN AR TR 4S 4 PLAE o
= SATH39]. PLAS= glycolide (GA)9h= 2] F2 7]

PDLA/PLLA [
(50/50) N
l V4
(70/30)
B | @010 oA
c
L
A
50 100 150 200 250

Temperature (°C)

Figure 9. DSC curves of PDLA/PLLA blend films[42].

=
(d-lactide) (PDLA)<} poly(l-lactide) (PLLA)E
& A7/ stereocomplexE Bkl AeHEA 9 71AA
=40] ittt A A Qloh39-41].

PLLAY] Tm Pyd o & 178 C o)A Yelt DLA
7 £l weh dA 28 AR Tmo] Hopxith
90%9] Fea <=2 712 LLA 90 mol%-DLA 10 mol%-=
Fol X 27N A A4S HolA gh=tH41]. ol A=
BtA SEO i g A4 AstE Qlste] A4 s)st
7] o¥7] wioltt. dzhe] Eallolli= FeHE =] Ha
of & ert S7FeE YEtl §lo Proteinase K& ©]-8-%t
2ol A= 2alate A¥d 2= Qlsto] I-lactide
rFol S7HE 5 71k Bk oegt Aib= AR
ot FA o= 2dEA Ba&E 24o] 7t

v

ox off 1o tof
o,
2,
Lo &

Figure 10. AFM tophographical images of PLLA (A) and PDLA/PLLA blend films with (10/90) (B), (20/80) (C), and (50/50) (D). The bottom
images are corresponding to the images after the enzymatic degradation[42].



Hﬂ'o]—“ 175 CHZ
S Dol Tl ggzt
FEHEITH43]. 70/30 3} 90/10 £+ Eoﬂ Ae TR Eewo 7]
Q13}= 175 T2} stereocomplexo]] 2]3H220 C) F7H9] &%
W27l BAE AT BAE 2Rl gerole] 27l wet
stereocomplex©]| 2J3t &gu|3= A4S THEEHO 2
A7 AL Z715HS Bolt) o]2fdt Aul= PDLAS PLLA
9] 1:1 3}8kF=E 2 U] 2 A stereocomplex FAddl= Zoz A
Qlow BHE A9 WBtZE stereocomplex F =S

W 4

248 + S 9u]gte}. Stereocomplex &/gof w2 &t

o Rojanl srEeiuo] us) 2a) S50} 12 ojae

PSS BT Tl OJa Boliz A9l Aofu ol

H 5] ¢ ctk(Figure 10). 1Y E 2 EH=09] 23t stereocomplex

ZA-of o7 BEaf& =S Ao 7 Qu|gitt
47=

A8 §H 4] 9] Bl O
oA e
zrz o C02

08 A2t 51 4 2
o] Alof ufe} 417
o, SHfol 4= C0,9)

i aoln] ALRe 43 PHASE PLASY Tl 4217 &
82 913 weska ek @A o) F TEAe] AATIHE
& 3EAo] B3] o7k /AT AR o A
AAE S SRt ool B7H WE nHAe] Bye
AR BAl Hls) AR BAHOR omg E Ay BE
Fol Agra oz Agum ek by mek Zye 44
582 Sl A Hal WAUZ L 27| RS Aloji
AFS] S AATHE FT 03l B9 ol 2 4
oA AR FAY DA EaHUEe B
olgste] Qe AuE wigo FAY Qelol A Halvt 4
BHOR Uojuhe Aok AR NEAY 27| ReSE
AL 9ok} U 9 Sekxnle] ot EW B4 AQ, 1
23 Yool 4 ARG HBAGYL ol g 27| B & we
e A ugrek. ofeld WHel o3t 27| RS EY A
ol AIFS| B4 HEV|Te] AlofS olulste] AFS] 47w
£ gl whet Thopd ABTS AEY 4 9lof COp A7
AR S8H S BT 4 gloelet et
& At

o] =R 2011d% 4
ATFAET] AU o}

Fassl7lsh) o] fdos g
3 712 ATAFY 2(2011-0010106).

1. http://www.eia.doe.gov/iea

10.

11.

12.
13.

14.
15.

16.

17.

18.

19.

20.

olsbsteta A7 AR 1A 199
http://www.ippak.or.kr/board upload/12971323530.docx?
PHPSESSID=01762243150e6938b66777cd7{20f85b
http://www.k-online.de

Scott, G., and Gilead, D., Degradable Polymers, Chapman &
Hall, 1995, pp. 1-42.

Buchanan F., Degradable Rate of Bioresorbable Materials, CRC
press, 2008, pp. 1-18.

http://www.kwaste.or.kr

Bioplastics Market Trends and U.S.& E.U. Outlook, Fuji-
Keizai U.S.A. Inc (2007).

Lemoigne, M.,
sation de Lacide /A -oxybutyrate,” Bull. Soc. Chim. Biol., 8,
770-786 (1926).

Sudesh, K., Abe, H., and Doi, Y., “Synthesis, Structure, and
Properties of Polyhydroxyalkanoates: Biological Polyesters,”
25, 1503-1555 (2000).

Scott, D., Degradable polymer, 2nd ed., Kluwer Academic
Publishers, Dordrecht, 2002, pp. 71-133.

Auras R., Lim, L. T., Selke S., and Tsuji, H., Poly(lactic acid)
Degradable polymer: Synthesis, Structure, Properties, Proce-

“Produit de Déshydratation et de Polyméri-

Prog. Polym. Sci.,

ssing, and Applications, John Wiley & Sons, New Jursey,
2010, pp. 3-18 and 227-272.
http://www.hongjee.com/sub2_2.html
http://www.lgeri.com/industry/chemical/listWebZine.asp?
grouping=01030300&cPage=1&srchtype=1&srchword=%uBC
14%uC774%uC624%uD3F4

http://worldcentric.org

Lee, W. K., Iwata, T., Abe, H., and Doi, Y., “Studies on the
Enzymatic Hydrolysis of Solution-grown Poly[(R)-3-hydroxy-
butyrate] Crystals; Defects in Crystals,” Macromolecules, 33(26),
9535-9541 (2000).

Lee, W. K., and Gardella, J. A., “Hydrolytic Kinetics of Bio-
degradable Polyester Monolayers,” Langmuir, 16(7), 3401-3406
(2000).

Koyama, N., and Doi, Y., “Effects of Solid-State Structures
on the Enzymatic Degradability of Bacterial Poly(hydroxyal-
kanoic acids),” Macromolecules, 30(4), 826-832 (1997).
Fredericks, R. J., Melveger, A, J., and Dolegiewtz, L. J.,
“Morphological and Structural Changes in a Copolymer of
Glycolide and Lactide Occurring as a Result of Hydrolysis,”
J. Polym. Sci.: Polym. Phys. Ed., 22(1), 57-66 (1984).
Abe, H., Doi, Y., Aoki, H., and Akehata, T., “Solid-State
Structure and Enzymatic Degradabilities for Melt-Crtstallized
Films of Copolymers of (R)-3-Hydroxybutric Acid with Di-
fferent Hydroxyalkanoic Acids,” Macromolecules, 31(6), 1791-
1797 (1998).

Abe, H., Kikkawa, Y., Aoki, H., Akehata, T., Iwata, T., and
Doi, Y., “Crystallization Behavior and Thermal Properties of
Melt-Crtstallized Poly([(3)-Hydroxybutyric acid-co-6-hydro-
xyhexanoic acid] Films,” Int. J. Biol. Macromol., 25, 177-183
(1999).



200

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

771, ATE A3, 20119 94

Hocking, P. J., Revol, J. F., and Marchessault, R. H., “Single
Crystals and Crystalline Morphology of Synthetic Racemic
Poly(B-hydrobutyrate), Macromolecules,” 29(7), 2467-2471
(1996).

Hocking, P. J., Marchessault, R. H., Timmins, M. R., Lenz,
R. W, and Fuller, R. C., “Enzymatic Degradation of Single
Crystals of Bacterial and Synthetic Poly(B-hydrobutyrate),”
Macromolecules, 29(7), 2472-2478 (1996).

Iwata, T., Doi, Y., Kasuya, K., and Inoue, Y., “Visualization
of Enzymatic Degradation of Poly[(R)-3-hydroxybutyrate]
Single Crystals by an Extracellular PHB Depolymerase,” Ma-
cromolecules, 30(4), 833-839 (1997).

Iwata, T., and Doi, Y., “Crystal Structure and Biodegradation
of Aliphatic Polyester Crystals,” Macromol. Chem. Phys.,
200(11), 2429-2442 (1999).

Iwata, T., Shiromo, M., and Doi, Y., “Surface Structures of
Poly[(R)-3-hydroxybutyrate] and its Copolymer Single Cry-
stals Before and After Enzymatic Degradation with an Extra-
cellular PHB Depolymerase,” Macromol. Chem. Phys., 203
(10-11), 1309-1316 (2002).

Lee, W. K., Iwata, T., Abe, H., and Doi, Y., “Studies on the
Enzymatic Hydrolysis of Solution-Grown Poly[(R)-3-hydroxy-
butyrate] Crystals; Defects in Crystals,” Macromolecules, 33
(26), 9535-9541 (2000).

Min, S. K., Moon, M. J., and Lee, W. K., “Degradation Be-
haviors of Poly(l-lactide) using Model Systems,” J. Environ.
Sci., 15(2), 177-183 (2006).

Iwata, T., and Doi, Y., “Morphology and Enzymatic Degrada-
tion of Poly(L-lactic acid) Single Crystals,” Macromolecules,
31(8), 2461-2467 (1998).

Iwata, T., and Doi, Y., “Alkaline Hydrolysis of Solution-Grown
Poly(L-lactic acid) Single Crystals,” SEN’I GAKKAISHI, 57(6),
172-176 (2001).

Thissen, H., Surface Modification of Biodegradable Polymers,
The PBM Series, Vol. 2, In Biodegradable Polymers, (Ed.)
R. Arshady, Citus Books, London, 2006, pp. 175-210.
Kim, J. H., “Photodegradability of Blends of Polystyrene and
Vinyl Ketone Polymers,” Clean Technology, 4(2), 54-60 (1998).
Ha, C. S., and Cho, W. J., “Miscibility, Properties and Bio-

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

degradability of Microbial Polyester Containing Blends,” Prog.
Polym. Sci., 27, 759-809 (2002).

Abou-Aiad, T. H., “Morphology and Dielectric Properties of
Polyhydroxybutyrate (PHB)/Poly(methylmethacrylate) Blends
with Some Antimicrobial Applications,” Polym. Plast. Technol.
Eng., 46(4), 435-439 (2007).

Lee, W. K., Cho, W. ], Ha, C. S, Takahara, A., and Kajiyama,
T., “Surface Enrichment of the Solution-cast Poly(methyl me-
thacrylate)/Poly(vinyl acetate) Blends,” Polymer, 36(6), 1229-
1234 (1995).

Lee, W. K., Ryou, J. H, and Ha, C. S., “Retardation of Enzymic
Degradation of Microbial Polyesters using Surface Chemistry:
Effect of Addition of Nondegradable Polymers,” Surf. Sci.,
542, 235-243 (2003).

Chu, C. C., “Degradation Phenomena of Two Linear Aliphatic
Polyester Fibers used in Medicine and Surgery,” Polymer, 26(3),
591-594 (1985).

Ryou, J. H.,, Ha, C. S., Kim, J. W,, and Lee, W. K., “Control
of Enzymic Degradation of Microbial Polyesters by Plasma
Modification,” Macromol. Biosci., 3(1), 44-50 (2003).
Ryou, J. H., “Control of Enzymatic Degradation of Microbial
Polyesters,” Ph.D. Dissertation, Pusan National University,
Busan, 2003.

Auras, R., Lim, L. T., Selke, S.EM., and Tsuji, H., Poly(lactic
acid), Wiely, New Jersey, 2010, pp. 59-66.

Ikada, Y., Jamshidi, K., Tsuji, H., and Hyon, S. H., “Stereo-
complex Formation between Enantiomeric Poly(lactides),”
Macromolecules, 20(4), 904-906 (1987).

MacDonald, R. T., McCarthy, St. P, and Gross, R. A., “Enzy-
matic Degradability of Poly(lactide): Effects of Chain Stereo-
chemistry and Material Crystallinity,” Macromolecules, 29(23),
7356-7361 (1996).

Park, C. Y., Choi, Y. H., and Lee, W. K., “Study on Degradation
Rates of Biodegradable Polymers by Stereochemistry,” J.
Environ. Sci., 18(7), 797-802 (2009).

Lee, W. K., Iwata, T., and Gardella, J. A., “Hydrolytic Behavior
of Enantiomeric Poly(lactide)-mixed Monolayer Films at the
Air/water Interface: Stereocomplexation Effects,” Langmuir,
21(24), 11180-11184 (2005).



