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1_ A‘] % Microplastics: Plastics with size less than 5mm

A ESAE S A AAHC R e HH ARlE
o] HuEHA 2L SHF A2 HEFITh 1A
Zejaelojet A gl Zolzt 5 mm olstal
gtAEl S ou|sl, MASF o ulet Figure 14
Zro] 271X 2 Yiro] Aot} 1-3]. mNEgtA

= Primary Microplastics Secondary Microplastics
]_5]_1 Ha]'ﬂg ‘%]:—C_— 78] 211'01'7'“ —é—%] O]’7l 01 E:] —,—q— 17(]— U] Microplastics directly released into the Microplastics originating from the

’ environment in the form of small degradation of larger plastic items into
}\ﬂ%‘z}_-j—\—a EE]' 2i]— D] /\ﬂ_‘_;_z__a_z_\_a ‘Q] ]??]_—A(])J ao:o] E] particulates smaller plas::;asri;r:g;én:::irr\tosnﬁ_lnecnet exposed to
oo 7] oA =l k. 1A} w|A|ZetAE o] *Z%|: Korea Maritime Institute, 13 (2019); IUCN (2017).
vk % L oFo oi7} oF | 5Wiu} Eo @ o Figure 1. OJK|Z2tAEIQ| HO|[2,3].
AE, 115 A" A B s AR

35% 24 7} § wol AABHL L elet Figure 2 WA &AL Y] TR+ Figure 33} om, 427
oF Zo] AAE T YTH3]. S FEFAM WAL o By Al 3 polyethylene (PE, 79%)o] 33
32 7P wol WAHI, 1 thE o2 E poly-

- 0 o) 0,
A2 (B-mail: hjokim@smu.ac ko) propylene (PP, 64%, 273]), polystyrene (PS, 40%,
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Figure 2. HICIZ WEL|= OMZ2tAE ZR[3]
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Figure 3. SIEZOIM DIMSAAL0| A5 B 3
+[4,5].
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Chal HaEioi6]. e ekl ERtaE S
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*Z3: Sci. Rep., 7, 12095 (2017).
Figure 5. PS-NPO{| .EE SHZ Lo HAS O|A|
ZatAEI18].
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*ZX|: Nanoscale, 11, 3173-3185 (2019).
Figure 6. PS-NPO|| 25l &= n|EZ=2|0f8].

W EGFHE AT A3 150 um olste] YA
Ao AmzAg Bae 4 Qo waEYch
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wAE gen, e 279 nASeage b, ¢
RHge $0E i ekl Kol ZiTH20]. ofst
Q] o] &= Figure 71} Zro] ZetAE Az
Ajofl #71E wl2ss A, ZEUOE SO Bt
o] Y (leachingFjo] AEA golom W%

Ho] the L, uith 4 154 471298 per-

it
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*Z%|: EFSA Journal., 14, 04501 (2016).
Figure 7. D|MZ2tAE0 YEfA|O] A4St & + A=
3fsHH 0|R{20].
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*ZX|: European Union, JRC110629 (2018); Sci. Adv., 3, 25-29
(2017).

Figure 8. (A) T M| S2tAE Azt MARE (B) M M7
HE2tAE X2| HHol Ha|21,22].

sistent organic pollutants)o| T Z2}AE FHO|
F2Hadsorption) ] AFE} oA o] % HAF o= 7
o orgare w3 FhsAel glehll,
WY TahE P ol EeaEe) A
Hol H= FopLE o AF A4S 19509 = 2
Mol A 2015E= 381 Mt 2008]7} Z7HFigure
8(A)=I e, HEetaE o &G Bleo] STt
StaL = FAll[Figure 8(B)]o]z] shARE o713
g 9 £7] H= o2 s wri22,23]) o vt
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*Z=X: KEIT PD Issue Report, 19 (2019).

Figure 9. ME3M 12X 23l 1P 7HL[25].
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B4 TEALA) IR L5 5 7 & ES

shz UIE(ET, ot 3/ 530] 5)9 &F
of o]al B} o]Alsteta SO wElsAR A
oJuRtth2s]. 7|E ME=
=]

28 T Y AR A, 22 Tk
4, = - aker A, 71AA A, w2 A
Bl Ht 247 71l 71E ERkaEe SRl
diAlst7olle olggel Agen ol& s
gt A=l olFH

S8
(assimilation)

518

(mineralization)

LA AR B2 Figure 99F o] [E3}
S AEET > FIRE > ARLI0R ool
Ak, AREAEEL TEA] BALE, BAg
ufe} gepa ) B, QA O 2 aliphatic ester,
peptide bond > carbamate > aliphatic ether > meth-
ylene =02 2 dojupr, 344 A+-&7](amino,
hydroxyl, carboxyl, amide groups)& zt= 11E=}
7} |z ez 47 wart ol ol An, v)Eol
AT 4 e Wemn BAwel AR o
W, AESH AR Aol ofFl7] ol
BAgo] AN AY4E AR SEE L3
TH25,26].

2018¥ = 7|&0o 7 Hio|eZetAEHe Zgkh
Azt A (Figure 10) 5 °F 1%% 2119 &
AL Qlow, o FolA Alialy Bekaee
2% AABN k. AR TEAE sarch
blends (18.2%) PLA (10.3%), PBAT (7.2%), PBS
(4.6%), PHA (1.4%) 0.2 Wo| AJ4lo] =m[27],
7 9fofi= PCLo] AbA 02 ARg-E o] 211 gt

v

tlo

2.1, T&(starch)

Hee gRe] AanBa, AR gol
ol Flolubn 7}2o] ARshehs Aol Qltt. T
%= linear chain®| amylose®} branched chain?]
amylopectin © &2 o] F£ojx|H, FLAJH]|&of e} 7}
579, AR, 284, #4948 Arrt et
[26,28,29]. A E-2] melting point temperature (Ti,)
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Bio-based/Non-Biodegradable

O|MIZatAE 9|

Biodegradable Polymers

Other 0.9% 7.2% PBAT

(bio-based/ ; -

non-biodegradable) X 4.6% PBS

PE 9.5% 10.3% PLA [ ]
@® PET 25.6% 14% PHA ¢

e Total: 18.2% Starch blends @

ora e 2.11 million 1.5% Other ®
@ PP* 0.0% tonnes (biodegradable)

PEF* 0.0% 43.2%
@ PTT 9.2% \

56.8%

*ZX|: European Bioplastics, www.european-bioplastics.org/market (2018).

Figure 10. 2018 7|Z= M M7 HIO|2Z2tAE] HZF AHALZH27].
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Figure 11. TPS HM|X} 22X A| extrusion 2}HHO| JHZFE[30].

2 degradation temperatureQl 2200 L5 3}7]¢],
E1} 7MAAE 535 A} gelatinization O 2 7}
S Fofsf Fofgtt). A&2 Figure 114
1} 7laA 2 A7bek 5 ou o, AdES 7}0}
A EE, ARE Aole] Sa7gel mEo]
semi-crystalline stateo| A % /;)Hﬂ] FAHgo=
| o] T, glass transition temperature (Tg)7t
oA 7hgol 7hseiAal AdA SR thermo-
plastic starch (TPS)= 4 ]88 4= QItH30]. Al-&
&= 7hAaA = glycerol, sorbitol, glycols 0] Sl
onl, B& gujola} e T ol AME

HoH31].
TSe) 4 A st farel 5
2748 Aw Z5lo] HEAZ 4= 9lch Figure

129} o] glycerolﬂr sorbitol < co-plasticizeriﬁﬂ
1:2 882 7ishd ot g2l A7, modulus,
e 7 g okl BAEQIE32]. ERE

glycerolZ} polyvinyl alcohol (PVA)S 34| 7}

3o g AAEo] F71E 91l oo montmorillonite
(MMT) nanoclayS 71202 H7lgtozn 4
HE, WEAol Skt HarE QTh29].

e W2 7AE A=, 84 B4, 74,
T A =gt AR olst 9wzl
AEo gl -83te7lel o2 g, e 5450
e 2 #5598 wAEE A
sto] Qfrh25]. AR/ AEZ oA %FLH +(foam)
of PLAE E7ZA= %7}0}04 WEAE, =535,

R M 2
= cellulose nanoﬁbersE o]-8-3F 911[34], maleic
anhydride, citric acid& ©]-8-5}¢] TPS/PBAT blends
of 44438 F71E 17035 ol MRS,
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Figure 12. Starch/sorbitol/glycerol2 blendingato] H|ZHSt TPS[32].

ﬂ’ CH, ° CH, o B{Num. Avg. Mol Wi. (Mn) % C02 Evoived
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R e - .
A /— oly 60,000
O CHy .0 (GHy 8
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HOAWGOY%O/S%T\(AOF iy |l
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HO 10,000 =—— Complele Fragmentation \
OPoly .
<) ° o
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-F'.m_.y mg- Time (Oays)
Temperature | Onset of Fragmentation Biug:s: d:fﬁon
Biadeqradation Lactic acid and Oligomers Blodegradation #
4°C | 64 months 123 months
13°C 25 months 48 months Stica Mw Rate of Mw | Weight Hydrelysis Degradation
25°C | 6 months 11.4 months ¢ Decrease Loss Reaction Mechanism
30°C 4.4 months 8.5 months " High Slow None Nonenzymatic Bulk
50°C | 1.5 months 2.9 months Low (eritical Onset N alic
60°C [ 8.5 days 16 days i IMn:10,000-| Rapd R:‘; a"l;"”"‘l‘"":u"c Bulk and Surface
70°C 1.8 days 3.5 days 20,000) it el et
. —

*ZX: Polym. Degrad. Stab., 94, 834-844 (2009).
Figure 13. (A) PLAQ| 7t-235l ut™at 23l AlZh (B) 600 A PLA 235 2HH[39].

2.2. PLA (polylactic acid) PLAX= Figure 13(A)%} Zro] 78371 Lojit

PLA= &2 Q7 E, modulus, 7F&/d2 714 o, $H 2= wet Eej&Ert Sds] 2po] u
o, thggatol 7hsste AEsiA LAt 5 A S &I 4= Utk PLAE alkyl group?| ¢
710 LEAS A 7ol 2 B2 B ) oz s Aeid ez 11 7hpdsl WS
A ottt 2 w7 gZokol 5-&EH % 2H, 9 row, dhg|g]ole] FAo| s A= 17| of
BHRopm} olet 7}A7| 7], A7, AEAE Bo| B = Lk 2y BxEF 10,000
ofoll = 2| Z-=| Urh. SAITE F/g(brittle), W2 B4 w2 We{7hd Figure 13(B)oflA] Hol= e}

SR rlr

ot
D>{

:

Hgao] AWA e AgAAL, ARE, 2ol F28l CO9t HOZ Bah dolrhs AL
247)%, toughness, WAAL Z7H71E 77k shelat & 9lo39].

22 ol2u 483t H 4 98 AER Y AN PLAY TS meksle 7k sjRxow A
o] o]Z23ItH36-38]. & G-(sisal, ramie, aloe vera et al)S ©]-&3F &

64 =9iskst Mot mM22H m63, 2019



PLA/Acetylated (1) Kenaf

PLA/Untreated Kenaf ‘
*=X|: Appl. Sci., 8, 376 (2018).

Figure 14. Acetylation X2|E S¢ot PLA/Kenaf AHZATH
S7H43].

SR A4S AAHRE £459] PLAG 4

$46] 4 Yot Bl gt

9lth43]. © Yo7t Park et al.[44] A7) A phe-
nyl silane 2 2|& 3 MERQ A ’3 e &4
o2 AAAZ 5, PLA 459} §7 carding 34
S o] L3 HiFAEL HoFtoay oA T, L
7z

PLAC HAL /HAsl7] ¢4 PLARTH &<

AJo] 9523t PBAT, PCL, PBS®} 7H-2 AJE )4
AEAE T, 71AY Fre gasidets

>

WBES S7HA HB A E4S deE =24
} A7} o HLH454T). © Volrt St
PCL (polycaprolactone-based polyurethane)
LA &3] Figure 1537 A=
Zo|1 AAES Z7HA A =2 toughness
d x Qlri48].
EFAEROA FEA O EWY % sl A=
& S7HAA H7IEokl A8t
ALEE o|FH ) PLAY cellulose nanocrystals
(CNOZ A7tRE B4, Aadsdol &
7}=] 11[49], bacterial CNCE A 7}slo] QA=

i

Of

B g l‘—i‘~ rr

to oY i N
mlru

O|MIZ2tAE O] &

(=)
<
- B & 8 8

02468101214
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*Z{: Polym. Test., 70, 275-280 (2018).

Figure 15. PLA/PCLU stress-strain curves[48].

o AlEo] FAlo] AsET L HAEIHS0].
Yu et al[51]-& Figure 163} 0] cellulose nano-
sphereo] t}oFst AM& Z o] 9] polyethylene glycol
(PEG)E 7l &sto] PLAY} EJAE F4std, &
x| Qg HlEo] SAuT ofU A,
AR5 o] FAo Z71E T 2 15T Meng et
al.[52]2 PLA, cellulose nanofibrils (CNF), epoxi-
dized soybean oil (ESO)E 0]-&3l tertiary Ul &
e B4ehul ONF} ESOS) Alu7) B2 ol
3 =2 7)AA 7ot AAE, toughnessS LhEh
Hepar Hyskeic

2.3. PBAT (polybutylene adipate—co—tere—

phthalate)

PBATE= AS87)8F ST EAZH 100% Y&
3|7} 7153}, butylene adipate?} butylene ter-
ephthalate”} F-2r9]2 LA &0} AR o] Y} wh
2hA] 2 modulus, stiffness, W54 EA4S Z2HA
S, e ey Bedaenn b A4s
T} §9AAS 7o, low density polyethylene2}

v A EAS ZF=T}53,54]. PBATS tereph-
thalate &tefo| Z7}31HA| E] M modulus, €% E4
o F7bshn AR BE Aashe AL Uehhs

HlH o] butylene adipate eFo] Z7131H o AE

Aslo] Wold AH3| &Hwr = RS_H:} 55].
PBAT?| o=@ =2 Aihu| g3t o o
Q)

2 EA 7|43 7%, modulus, Hjglo] EAJo] Q)
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*Z=X: J. Taiwan Inst. Chem. Eng., 95, 583-593 (2019).

Figure 16. PLA/CNS-g-PEG £/ 4 blending 7HZF=[51].

7) o] ol Meksty] 1314 Aol ARk A
AHE, FeFdol 2 olgaAL ABRL §
At $Ysd /A% 2§ Lese

=5) Al s 3
e ;&% PLASH BaTelel 7t B9 B
AN A7} ol AT ek,

APPL et al.[56]-& miscanthus 4]-8-0]| maleic an-
hydride= 7J&A|A PBATLFY] 84S S7HAA
© 2 modulus, Z27}=, heat deflection temper-
atureS Z7IMA1F 21, Chen et al[57]& maleic
anhydride2 7J]2 % PBATO9| octadecylamine, di-
hexylaminei MAE MMTE d7isle] 4 obA

A, modulus7} Z7}1E1= A& E01519it) Moustafa
et al[58] AFE3HA glo] Au R A7 PBAT
BoiAe] ARES GAFEA QA 7}
Hoby B35k Th Morelli et al[59]2 phenyl-
butyl isocyanate-modified CNCE ©]-83F PBAT
EAANE ¥4k Modulus, EHEAS S7HA
A,

PLAS} PBAT% F8g0] £2 ot AW Zol

ol BAE E4d0l AFFE 7o UL

= &0 AW 7+ A3k F7HAFOF g Figure
177} Zo] PLA-PEG-PLA tri-block copolymer&
G =N ARESHA A8/ 0] S7tE ol AldE
7} toughness”} Z7}8tchal B =9 17[60], ©]<}
A4l PLA-PBAT-PLA tri-block copolymerE:
o|-gsto] AFES AFd] SV A= Sltk

ﬂll

Interfacial layer

Z=X{: Polymer, 146, 19 187 (2018).
Figure 17. PLA/PBAT blends2| compatibilization EH3H60].

[61]. E3F PBAT/PLA ZE9f 7} A|Ql bis(tert-bu-
tyldioxyisopropyl)benzene (BIBP)E 0.1% #7135}
o] 7|& div] AR =E Figure 1847 #2ofv|s}
A 7 4= slen[62], T 2= PBAT
multiblock copolymer[63], monomethoxy PEG-PLA
diblock copolymer[64]& ©]-83F A7} o] F o) Hth

2.4. PBS (polybutylene succinate)

PBSE= &2 A4S 4= ZFoaH=EH, 9
ARe, NAE, 247 E= 217 34 MPa, 560%,
300 J/mo.2, 43 zt719) PPL} v A
gukeh ARy DRIt B8 73 4o Fof

A 34 A8 den 9713, ¢

= [e]
el EAAS %

QOE& =

Hak H223 H6s, 2019



PLA/PBAT Tensile strength TD/MD (MPa) | Elongation at break TD/MD (%)
100/0 33.0 £3.8/423 £22 33£0.6/39£03
80/20 250 £3.4/326 £ 1.0 75.6 £ 23.4/65.0 £ 23.0
60/40 29.2 £8.6/35.4 £4.2 316.1 £ 14.1/258.3 £ 38.0
40/60 352 £5.5/379+38 458.2 £ 14.5/338.2 £ 58.3
20/80 340 £3.5/35.8 £5.1 719.0 £ 24.5/610.0 £ 17.1
0/100 36.2 £9.9/389 £5.0 982.4 + 58.0/1245.0 £ 33.5

.

PLA/PBAT/BIBP| Tensile strength TD/MD (MPa) | Elongation at break TD/MD (%)

100/0/0.1 473 +£5.6/541 £74 29 +0528+0.2
80/20/0.1 39.4+£44/422 £3.6 777 £1.6/7139 £ 1.7
60/40/0.1 41.5+£55/433 £25 226.0 £ 24.0/220.0 = 19.0
40/60/0.1 439 £4.3/48.7 £3.0 382.8 £ 28.0/364.6 = 28.0
20/80/0.1 38.0 £7.0/419 £ 38 656.8 = 26.0/649.0 = 26.0
0/100/0.1 45.3 £3.6/482 £39 928.0 = 32.0/906.9 + 30.0

*ZX: Polym. Eng. Sci., 59, 227-236 (2019).
Figure 18. BIBPS Z7}5t PLA/PBAT ZZ9| 7|AX &
= #HsH62).

Al

7} PBS9] E/\é% iiﬂrﬁ oz 7H*“l7' 7 U
Kwak et al[66]2-0] A= Figure 199]| 4] X o]%|
= uvie} Zo] acetylated cellulose nanocrystals
(ACN9)Z PBSO] 2% H751 o, 7144 &
9] ROt A5 ol A8 st
g7 ot AT} MEFAH RE Z7AZ h;b‘
B35} th Kim et al.[67]S sulfonatlon neutral-
izationg A7l 479 CNCo| in situ polymer-
ization2 £3}] PBSE ¢4d3}o] Nylon 63} -§-A}5H
AEol EAIALE 659 MPa, AAE 450%,
Toughness 200.2 MPa)2 ¥4 3ith Xu er al[68]=
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Figure 20. (A) PBS/SCNC 2§l &4
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*ZX|: Int. J. Biol. Macromol., 98, 837-846 (2017).
Figure 21. PHAsQ| 35t 1x[73].
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Table 1. CHEZXQI! PHAsS| EF

TE[73]

O|MIZatAE 9|

Name Abbreviation ¥ value R group
Poly(3-hydroxypropionate) P(3HP) 1 Hydrogen
Poly(3-hydroxybutyrate) P(3HB) 1 Methyl
Poly(3-hydroxyvalerate) P(3HV) 1 Ethyl
Poly(3-hydroxyhexanoate) P(3HHx) 1 Propyl
Poly(3-hydroxyheptanoate) P(3HHp) 1 Butyl
Poly(3-hydroxyoctanoate) P(3HO) 1 Pentyl
Poly(3-hydroxynonanoate) P(3HN) - Hexyl
Poly(3-hydroxydecanoate) P(3HD) Heptyl

Poly(3-hydroxyundecanoate) P(3HUD) or P(3HUd) 1 Octyl

Poly(3-hydroxydodecanoate) P(3HDD) or P(3HDd) 1 Nonyl
Poly(3-hydroxybutyrate) P(3HOD) or P(3HOAJ) 1 Pentadecanoyl
Poly(4-hydroxybutyrate) P(4HB) 2 Hydrogen
Poly(5-hydroxybutyrate) P(5HB) 2 Methyl
Poly(5-hydroxyvalerate) P(SHV) 3 Hydrogen

*ZX|: Int. J. Biol. Macromol., 98, 837-846 (2017).

“~~— PLLA matrix
S— PHB-di-rub
Nucleating effect

uoiaIp UleNS

*Z=X: ACS Sustain. Chem. Eng., 6, 15517-15527 (2018).
Figure 22. PHB-di-rub2 £&t toughening effect[78].

GO grafted CNC(CNC - GO)
*ZX: J. Agric. Food Chem., 67, 10954-10967 (2019).

Figure 23. GO grafted CNC (CNC-GO)2| 3tst™ Fx[81].

2.6. PCL (polycaprolactone)

PCL-& caprolactone2 ring opening polymer-
izationslo] M=, oF 50% =0 AAAE 2
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%, EH|g oA e s] wal7h "okl HalE gl
TH82,83]. PCLY] Tyl= OF 60, To& F -600]u, A
o)A TEA} AM&0] free movementdF o2 91|
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A}, ol 2ofol Bol AHEEIT 9lrhs4]. PCL
& ojRHopol 4 o] HEETL AT, 7| Gt
oPINE Fgalei A5 WHL ork

PCLE T2 AEaly nEAis 2o & 2
A2 Al B4R BAR0 EAlsiol o}
2 2453 2993 A750] olFoizirh Jeong
et al[85]1 o)Al PCLY} PLAS solvent casting
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Hop QA7 =L Holidrhal WElon, tributyl
citrate 2 A7} A A== 20 54.1 Mpa
7R Z7 ek F9th Deng et al[86]&
ball milling® & &4t nanofibrils& hexanoyl
chloride2 7J21A]7] functionalized nanofibrillated
cellulose2- PCL Matrixo] 0.5 wt% & 7}shd 1%}
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*ZX|: Carbohydr. Polym., 182, 115-122 (2018).
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Figure 24. PCL/(a) SNC Z&xe| SMH|W (A) oxygen transmission rate, (b) tear strength[87].
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*ZX: Compos. Sci. Technol., 69, 2573-2579 (2009).
Figure 27. PLA/Kenaf (50/50) S &S 0|28t XISt &l
20| ZZEEHI99].
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