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5 B Aol sl R13E poly(butylene succinate) copolymer(PBS-c) A8l =4 Azle] AlgA 3
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= =

153000 g/mololA] 44000 g/molZ 7+A3Ict. $HA dll4= X704 PBS-c2| FA Had ExE2 %_'—H 3453}
94000 g/mol2 #4xsltt. 345 F<F PBS-c9| 318t 72 9 A4 yxolle 2 WsF UehA] kAR, Eel 7t
APHLE A8 FHY AR} thh ZTelh sl 204 IE QR e 751% sl =7 woh 71
el 717l et s WA deken, ol gl EAske v Ee] wot 3 % W) Wi
o Yehtk= 3 *oLi ARG mEbA sl KRS 200 J6lsle v PBS-c9l T7ﬂ it FARE 29000

g/mol7A] 7AAEI o Alge] HHoAM ZY W Alg &40 A RS olE B3l dlpolME 73 2

Aew AP w), Huish 2 vl ARAES ke 2 SIS

Abstract: To determine the optimal evaluation method for the degradation of poly(butylene succinate) copolymer (PBS-
¢) under seawater conditions, biodegradability under composting conditions was determined according to ISO 14855-2,
the most general biodegradation test method for composting conditions, and the results were compared with those
obtained under seawater conditions. Under composting conditions, after 45 days, the biodegradation of PBS-c reached
57% and the weight average molecular weight of PBS-c decreased from the initial 153000 g/mol to 44000 g/mol. Mean-
while, under seawater conditions, the weight average molecular weight of PBS-c decreased to 94000 g/mol after 34
weeks. Although no significant changes in the chemical and crystal structure of PBS-c were observed after 34 weeks in
seawater, the surface of the sample became rougher, as observed using scanning electron microscopy. The significantly
slower biodegradation occurring under seawater conditions than under composting conditions can be attributed to the
lower concentration of microorganisms in seawater at the lower test temperature. Therefore, a PBS-c degradation test was
performed under accelerated conditions in seawater. Under accelerated conditions, the weight average molecular weight
of PBS-c deceased to 29000 g/mol and substantial cracking and damage occurred on the surface of the PBS-c sample
as a result of degradation.

Keywords: biodegradation, aliphatic polyesters, seawater, compost, poly(butylene succinate).
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He x| AW, vkt 4L F viE e glon, 59
oJH-E o] g, WIEA| il RS FAI8te] ‘ghost
fishing’S Yo7}, A = el 72 E2)31eHy
z2hgol oal 2k x7to 7 aElo] mAEEtRY N FAlE
of7|gtc}. o]t A o= 3l 201493 20166 <3
73%3](United Nations Environment Assembly)ol| A= 3}l &
SekiE 22979 vlA| SepiEol| gk Aok Afelst
At oy g EAIE sfdstr] flal, Aesid LA 5
W glom, BEeld LA Ao mAdEel o3|
HFTAOE oiksleAR FelEe aEAE Eth! AR
g EAre] FRde vAEdd o8 AFAHEH=
poly(hydroxyalkanoates),”? 7] 422 A ZE <= poly(e-
caprolactone),” poly(lactic acid)"* 5°] Jom, AR 2L

A} F 3] poly(butylene succinate)(PBSY=" A= &
Zlo|~HZ F SRR 1,4-butanediol?} succinic acid®] 3
TdS ol =M, 1931 Carothersell ' &Jaf 25 4
HojHth PBSE 27| W& EAFO R Qla oFstar, 71A]7]
A& SHol AAARL o] 5 S53817] $lall Showa denko
(Japan)©l| 4] = hexamethylene diisocyanateS chain-coupling
agent, Hexing chemical(China)Oﬂfﬂ" direct melt polyconden-
sation W& o]-&3le] F2 EAFC] PBSE IS ©]
Qo= 71AIA 248 IAF17] $18] PBSE adipic acid,”
terephthalic acid,'® 2,2-dimethyl succinic acid”® 52}2] &%
312 F3l poly(butylene succinate-co-adipate),” poly(butylene
succinate-co-terephthalate),”’  poly(butylene succinate-co-
butylene 2-methyl succinate)”” 5= A/33I2H, o] & B
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3171 €131 poly(butylene succinate) 3% 3| (copolymer)
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“*(International Organization for Standardization)|X] 315
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Zd31= 1SO 14855-1,7" 148552012 kabeka Wl =)? 1

2|2 BF 2420 1S0-17556(°) ksl eka whA &k ms AkA
ZHFF F4)e? Stk FellM = FekiE Al 5o Al
=2 =48] 918l 18O 148555 A ate], 20074 KS M
ISO 14855-12** A5ttt AA7HA] € o] A
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@ 2x U nAlE TR 5 <t 2
o o3 e Fel=E WERl 7] wiel, BEe Awsle
o] AlgkEr). Kasuya 59 Ao =™, PBSE HitellA
28Y &3t 2%—4 e ‘g'v‘C’HETE: e o] ATtellA]
ANF G BTE ol8slo] Ff dE] R HAsIion o
£ 35 }_74__i Hr st T3t sl4- 274 PBS-c A%
*glvj“'sﬂ AW sl 7St 240 PBS-c 4l *g"foﬂ-r—
SAUS Ao, 2 A= vhet 22k PBS-c At

= 2ol Qg w}a} v W BRI, AARE, Q%
o] a7t UEREOr], 53] a1 7148t 204 B

HAE o =ZA ‘/]’ﬂ"’“:]' 2 AT ol AFelA A
sl 2 el 7hEst 2edlM 5783 PBS-c AwElE S
Ao AB3E Hrslr] flsl, SAFES | FellA A g
ISO 148552 H7PHE F3ll 54T PBS-c Adl= =4 2
o} vlwshs A5 APt 2 Ade A T3 A=
Eaev], o] |s Ao 5371, XA 3 471,
ARARFERA, ARIFATEFAIE o]8-8te] 418K o] A
TE B3l sl ® el 7isst 2408 Boted 343 PBS-
c ARl =e] M-S SRIT F s o= ArkE

S

AeF W XNZ. Paenibacillus sp= = H2F48 (Busan,
Korea) S 2 H-E] Al g™, Bacillus subtilis7} E3HE F

H](&H[H]olE =)= KGAPZ(Ulsan, Korea)oll A -1l 3l<=
= g AFH AT nAAY AEZ L 2MCC,
20 um), 3+H, Tween 802 Sigma-Aldrich Chemical Co.
(Seoul, Korea)oll 4], sodium hydroxide on support(soda talc)
£ Merck KGaA(Seoul, Korea)ol| 4], soda lime medicon
(Seoul, KoreayllAl, sea sand(lO 20 mesh), 93} ZF(>98%),
2127} 2 (5-10 mesh), P(>95%) e = 89(0.1%)e
Daejung(Seoul, Korea)oﬂfﬂ TFUs e BE7ALE G ET]
H2l)= Rokf C. Kagen Inc(Baie-D'Urfé, Canada)ll A ¢
st th 2 Aol AL8-®E PBS-c( M, =153000)% butylene
succinate, butylene adipate, ethylene succinate, ethylene adipate
o] MHEER|9] SRR AxEHJoH, A B ST JE
= Ankor bioplastic(Wonju, Korea)S 255 A 3234},

EH| ®S . Bacillus subtilis7} 3 EH] 140 ¢& 4 mm
A2 AZ F E7] A}E 260 g, sea sand 1600 g& $HA| &
It H, SHTE A7 FES 70%E BT o
% 30°C Q15| o]E|(IL-11, JEIO tech, Korea)oll A 14Y &
b e E AdYegion, Ay 77k FRF S 60%E
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ISO 14855-2 W71, 1SO 14855-2 H7lol| w}E AEa) =
=7 & microbial oxidative degradation analyzer(MODA-4,
Saida ums, Japan) FH]E ©]-&3ate] 13Tt TFAIE,
MCCet S &, PBS-c 10 g2 22} 400 go] Hv] o} &9
gk 5, vl Y] 400 g} Al 3702 WS- 8710 HolFRl
t}h. 1SO 148552 7} &<t HH|S] 82 60%= 74138t
Rom, 74zke] Zhlel S/ 2N-AF &9 400 g, A
7} A, A3} 247, soda tale 60 g B ¥ LFHAIZ soda lime
o2 AAFAT ZEES BT AL 7, 3719 /52 10
mL/min® 2 FH3IH o, ARl A2 58+2 °CollA] 45
o ot XYPsIATE MCC 2 PBS-c7F Eafj = wA sl
o|AbslErAE Aol AR EE Ao, XFAR
o} Z4AIFE, MCCSF PBS-c& &% FE|Z 1SO 148552 ¥
71E ATt Ealm ALk oee] 4] (1), (2)2 o83

o= ]
AR
- _ (CO,)s—(CO,)g
ﬁf/\ z2o] A E~ L=y =
FFAES] AR E, Dy ThCo, x 100 (1)
5 _ (CO,):—(CO,)
=X B AR = = T B
Jr15e] AEsl=, Dy Theo, x 100 )

Dy(%)y= ETAIF] AREE YERH, (COys(ge &
A TS CO2l S YEMITH D(%)yE AR
o] RS =ZE YERNH, (CO(g)E S FolA Ay e
CO,°] F& VERIT 23 (CO)p(gre M AlFellA 2
g CO°l ¥g YEM AL ThCO= ©]84 CO, TS
UeRAT) o273 CO, WA ofgle] 4] (3)2 o83t

12
ThCOz = MTOT X CTOT X 4-.1 (3)

Mra(gye EHloll F7HA Al89] & 42 Jehli™, Croly/
gr AlES 2FE frea] &S YeRdTh 18
44/12% olikslerA EAEF vhAo] ExbERS e

Sl =74 PBS-c M7 2l S™H. 110 mm F72] o

2] (Toyo Roshi Kaisha, LTD, Japan)E ©]-&3) si42] <
52 AE §F, IAS71EH#71(AC-12, JEIO tech, Korea)S
o83l 121 °CollA 153 B HH3SiTt. o, ek 1.5 wt%
37, 100 °CollA] 2A17F 5t 7FE E wREAZ] H, oAl AL
7|5 o83l o)A e o= HFsidith da
LS 3ol 100 mL Hol A viRE Alz3t FH, 6l
o) Paenibacillus sp. 100 pL 4% &, PBS-c 475
HolF2lth o] F, 30°C AFulolEllA 345 Ft Bl E
gPsigon, B4 AEE= 0, 2, 4, 7, 10, 14, 18, 22, 26, 30,
34emict A FH T AFH T Al 5= 1327 0.5M NaOH &
Hol] ZA] &, oflek-S o83l 33 MFsI.H, o], 60°C
ZF 2E(OV-11, JEIO tech, Korea)oll A 12A17F 52t Az
sttt

N ot o
m

Zav, Al46d A3, 202214

o
o
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M 71538 =4 X2l 254nm UV-C FZE o] &-5o]
PBS-c Al&9] g W& 15U7F AR ), FFo] 159 b
ZARBITE olu] || A= 49 W, A5k AEE 30
cm@|At}. UV-C #2] °]&, PBS-c 7= 1 wt% Tween 80
o 7 FF A F, 60°C BN 1Y U Az}
At o] wf Wit SE= 21.6 °CoIATE

S 24, g 77F < HY]9] pHE pH meter(F-71G,
horiba, Japan)o]-&-ste] A0 H, ER|&} S/HTE 1:10
v g2 E3tste] £33t MCC 9 PBS-c #2e] BoF
2 = 7]+ optical microscope(BX51, Olympus, Japan)= ©]
83t Ao, PBS-co FA Hd EAFS gel
permeation chromatography(GPC; Tosoh-ecoSEC HLC-8320
GPC, Tosoh bioscience, Japan)S o83l 43I0, X+
A= polystyreneS ©]-8-313itt. PBS-co] 318t +3& WSl
#493}7] 213l Fourier transform infrared spectroscopy(FTIR;
Nicolet iS5 FTIR spectrometer, Nicolet Analytical Instruments,
Madison, WI)E attenuated total reflectance(ATR) mode=
scan resolution of 8 cm™, 32 scans =7 3}l 4000-700 cm’
HAE 2703l A3 . Xray diffractometer(XRD;
Rigaku DMAX 2500, Rigaku, Japan)E ©]-83}<] PBS-c¢]
AR FZE B8} e, differential scanning calorimetry
(DSC; DSC200F3, Netzsch, Germany)2 ©]-83) A 52| 47
AL BAETH DSCE AlE 10mgs F4 2718}
-40 °CHE] 10°C/min®] SEZ 200 °C7HA] 523513101 o]
& -40°C7FA] 10°C/min £=2 WY789dth A|52] A4 s}
EX., %)= T A (4E7 o8-8l Akaisit

X(%) = AHT x 100 4)
AH,

AHS- 100% A784S zh= PBSY| &8 oy, 1
-2 200 J/gelohY AH> A 5e] 8§ gT]olrt. PBS-col
i 225 =4317] $1380 thermogravimetric analyzer
(TGA; TG 209, Netzsch, Germany)E ©]-§3519.2H, N, £
712 S EAT AR F 10mgel R e, 30 °CollA
600 °C7HA] 10 °C/minZ %23}

2 % EE

ElH| 2. 1SO 14855-2 H7h= Aloj® u|3} 7oA
Zeirge] 3714 AR =S S5k oy, ZekiE
o] Fal|EE Bt WAShs olAlslekaE A Tsle] AlREl =
2 ARSI} 1SO 14855-2 H71E Bof ARs=S =451
LslA, B Qo] EANSh= HAEEC] A AIEE ofit
slekaz Bale 4 e 58S Zes, Hu|e 374
° #Ho] Fasit). Hule] wha AL T3, Eu) U] f3l
7+ 99] Wt AP, HY) ] fave] swrt STkt &
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Figure 1. Changes of the pH of the compost during the activation
period.

3], ISO 14855-2 H 7oA AFE-E Bacillus subtiliss A5,
il ks F43) Bl & e T8 2k Sk
TR Figure 19 EH]9] &g 7|7 52t Uehe pH Hels
Yehiith g6)e] 27] pHE 7.12%10H, &g 717k &
oGS gk F7ele] st AlE sl FHaL Rl 9.12
£ UERRILE o]F, pHe= Zasle] 2E 14Y9= pH 7.41
7] 7HAEin) o] de wha oA En|otel] EA)3}
= AEZ 27} Bacillus subtilise] TIAE S F3)] Ealj5
o] dEYolrt WAE] wiiEel YERdT).

AEe| EEl. A5 Bgolut A7)0 mEt Aesies ¥
al7] el SHA B B} A= BFAIEL) sYslok
St} v EAA 0] oy 3l S wepA| =, o] 4
= Altace 521 A+ A5 53] & < U} ISO 14855-
2 Hle] EEAEE ASR AR HAHo] glon ! ojH
ISO 148552 H7}to| A EFEAIFE = MCCE AHE-3I T
PBS-c ¥ MCCe| B3} A7) & 338 @uH o= sl
Figure 291 YEFAT}. Figure 2(a)°llA] PBS-c& E12% &
2t 2712 YeERRL 9lom, o]9} WH)E Figure 2(b)S 5
3 MCCe Aykzlo = =7|7} 23, PBS-cE T} U] 2
I71E k= AL & F U o]F F3l MCC7} PBS-cEt
4 22 Hales vepd 21 o = o

ISO 14855-2 HW7}. AEs|E EHH] Wol EAsh= njdE
o] tiAF HBE B3l Aoy, HEFH o= olilsleig
ST Asles a6l 713 B9t WAk AlEe] FA 7
288 59 29T = IR Bt 1YL= Al5= 2}

(a) (b)

P B

PP T N

Figure 2. Optical microscope images: (a) PBS-c; (b) MCC.

< 24wl E7] wEel Fekd sl S50l Al

Eu)3} A Zeky Edo] ARIEE 5= WU
olm, Baf Fot A= o AkeletAE Al Bz
Axtelz] wiiell, st s Sgo] 7Fs3tt 1SO
14855-2 37PHel wle}t AR=E 437 S8, vl =
H7k o2 sk, ol EH] ellM = ojitslgtirt WAy
317] wiizell, o] A L] o]t MCC 2 PBS-c¢] ©]
E4 CO, T HF 2] 3y B3l 4de F UoH, A3z
Z}7} 16.29 g, 20.48 g°]TF. MODAS] WAUZES thS-3 72
Tk WA AlFo|A BASh=s =53t oiksletAe] S =4
3171 $18, MODAZ Y%= 371 soda lime® 2 A%
ZHS 533 ol itslet vt Al AL FHAR, B8
FetAA wkg &0 RS F, B 717 Wl EHle]
T8O 60%E SAAZIL AARE uhS &7)ol|A] o] AL
slekas, oo}, o] wAsl=t], YR Yol N3 &
, B2 AT A B 93t ZAES FH8IEA AAEY, o]
ST soda tale/limed} o2l 2] 2] (5)9} o] whg-Sitt,

CO, + 2NaOH — Na,CO; + H,O )

219] wkgol oja] A B v H3t Aol SET
o474 717k} soda tale/lime 2 93t 2 2 FAE =
A3t 2 (1), ()2 o183t FFAIE 2 SHAES] A
== AASITE Figure 3 Z2]Zo] ISO 14855-2 H71= &
I 43 MCC ¥ PBS-c9] AEal=E YeEpITE WA
AlE, MCC= 20 odel] A=t 60%7H] s
o, 204 o|F2 Eaf FAS Hxp et FAS a8
590 = 85%= YFERHTE PBS-c] ¥l FAS A
, 20900 53%0] =25l o, o]F MCCe} PR IA =
Il 242 $hsiAl JedE]o] 45dl= 57%F JERAT
MCC % PBS-c B5F %7] 20¥ B9 w2 B3 &£=2 e}
e, ole S B ARA7t wEA =, JaEAt
7 =2A| EalE7] wiEel] vehvbe ddoltt. ol¢F e A
=2, Pan 52 7}7] e EAFFS 2= PBSY| el A

r> 12 o
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Figure 3. Biodegradability of MCC and PBS-c using MODA.
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Figure 4. Photography of PBS-c: (a) before; (b) after ISO 14855-2.
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&gt A, 7P 2R FAS 7= PBS7F 20417
ol ¢Hd3] EalElem, Ex}%bl ALTFE 73l 717ko]
solvh= AS RIS Asl AHelA] A 7o) i
AsHA ==, ol ERls] Sl B il x<=sl= PBS-
AF s, FA e 1T 1SO 14855-2 H7}
, EERXES o83l HH| Wl PBS-cE &A1 H, &

110 mm ©J3}#] 2 045 um TF ZEE o] &3 B-ES
A A ATt PBS-c= FZEZEE 892 solution casting
WHE o83l AF ST ﬂ~ 2 ZA3= Figure 40 e}
Stk 7] PBS-co] %S 10 go|UA T ISO 14855-2
7} T 480 %, F 52% 7“ St} o)A AFtellA* PBS-c

A JGulsl 2d00AM &S 717 B FA Hat EAE

77t A e AE gRlElon, # AT E
PBS-co] A Hat ¥Rl 74AE BRI Haﬂ ISO 14855-
2 %7 A, $-9] PBS-c] A B+t EAFS Table 1] e}
Wtk 271 PBS A Bt WA 153000 g/mol©] AA| 2+
Bal o]F 44000 g/mol7}A] ZHAsked, & 71% 7438kt
B3 2AL =8 200} o pYE g ol &4
5:1:7]. nu].e =o xg_,_oﬂ_,«a o 2= ouzi’ 7].7(\;. oE1

ox Mr o
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H A1 O

_,dfczoj_,doﬂ,-l%
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HEA Q1 3] }.7,1_; ARE-ETH KS M ISO 14855-1 H7oll
AMe A= FE4S A7) HEl 459 oW EFAIES]
AR =7} 70% oS YERNoF gt} ISO 148552 H 71l
A BEAE, MCCe] AEE=E= t=k 85%= L]'E]‘M——‘I], o]
£ &3l 1SO 148552 H7I& Fall 5783 PBS-co] Adlx
Efads = AS 4 5 U
sl ¥ sl 7I&E =Ml PBS-c MR 2l

alr B A S0l ohFet Al E o] ERlstaL dX
T 2 veE BEY 9 Y] SR 8ds] won, Ul AE
o] T&317] Yl o3 AAE FAlo] ZojALE

=237 v
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Table 1. Weight Average Molecular Weight of PBS-c Before
and After ISO 14855-2

Before degradation At 45 days

Weight average molecular

weight (g/mol) 153,000

44,000

Zav, Al46d A3, 202214

A%
E g
£ 20x10°{ " Seawater condition
) * Accelerated condition
E} 1.5x10°{®
Q ] ] -
51.0:(105- . e e
I
S y s
‘iois.oxw- Ce e
= 0 5 10 15 20 25 30 35

Time (week)

Figure 5. Change of weight average molecular weight of PBS-c
fibers during degradation under seawater and accelerated condition.

ok B So] 2% B3 e 4 2l vlg) von, 53]

PBS®] 73-¢- &l 2 FAlA Falle w22 A, AL
oA 7] wjitel], F7) ZHadg o] 83 Falx ALk
m$- AsHH o)t} AR T =4 HRAlo|= B 748l

ohg BAFE o83l 2T I

on, & AFellM=

PBS-c /& a5+ 2 sl 71553} 244 345 s &
alated, z+z; 0, 2, 4, 7, 10, 14, 18, 22, 26, 30, 345l

PBS-c A& AF, 77 Bt RS SASIRH g 2
< 71558} 2404 ElE PBS-c Aol FA Hat B4
& ¥ISIE Figure 50 222 YR BE A|SA]
w3l 717ke] AAAFE FA H ExbEo] Ao,
a5 270l ZallE PBS-c] 7, 271 FA W EAE
153000 g/molollA] B3]l 3459 94000 g/molE 39%2] w
S 8-S YERTE o] AxE 1SO 148552 H7F & =4

f?} PBS-c®| A H+t LA Zj‘ie%ﬂr Hlws) B, s
Z7AA PBS-c A 3459] 71 Bl 717kl w Bpeia
Y3t 2R O W FEEE U o] A4 8
Foll At =] Tt 257t HY)st 2R
7] o] U= 2o g Alg T o]g} WHHE el 7t
&3} 7oA B3l E JAEAS o, FA HF wAEo
153000 g/molellA] 29000 g/mol7HA] Z+Aasle] 81%2] =& 7+
28-S YeERIT) 53], 7] 55 ol A1l 153000 g/
mol®ll 4] 57000 g/mol7}A] W2 A 74815 =d], o] A4S
UV-C A2 sl Bk ZAksl! vkg-02 <13l PBS-c
ARE HollA] F-2419] Aks dto] dofut S B AiEat
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Figure 6. FTIR spectra of PBS-c before and after degradation under
ISO 14855-2, seawater and accelerated condition.
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Figure 7. XRD spectra of PBS-c before and after degradation under
ISO 14855-2, seawater and accelerated condition.
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Figure 8. DSC scans of PBS-c before and after degradation under
ISO 14855-2, seawater and accelerated condition (a) heating; (b)
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Table 2. DSC Data of PBS-c Before and After Degradation

T, T AH, ¢ X
\(©) 0 Jgh (%)
Before degradation 105 83 82 47
ISO 14855-2 111 63 92 54
Seawater 106 83 85 51
Accelerated condition 107 81 99 52

T\, is the melting temperature.

PT, is the crystallization temperature.

‘AH,, is the melting enthalpy.

X, is the crystallinity calculated from the DSC method (200 J-g)*’
for a 100% crystalline PBS

ol T3 Ta= 2H2F 105 °C} 83 °col, sl & 8l 7k
s} 270 23l g D89S o, 7,34 .= 2H2 106,
107°C ¥ 83, 81°CE & WHsl= YehtA] it spA%
ISO 14855-2 H7} &, PBS-c9| 4% T, 111 °C7HA 57t
sRnon, 53], T 63°CE 2 727} Uepdtt. o] dake
AR Qe FAHE AEAP T LEAERTE W 2EofA®
AARslE 37| Wil vehdth A4sleE A EH i
7 PBS-c9] AA3 == 47%01A %, E8ll7t XE 5 2
Alw 72 STk, ol HlAgA oA &7t
A 8o Yep= d/deltt. T Figure 9(a), (b)ol
(a)

100

60+

40+

204{— Before degradation
--= IS0 14855-2 at 45 days
e Seawater at 34 weeks o
- == Accelerated condition at 34 weeks

100 200 300 400 500 600
Temperature (°C)

Weight loss (%)

G

-10-

-15-

DTG (%/min)

-204— Before degradation \
|-+~ 1SO 14855-2 at 45 days ¥
254 Seawater at 34 weeks i
|- - - Accelerated condition at 34 weeks

100 200 300 400 500 600
Temperature (°C)

Figure 9. (a) TGA; (b) DTG curves of PBS-c before and after deg-
radation under ISO 14855-2, seawater and accelerated condition.
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