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2 B AFolMe A F d poly(lactic acid)(PLAYE WA 502 Bt 3 A54S 53 &A= PLA

Edsle AT s5H AEE FAS AT 71A1A AEE AHolA ARl drgo R Qs WAshs
g Aste] SHAE FES] sk, 7R dAE-SuE] slsd-AA-ATE- TS F
2 AAEIEY WA Eu F57 £E 271(100 °C)olA 7143 Hxe]E 3ste] PLAS B+
HAFS B0 R AR BN Mg BEa T J24S FIAIFTE oA Sn(Oct), Fal EA) stollA 7+
o 27102 FujA A (unzipping) 3NEHS Tt L-EEte| =5 3]st 3]7E Z(crude) EfOl==
oekE 7R AAA FHE Tl BAEASH, HPLC 24 A 98.5% ool 52 #3 &5 fAFS Elst
Aot GAE L-EEle|l=s &8 2871853 (ring-opening polymerization, ROP)S 53| ASF =AU, 34 24
%3} (solid-state polymerization, SSPyS Z-&3lo] Ex1ek 7o} Balek By (P)o] g43ts At 2 49 &
2 H 222 (M,) 70000 g/mol o)) TEAE PLAZ AT + 99.en, SEC, 'H NMR, HPLC 2 TGA #4<&
B8l F2A AR, BARF B4 2 €4 gl e virgin PLASL S5 S RIS £ AT 7
3 BE AT AA-ATH-IITEHS THS 39S B9 #H PLARREH 4T AEAE I5E
w5 AT3NeH, PLAY IRIPHA] =8k o] 85 g AHARI 315 A& 7IRkE AA| g
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Abstract: This study presents an efficient closed-loop chemical recycling strategy designed to convert end-of-life
poly(lactic acid) (PLA) waste into high value bioplastics, thereby addressing the critical limitations of mechanical recy-
cling, such as molecular weight reduction and property deterioration. To achieve material circularity with restored per-
formance, recycled PLA was depolymerized via hydrolysis and subsequently repolymerized through melt ring-opening
polymerization. Initially, PLA waste was subjected to hydrolysis pretreatment at 100 °C to control molecular weight,
facilitating efficient catalytic depolymerization into crude lactide using tin(Il) 2-ethylhexanoate [Sn(Oct),]. The collected
L-lactide was subsequently purified via a green recrystallization method using ethanol, achieving a stereochemical purity
exceeding 98.5%, which is comparable to that of commercial virgin lactide (approximately 99%). The purified monomer
was then converted into high-molecular-weight PLA (M, > 70000 g/mol) through melt ring-opening polymerization
(ROP) followed by solid-state polymerization (SSP). In this case, SSP was employed as a polymerization method to address
the limitations of melt polymerization, particularly the broad molecular weight distribution. Comprehensive structural and ther-
mal characterization, including size exclusion chromatography (SEC), 'H nuclear magnetic resonance (‘H NMR) spec-
troscopy, high-performance liquid chromatography (HPLC), and thermogravimetric analysis (TGA), confirmed that the
chemically recycled PLA (CR-PLA) exhibits structural integrity, molecular weight distribution, and thermal stability com-
parable to those of virgin PLA. This work demonstrates a practical pathway for the circular economy of PLA, offering a
sustainable solution for plastic waste management while successfully recovering high-performance polymeric materials.
Keywords: poly(lactic acid), chemical recycling, hydrolysis-assisted depolymerization, lactide recovery, green puri-
fication, solid-state polymerization, closed-loop system.
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o]} 7Fo] PLA 3}8H2 z|&-gof digt /8 A= o
FANBARE, 7HEs) 7 AR Aol AXF &F
A2 H#-ROP-SSPE F3st w2 37g AA 2 A
A2 AFL AiHoR Aol old] B Aol 7

sl AAE =ete] Fuf 24 e, ol % &
)2 A7 & Eet-o et 719 A AA-ROP-SSPS E3t
3 AT sheby ABE FHS AASKIT 7 DAl 2
Al Wzl @ 224 A4S BASHo 24 AR virgin PLA
T B4 38 714 ASeiaAt sl

ME ¥ S BN 2 AFfdAs 4dE HE2-A
poly(lactic acid)(C-PLA) & &l(Luminy® L.X175, Total Corbion
PLA, Gorinchem, Netherlands)S F Y Z 2 AL&-3lAc} &
]3] A &8 PLA(PR-PLA)= A& = A5t A2 F
7IAF o2 FEffste] Edlola FEiE FHIsHiTh Sn(ll) 2-
ethylhexanoate[Sn(Oct),, 95%, Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany|= Fo]ol|2E 3} vk-g-o da] AME-E+=
SHEA & AT dled B gl 3 EHoE
AHE-3F TF 1-Octanol(99%, Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany)> 53 7IAAIZ ARS8l ERj& Ajo1E
YBIATE. oleh2-(99.5%, Samchun Chemical, Seoul, South
Koreay> M2 9 A124 A 4] §v2 ARE-sIoH,
AAE A3 g4 94727 (Hanil Science, HA-1000-
3)2 o]&3led 2000 rppmellA E& 5t

PLA 35S S8l 3H gEfel=e] 33 e 2L
s A= ZrE 729 (HPLC, Waters ACQUITY Arc System
Core 3)Z #4319t} o] A& A| £2]E $I8] Chiralpak ID
ZAH (4.6 x250 mm)S AF&EG o™, o] FAS hexaneZ
ethanol(9:1, v/v) £3 &1l & ARE-sIATE T4 A20014
TSI, AF IS 254 nm=E ARSI HER|= A
S+ hexane/ethanol/chloroform &% 8-l (70:10:90, v/v/v)el

$oI% & FYsieI), el ARl SREE AS
SRt BE Aok BAFoE Ho] 71 FA| glo] AF

&3ttt

7hitel] Ao dEs A IFFEA(TGA, TA
Instruments Q550, WatersyS- 0|83} ZARSIATE °F 0.01 g2
A EE W Fof] FA3EL 30 CollA] 800 T7HA] 10 C min™!
o] s e FHith. FHEEEAFM,), T EETEA
FM,) R (D) 7 A HEU}EZEHJJ (SEC, Waters
2414 refractive index detector)Z =7 3}3t}. SHODEX SL-
105 2 (7.8 x 300 mm)yS ARSI, -8 PLA 2 A4
PLA AE+= 27} chloroform B55= tetrahydrofuran(THF )< ©]
4o AREEt] 1.0 mL min 9] #5240 T Z2A
E2A3199 T} SEC AlZ=8l polystyrene 5 A|EE ©]-8-51¢]
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RASET PLA A 5= 8o 5 mg mL™' 5% &
T 045 pm PTFE syringe filter2 3313 5 uLE Y3}
ATk 'H NMR 2242 600 MHz #H] S o] &-3lo] 3513
o, gelo]=E CDCLO galisle] =4

H PLAQ| JlEsll Ex HF= &M &8 8. 2
A= ¥ PLAZHE 14k LEER|=EE 34510 o] &
AZgsle] ZEAF PLAZ B-937] $138 v F= 354
ANEE F4L AABKIT AA FHL () S0 T L
0l M 8] 7l 719 A8, (i) Sn(Oct), i 3 7+
oF 2708 FajA AR s, (i) olehe 719 A3
A, (iv) &8 Z271gE3HROP), (v) 2/35TH(SSP) THAIZ
T4Er.

7R AAe Y 20N B Bxle] 1A
ozl PLA®] ol|=H Af o] ¥
A BAS dAF o g 1A
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Step 2. Formation of

End of life PLA
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Step 4. Melt or Solid state polymerization
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Chemical recycled

3 Mw 60,000~90,000
High molecular PLA
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(-COOH)8} &lo|==217](—OH)E A3} o] e A}
A& 7+ 218 (entanglement)S $3lsle] s W, &5
oA Sl H2AdE T 98 gt 53] A
b # PLAE &8 A Ax7t ot Sl it 2l 4 Addo]
AgtE] 7] 484, 7R S Sl A EAF3LE PLA= vt
SA40] T7tet] T4 SR @AM Rk el el
ol& A B Fukg A7} 7hssich weba sl A
A= weg A 3] ofde}, siEd v e
BE&S Feohs WA Alo] GAIR 7)sdit HA HF 2
T HAE 553 FQ W AZ= Scheme 19 2 =2
Akt

Z0l™ X S{=gH(De-repolymerization) HFLIE. 7}
SR A22]2 AX PLAE Sn(Oct), Z1l| &4 sollA] 7t
ZZ10 2 71 = o] FuljA] AR sfisgte] X1t} Sn(Oct)e
Lewis AF o2 2h8-ato] o 28 Agte] 7hEd Akao| uj

Crushed PLA with
low molecular weight PLA

Step 3. Depolymerization of PLA and
purification of Lactide

Scheme 1. Schematic illustration of the closed-loop chemical recycling pathway of waste PLA via hydrolysis-assisted depolymerization, lac-

tide recovery, purification, ROP, and SSP.
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Aoz Agte] Hak deg WA 7)o, AlE ditol| A <] TEgh 2 Ao e AR TR E FEl Al Aol T
intramolecular backbiting W3-8 F-=3H} Al Wk G=AL A BN NS T AR TR e d -2 A Aghs
o= Fo| QI o|2E A MHH o= FASH 1Y Hasslgltt. ol @ st 2 B epAn] skl 22 kg
o] ARl L-SEle| =7 FAEM, AHE L-Elel = 7FsAS WAL, A Q] LEElel= A freldh 20
Aog Wo FEHs 7THIBEE ZRE 2004 vk o FE A3t
A&z o 7 A AR} AL 2|42 A7E Le Chatelierd] _I_EI7H9-P3°*(ROP) I DA=EHSSP) HFUE. gA1=
delo) wet BHEE ST WO R o] FA7|AL, AFH R L- “‘”E‘ro = Sn(Oct), Zvll 2 1-octanol 7JAAIS ARSI
A Sl USRI 7l Al wE }EHOHH 27N SHROP)S &3l AT WA

ExlF 74 2 gelo|= Aol 7id 3 ﬁi~ Scheme 2(a)] Sn(Oct)zf l-octanol 2] ligand exchange 42 A A tin-
TAIEI o, L-gtElo]=2] ROP HW|AYE-S Scheme 2(b)el] alkox1de 2 T FA¢ o] E T LFEe|=e] 7}

gelsiint. g Ak} uie] S P F, A8 A <8 Azl
@ ch, O_ CH, CHg O, CH, o
heat, Sn(Oct), H;C._ - o
(o] K ! OH o 0 | .4 OH . [
HO | I T 0 I Pressure below 50 torr HO o 0. __,.-l-\.(,“
I ' 3
0_ in O O CH3 n-x fo) 0
Mw = 50,000 Mw = 5,000~ 10,000
(b)
"1{ CH, O CH,
BsC 0 heat, Sn(Oct); J [e) I I OH
” > Ho” Yy Y 107 Y
().._\IT, l CH, Initiator L | m
: 0
0
Mw > 30,000~ 50,000

Scheme 2. Reaction mechanism of (a) hydrolysis-induced molecular weight reduction of PLA; (b) catalytic unzipping depolymerization to
L-lactide under reduced pressure.

ORSnOc¢t  ron ROSnOR
HOet =% HOct

o S T L T

7
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(a) Sn(Oct); T ROH =

:I oS0
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Tt
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Scheme 3. (a) Formation of active tin-alkoxide species through catalyst—initiator interaction; (b) ring-opening polymerization mechanism of
L-lactide initiated by Sn(Oct),/1-octanol.
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gttt Sl TRAAl 7F dE ARl ofgt edE 3
A2k Al 7 74=+= Scheme 3(a)oll YFERNAL, EEfo] =9
] M 2 A WAYSS Scheme 3(b)ell A2l sHA
JE] Ng Foll= AR o] 2E Aol YA, Al T
ol ThA] dEAtel= B4 FAlo] fAlEo] A3 437 (chain
propagation)°] WHE-A 0 2 ZIgY T},
ot 32 8§ Tl e A AL A; 7 HY vkl
SAfste] Ak 7P 9 ol AlghE A, whg- 20
mEt FARE B AR Hojd 4 Stk o] & Eekst
7] 98t & AFelX e 5 3T HSSPrE A-&-skslth
SSP= PLA®] 883 (T,) ©l3t 2= =™, 24 4
BoflA] 2 SEEA] 9 AR QRS AlAske s &
o WS xSt AR A et 2 A BRI
S7Ie} A L] YA T BAET, HEH R
virgin PLASY| 3¢ #A 9 94 §4 59| 7Fssit).
ARl Y FE ARA AA D AL A HE S
Scheme 40 A== AA &},

High Mw CR-PLA
with Melt Polymerization

Al e avaV e VeV
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Hydrolysis (4 H,0)
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Chain extension !
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High Mw CR-PLA
with Solid State Polymerization(SSP)

NIONINNINNS
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Uniform polymer chain

Scheme 4. Proposed mechanism of SSP of PLA leading to molec-
ular weight increase under reduced pressure.
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gtEfo|=o| ZIEHd MM|(OEHS 7[8F THAH). S S
=S 58l 3l5E FElolEs Z(orude) FEHIE EAEHH,
njgke] L] 2 2pAE]A| (e meso-lactide) & E-ES
£ T AFoX = oA 2F SHE A
g T de 2353 AA WHOEA odes 7Rk A A
(recrystallization) 548 283ttt A% o2, 3|44
gElo| =5 Aekgel E§e F 250 2k B o

2]
=
st ol F arels S 242 PEg Relaiy
A =
e}

& AASFATE BA el wE YIS Hlastr] fls)
T OE 2 ASESRT EF & O:1, viv; 82, viv)
AN E LT A4 HAE TSt

Zet ¥ SSP 3. FAH LIER] =% Sn(Oct), Sl 9}
l-octanol 7NAIAIE ARS8t 8§ 22|78 3H(ROP)S 5~
&y3IATHeEl: 180 C, 6417k N, £9171). ROP ¥ 4A¥ PLA
© B F7PE BEEA O, &5 T WE Alofe R
3l WA A dUH R WS 4 Ut wEbA] ROP
=5 BE F, ISRESPE st EAE F7t
2 Z7MI)AL Al (D)E A Z T 130 TC, <30 Torr,
F | 24417h). SSP Aol AL WislE A7l wle} 34
slo] 22 35 AsS Hrtekinh

o

7l el 24 HAs el dAee 5 =
4 slEde] ae AUAS Fheole A GAR A
gt LEAY PLAE &8 Al Fert gob Saf &
Aol AlREH, AdE BEfo]=9] o)F B A= AsiE
ATt ool & AFolM e FE 20N S FH7L 7k
Al Faste] EAlES AR a7, ARA
slol] wg W& 23S Brkeslth

12 14 16 18 20
Retention time (min)

Figure 1. (a) Variation of M, and M,, of PLA as a function of hydro-
lysis time; (b) SEC chromatograms showing molecular weight shift
during hydrolysis pretreatment.
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Table 1. SEC Analysis of Commercial and Physically Recycled
PLA

Sample M, M, b
C-PLA 67710 92950 1.37
PR-PLA 62970 89050 1.41

e C-PLA/4h@50°C
s C-PLA/4h@80°C
e C-PLA/4h@100°C
e PR-PLA/4h@50°C
e PR-PLA/4h@80°C
m— PR-PLA/4h@100°C

10 12 14 16 18 20

Retention time (min)

Figure 2. SEC chromatograms of C-PLA and PR-PLA after hydro-
lysis for 4 h at 50, 80, and 100 °C.

HZ] A C-PLAS 214 A|E-4 PR-PLAY] =7] &
A4 548 SECE H]aslitt. Figure 12> + A|§¢] SEC
=& UER™, Table 12 M, M, 3 D #t< 823 2ol

o} ¥ Al BE M, °F 90000 g/mol G50] HlwH e -
A} 1.3-1.4 F59 BAEE UeRfo], 7] AEolM =

FARE 2R B4

Zte Zew Rl

LR - ol2E

coAY - HiAE - EEE

e C-PLA/8h@50°C
s C-PLA/8h@380°C
s C-PLA/8h@100°C
s PR-PLA/8h@50°C
s PR-PLA/8h@80°C
s PR-PLA/8h@100°C

12 14 16 18 20
Retention time (min)

Figure 3. SEC chromatograms of C-PLA and PR-PLA after hydro-
lysis for 8 h at 50, 80, and 100 °C.

718l 25=(50/80/100 C) 2 AI7H4, 8, 24470l mHE
AR AstE EAS A, 259 ATte] SUMEE M,
7} frelsHAl AHAasksith 4x7F 270X = 50 TollA] &2t
2 W3l AlgE o) e Wk, 100 CAME Mot A 7
Z3te] ksl whgo] A o2 NPES skt
(Figure 2, Table 2). 8A7F Z710lX= Ak 7247 s &
28l % 3L (Figure 3, Table 3), 24X 7F ZANME= M7t F3
g/mol <7k 7hAxste] sfjggtel feldh AwAldE M=
Ao E-S 151 th(Figure 4, Table 4).

ek 72 = ZANAM ] 7HEsl= Arrhenius 7150
ueh Wk SE7F JA St A/ -COOH 2717k
F7H%) 7157 (autocatalysis)=. 2H8-slo] ol S=5 71

Table 2. Molecular Weight Characteristics of PLA Hydrolyzed at Different Temperatures for 4 h

Sample Temperature (°C) M, M, D
C-PLA 50 68440 94620 1.39
C-PLA 80 55010 80960 1.47
C-PLA 100 36410 59210 1.63
PR-PLA 50 65950 92520 1.40
PR-PLA 80 48360 75610 1.56
PR-PLA 100 35280 57850 1.64
Table 3. Molecular weight characteristics of PLA hydrolyzed at different temperatures for 8 h
Sample Temperature (°C) M, M, D
C-PLA 50 68690 93620 1.36
C-PLA 80 36060 58530 1.62
C-PLA 100 12260 21400 1.74
PR-PLA 50 57430 83990 1.46
PR-PLA 80 30020 52370 1.74
PR-PLA 100 10420 20350 1.95

Zan, 45048 A35, 2026\
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e C-PLA/24h(@100°C#1
= o — C_PLA
e C-PLA/24h(@100°C#2 100 | 208.3°C :
s C-PLA/24h@100°CH3 e = C-PLA24h@100°C
== PR-PLA/24h@100°C#1 L
s PR-PLA/24h@ 100°C#2 80 Lo
m— PR-PLA/24h@100°C#3 o o
= | 1
S @ o
- | I
= ]
'-%0 40 : :
| I
= Lo
] 1
20 | I
| 1
: : 275.4°C
0F o 262.6°C, |
15 16 17 18 19 20 . P 1
R L . 150 200 250 300 350
etention time (min) Temperature (°C)
Figure 4. Molecular weight variation of PLA after hydrolysis at
100 °C for 24 h (repeated measurements #1—#3). 100 wrec = PR-PLA
= PR-PLA/24h@100°C
i
80 | 02,150 ) 1
28 5 9Ty TlEo] PLAY Mol &m(T,) ol &x = !
AN ARz olEAel FUIst] B wAke] b 1 o 2E Z T "
- = !
A2l PIEE T TeelA Balh FAHE gl el "
o= s i I
i1
7Hell PLA A89] 97 54 7heisl dAfelel me ¢
0 i
PLA A 59| 97 E4 WH3l= TGAZ Z & A DSO)E 3 "
- I
713ttt Figure 5% 7Hisl A% C-PLA ¥ PR-PLA9] ne " ;
I 11286.2°C
TGA 3H-& Jepl™, Table 55 T,3%, Ty 97% % 7 . -

< gt Aot 7EEsl $ Al
7| % S dFeE 27 &
= 4TS 1o o= AR 97 A Et] (&S] -COOH)
o] 7P @3l JIAE FXE 7] wie|th

et A sl ele & oA fAENeH, o= 7t

SE it BAT A

ol 2=7F T HolA]

13
=

150 200 250

Temperature (°C)

300 350

Figure 5. TGA curves of (a) C-PLA; (b) PR-PLA before and after
hydrolysis treatment (24 h at 100 °C).

T4 24 AAE BRAOE WYATA G2 AN,

Tl A7 FE Ale dolg 2dshe A o2 PLAS] ARH o7 7EEE AAgE s % w4 Ao
Table 4. Molecular Weight Data of PLA After 24 h Hydrolysis Determined by SEC
Sample Temperature (°C) M, M, 9]
C-PLA#1 100 2680 4670 1.74
C-PLA#2 100 3350 7050 1.83
C-PLA#3 100 3640 8440 1.88
PR-PLA#1 100 3310 7080 1.85
PR-PLA#2 100 3640 6660 1.82
PR-PLA#3 100 3500 6810 1.94
Table 5. Thermal Properties of PLA Before and After Hydrolysis (24 h)
Sample C-PLA C-PLA (24 h@100 °C) PR-PLA PR-PLA (24 h@100 °C)
T, 3% (°C) 208.3 187.6 207.7 202.1
T, 97% (°C) 275.4 262.6 281.5 286.2
Residue (%) 2.09 1.74 4.76 3.36

Polym. Korea, Vol. 50, No. 3, 2026
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(b)

GARA Fasiy, HE3 270 97 B4 Wils Ax
Sl FEsA] omME 55 3 G988 =Y F USS
SN A=

3| gEol=e] £ B x 7T FuiE A3 s
Z3 358 gelelues AEA A F =
TE AAH SR A

WA, 3lE gEfol=e] 24 TS dlst] fEl
'H NMR #41& )31}, Figure 6& & ¥ L-Ele]
¢ 'H NMR & EfS vl Zlolnt, oF 5.0 ppm -
oA WEl7](—CH-) A&7} #2=]om, oF 1.55 ppm F
oA #"E7|(-CH;)ell sldsh= 54 Fa7t BHgaiA &<l
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Figure 7. 'H NMR spectra of recovered lactide obtained from depo-
lymerization of (A) C-PLA; (B) PR-PLA.
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Figure 8. HPLC chromatograms of recovered lactide purified using different solvents: (a) crude lactide; (b) purified with deionized water;
(c) purified with ethanol; (d) ethanol/DI water (9:1, v/v); (e) ethanol/DI water (8:2, v/v).

Table 6. Purity of Recycled L-lactide After Purification Using Different Solvent Systems

Sample wt (%) v (mL) v; (mL) v, (mL) Raw C Final C Average
(a) L-lactide 0.1146 10.0000 0.1 1 998.871 87.16152 87.03627
(b) L-lactide w/DI water 0.1296 10.0000 0.1 1 357.773 27.60594 27.55784
(c) L-lactide w/Ethanol 0.0996 10.0000 0.1 1 980.956 98.48956 98.31981
(d) L-lactide w/E:D =9:1 0.1079 10.0000 0.1 1 995.084 92.2228 92.38248
(e) L-lactide w/E:D =8:2 0.1092 10.0000 0.1 1 969.643 88.79515 88.89493
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Figure 9. SEC chromatograms of PLA synthesized from (a) virgin
lactide; (b) recycled lactide.
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Figure 10. Molecular weight evolution of recycled PLA during
solid-state polymerization at 130 °C under reduced pressure (<30
Torr) monitored by SEC.
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Table 7. Molecular Weight and Dispersity (D) of PLA Synthesized from Virgin and Recycled Lactide
Sample Reaction time (min) M, (g/mol) M, (g/mol) b
90 32450 43460 1.34
CR-PLA
180 57660 119780 2.07
90 29710 46250 1.55
C-PLA#1
180 36800 56800 1.54
90 32540 50660 1.55
C-PLA#2
180 35580 55620 1.56
Table 8. Variation of Molecular Weight and Dispersity (D) During Solid-state Polymerization (130 °C, <30 Torr)
Time (h) Temperature (°C) Pressure (Torr) M, (g/mol) M, (g/mol) D
0 130 <30 34010 61610 1.79
3 130 <30 38230 67700 1.77
9 130 <30 42230 70180 1.66
18 130 <30 48250 74270 1.54
24 130 <30 50450 75340 1.49
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