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Analysis of Microplastic Release Behavior During Aging—Degradation
of PBAT Based on Multi-technology Combined Detection
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(Institute of Analysis and Testing, Beijing Academy of Science and Technology( Beijing Physical and Chemical
Analysis and Testing Center), Beijing 100094, China)

Abstract: Biodegradable polyesters such as poly (butylene adipate-co-terephthalate ) (PBAT) may re-
lease microplastics during environmental aging and biodegradation, yet systematic approaches to cor-
relate their microplastic release behaviors with structural evolution remain insufficient. In this study,
PBAT films were selected as the research material, and a coupled system of ultraviolet (UV) aging
and enzymatic degradation was established. A combined multi-analytical technique strategy was ad-
opted to evaluate microplastic release characteristics and structure. The results revealed that cutinase
exhibited a strong degradation effect on PBAT, with a mass loss rate of 63. 5% after 7 days of treat-
ment at a cutinase concentration of 1. 0 mg/mL. For pristine PBAT, degradation primarily occurred
via surface erosion, accompanied by a decrease in number-average molecular weight and an increase
in surface roughness of residual solids. UV aging raised the surface oxygen content of PBAT from
19. 5% to 23.3%, and induced oxidation, molecular chain scission, as well as cross-linking and
branching reactions. Particle analysis further demonstrated that UV aging dramatically altered micro-
plastic release patterns during enzymatic degradation. For unaged samples, the peak particle concen-
tration reached approximately 2. 23x10° particles per 50 pL at around day 10, followed by a sharp
decline. In contrast, PBAT samples subjected to 15-day UV aging still released up to 4. 02x10°* parti-
cles per 50 pL in the late degradation stage (day 29), with the peak average particle size increasing
to 998 wm. Accordingly, the release mode transformed from an early rapid burst release to a slow
and sustained residual release. The proposed multi-analytical method can provide a technical refer-
ence for assessing microplastic release from biodegradable plastics during combined aging and degra-

dation processes.
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(Sigma-L3126) FI {55 2 i 14 Sk V5 RS 5 I (Sigma—62309) W H Sigma—Aldrich 2% 1) 5 2K AR 25 5k U5 RS i g
(Aladdin-L140441) F1 %5 F i K (Aladdin-P109033) &) H BT R TIAFIA R A ) 5 il (Novozym-51032)
W) H I AEAE A T) o BRI ERZE v TG R (AR, MR 0. 01 mol/L, pH M 7.4, SEERHIK AL
B FKEB A,
1.2 HmE&E. ENBUSEHERKEBEIIE

SR PR Ry i & PBAT HEREAE S o K PBAT AR B T HEBTHE . HE 140 °C. 20 MPa 554 F 4
FERRAY, fRRRE BRSNS EHER, FEREEL0. 3 mm BN RSB ET 2 0. 05 g T TERE
i, T RSN EACRIRR PSR SCE . A IEA R 2 o) AT Tt Seodid fe v R & R
SRR AR LR R 2

hZ5 SRR AN ALK PBAT J5 SR P e S SRR T A 52, K PBAT SRS i i T 48k
EE TN . R AMEALSEER R QUV I E A IREEFH (QUV Spray, Q-Lab Co., USA)#EfT, LA
Bl P AN BRI A B RS, AN BALTEEA A 12 h, P f0d% 8 h S8 /MR IR A 4 h B BeAb L 42 4h4E
HERS B R H 340 nm P, SRBESREE A 0. 89 Wem™2, JEEE R 60 °C; AEEM BLIEEE M 50 °C, AL TH) %
BEHO0. 5. 15, 30d. BLEHRE, FMTEZE T 24 0, FEH TE0RIEMEEREPEMLR . £
R AP EAL I FE S IC A PBAT-UV-0d, 284 [] i} ] 45 40 Ak Ab 1S B9 A 5 23 3l id > PBAT-UV-5d
PBAT-UV-15d fll PBAT-UV-30d. RZEEKINEMIFESIC A PBAT-UV-0d, ZA[m]}E] S E AL 2]
JE RS AE R PBAT-UV-5d, PBAT-UV-15d fl PBAT-UV-30d.

it 2R i SIS IR AE 20 mL BEEE 02 EA T 2 0. 05 gAY PBAT EBAE S B T ISR, AN
15 mLEEOEREMRIL, MRS SE IR, TR IR R MR AH R K SRR T 0. 01 mol/L. pH 7. 4 HYETRERZZ i
W R R . AR R BT 37 CIERIEIRY, LL80 v/min RGN o B 5 HL A ] SIe U5 /K e il Xof
PBAT (FEARIER , ek T PBAT BRI RE U T IO BRI AR R 5 RS R F A e — 25 % 5%
Fitg i B FL 48 AL TRALBES PBAT s 2 . WURERE I e 5% A% [ R 25 M AR AL 52 o A ook 8 1
270. 10, 0.30, 0.50, 0.75. 1.00 mg/mL,

FEVOE BT B AESH S , K5 AR R H 228 oK e o o, DARSR 253 11 5% B8 W R o] P B fige 2
Y, MG TREEEFRE . PBAT FURMSRIE(1)iH5
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1.3.1 BEKSERIESH M GPC(Wyatt LD-40D DAWN, £ ) /0T PBAT K5 TE L2 A2 A
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1.3.3 HMMBESHT RHIEOEREE L (HORIBA LA-950, H 7))l & AR R b 3% i b2 i i
BEAPRIAR M o A AT SSORAR IR TE 47 0. 01~3 000 wm o MR HTAGFE AR TE MR AT, BL15 mLAE
SNSRI BE1 7404, 8% DLy, 0.1]. D[v, 0.5]. D[v, 0.9 HEFEYRIZD4, 3]%55.
1.3.4 BEMGEBRLOTEL R EG R 2081 248 (Malvern Morphologi G3-1D,  JEE ) X R A L is Y
WA AR ATEISEH TS AR i LTS/ TR AT, BUS0 pL AR B T8 5 e bk
Frzial, %05 I Aa ORI INRTE I 4 0. 5~1 000 pm, BARKN FERI% A 0.5 um, B MACFILH % E 3
AFATHE(n=3) , BASPATFEREHLERCA T 3 M7 B T ERR A 5581t il R R Shife% S
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R3S T PBAT i i A B URLRE A T4 40 W I B R R R, R SE 1 S b3 T AN )RR
KT PBAT WERK I B AR VE L o 2 22 I Bl B 45 SR Hh 2 SR DR N It . A8 IR AR A e . B BB D R
BV . ORAREESR UGN G . B A KRG . ASRIEGEST PBAT MORE AR UL 1. 25K, 7EM
[ SEIR S T, ARG 2 A K 6 PBAT SRR B B R AE 1T Novozym—51032 f i fifg
RENE AT AL PBAT & AR 0, WA A Bl O 36 45 A R )i 5 PBATT i ¢ et ik B SURE R T80 o0 T I A
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Table 1 ~ Comparison of the degradation effects of different hydrolytic enzymes on PBAT
Trade name Enzyme type Source PBAT degradation effect

Sigma—62301 Lipase Aspergillus niger X
Sigma-1.3126 Lipase Porcine pancreas X
Novozym—-51032 Cutinase Fusarium oxysporum v
Aladdin-P109033 Proteinase K Beauveria bassiana X
Sigma—62309 Lipase Pseudomonas X
Aladdin—1.140441 Lipase Rhizopus oryzae X

PBAT & —F i -5 BRIl Ho b &0 0 2R T R FIXE ZWIR T _FERa 4t
Yot, H5EaRaNiiRRERHAG, PBAT H 05 &AL A R ITIfEESR & 1o FRENERIZE M fae vk, ([
FERRHE R 2R . RERM RO BRI KRS FRZ R AWkt . ahmRAs . o 8] Btk LR it
PERL R 5 SRE WA A ELAE IS5 8 3580 = ATt SR M ek rh iR s B B0 S B K v, S T
DL RENS R H T AR 10 S B0 0T S fgtee, IR BLAE PBAT PRk 2 b 2B AR e O ALk . H
WO I, FEEAPZIE o0 PBAT Rl S L RURDRE TR o I 4 SR B R 3, IS i ek R PR 5
SRR A SR

BE— 2 7 5% R UG BE 6 PBAT BEFRAT M52, 45 R R, PBATMEFE0. 10, 0.30. 0.50.
0.75. 1.00 mg/mL 1 J5 A P B 7 d 5 A0 B2 500 R 00 31 R 18. 2%, 19. 6%, 24. 8%, 30. 1% Fll
63. 5%, FHERGRET G, PBAT M EFIR SRR EI IS, HXFHENFIERREE R R UM
FEHER EE ] 0. 10 mg/mL 32 2 0. 30 mg/mL I}, PBAT YT S 4 58 0 18. 2% HE 52 19. 6%; 4Rk
JEFE— P E 0. 50F10. 75 mg/mL I, Fra i oy milHE 2 24. 8% F130. 1%; i 4 EgIRK BT % 1. 00
mg/mL i}, FrE RS R D EFW S 63, 5%, XKW, PBATEE{CREMTRER R BA ) BRI, (HAEIHK
BEDXE), FE5>F5 PBAT T W] S JiE B ) A3 50k ol ol 58 52 B4 3 1HI 45 4 FI RGBT B2 BR ], B
BRI UK IR BRSSPI, AR R AT B s i, HE KA SO ‘R 1
5, IS EOR E R T, R R, B . SRBREE M S S A T S A3 S5
VIR R SR BR 0 K s R R R s A4

R EE IR, ARG RE A% AR IR S5 0E RS PBAT S A= ml 2 i ot B P S MUK R ik, T T



57 EAEHE: T LZHRB N PBAT Ak - R f i B v ORI R 44T 1555
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A1 BT PBAT 7E F TBEAE T A0 25400 (A4S, 0T R A i e A BE S b4 7 SEM RAE , 25 R il 1 By
/R SEMZESRE IR, AR PBAT MR A FH . 508, KRR R AL L. 4 M e
MG, PBAT L 1a 2 B BRI S S RE . R 1 AT, RESHR I R 45 B> S R LR eyl
Hber s BEAR3 dIE, RIEMSORMIRE X G2 FEfES d)5, APREREA IR — e se ek, (HH
FEFERERH I, R BUSIBIMBE AR MR IR . XS R, TR PBAT B4R £ Z AR
FEUG, Fefrad 2 E A W SR 00 3R TR PRARRAE o SR8 IR (R A At 5 2 8 01 i) b ek 2 T WO B g e o
e, EEECrE TR R E R R, IR SR RS RIS i

Degradation-0 days Degradation-1 days

Degradation-3 days ’ 3 Degradation=5 days

[#l1  PBATZ: A TREREARAS ) 5 8] 5 i R TRTE 55
Fig. 1 Surface morphology of PBAT degraded by cutinase at different time points
GPC AR — 4R T PBATEE(ERE RIS R P (1) 7 F RS . PBAT ZANIRIY B A e lfgRee it 7 d
JEFR AR R GPCAr BT 45 R N 2 /R . GPC 452R 0 R, FEE MAEEAK B H 092 1. 0 mg/mL, PBAT
FRAE AR M B £ 2. 93x10* g/mol [ = £ 2. 43x10* g/mol, M, H1£7 4. 00x10* g/mol /NIEFEZ £ 3. 79x10*
g/mol, M /M, 1.3634% 1.56; [N HSeE M0 85 63. 5%, B fAFHEWR BT, PBAT A AR 14
B PR ik A A MEER AT, PBAT AR ARSI /0 T BRI, Wi EH S 724851k
RN, 3 F 2o A Te U K . B30 BMES 2 A0 B, H T REEI PBAT Hil
Sr 3L Ty KRB Gy A BRI DR VE T AR, T vl I P BN RUST R Al 7 DA B 4% ] s v
T M T, EHSFERRRE, IR P 5 28 BO AR & A KRR R
A 43 F- AR T T A SR B AR R v B B BT 2 5 0 A% SR IR PRI Z TR R S R 2
F2  PBAT AR f1 TR ROk A 7 d S5 5% 43 [ 14 GPC /it

Table 2 GPC results of residual PBAT after 7-day enzymatic degradation with cutinase at different concentrations

Cutinase concentration/(mg*mL™") M /(10* g+mol™") M /(10* g-mol™") MM, Mass loss/%
0 2.93 4.00 1.36 0
0.5 2.85 3.90 1.37 34.8
1.0 2.43 3.79 1.56 63.5

SEM Al GPC 25 RAHELENIE, W] PBAT1E A BTlg(E T IFAR LRI A B 2 AR e, AR s %
A THT DS BB A B BRIk . Hh Tl TR ORI RSN B B2 2R, PH e
ESE R AR R R D . BEE R R T, RSN, BEOALI . RSO M FE 2 ) AR E
J, AR ) kT BARE 2 8K, A — P R AR AL RURDRE IR BB 2 R R A A % AR
PBAT il fie R fige i R v B URE R S AP RER TR SR B OIS , SRR . SRR s RSy e ]
RE I AT TR R RIURE R\ P A 1) T SR
2.3 ER{RPERRILIED PBAT BIRIREAIT A5 40

A BE— VRO PBAT B (2 i i e v B OB RE A T, SR TG 5 UL T+ BRI A 204 0 e i L
HWH BB MR AT T (ANIET 2) o G BORE T ESORURE AR 534 n] 3 90 DSIDARE B0 82 R RO 43 A A
S Wi 3 B ORI T i 5 SRR AR, 2 DO AR I i B e A i A% e OB A oA 1) S
B ANE SR S A R R R, SURECR AR SC A R R R R TR 132~ 164 AN/50uL, “PRIRIAR
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FEOAAE23. 2~29. 7 pm, BEHAZE MR IOFIIR S T R A S A D B R, ML Z R, I
JHEIG . PBAT R i & i (BRI A S FUREAR 1) % AR B AR A, W BURRE ik 32 22 55 g 2 b fie ok 7%
VEP

1E0. 5 mg/mL FARTEEVE T, B35 W b 00 UKL B0 Hh 0 45 100 /50 L 38 E 55 8 d 1) 2. 40x10°
ANIS0pL, FlJEEEPR DA FREEHE, 5550 dUynl i3] 766 A~/SOWL EURL ;. ~F-YPRiAR Hh B g 100 1~
37 pm B HHE K, HAESE 24 diXF) 173 pmo HZ ALK, 1.0 mg/mL fFEEAC PR s ORI B AE S5 10 d
IKE] 2. 23x10°4N/50uL, “PYPRARTESS 12 dIKF) 250 um, Bl 5 BURCECR AP YRR BER T RS, 5550 d
Gy IR A 543 A /50p LI 44 wmo Z55 7 dFTEARERL R ATAL, 0.5 mg/mL A 1. 0 mg/mL gL G
PBAT Y TT S HA 52 2853 791 4y 34. 8% 1 63. 5%, aHA%L Bk B W25 (2 #F 1 PBAT E4RMRFRE R, HREK
URE A EASRBRE R B R R RN . AR, YRR RO KR . AR AR IR
B2 B Ak i B b u] BE R TRUBIOK 2 B 4 ok 2 kL, L BURLRE TR O S AT R R R IR A e e
E i R

RSN, PBAT (LR B2 v O AUR R O A W L M B AR . B, el E T
PRI W] L BREE, 51 % R ERek B 24 mp ik, ASORIECR R B N REEREMRIRN, Rk
Ay R, R RS ORI ] PR R %, kTt & B R R, ER
FEBUBUR 4k 25237 2 B4 P Tl K g lome e, DR M OB s R LA thB TR s 3. 10 F SR R p Rl
B (e fir R TR Tk . OB 3 RO — 2 K A R RAEAH — 35

100

A 2500 B —— PBAT-0.5 mg/mL cutinase 3004 C ——PBAT-0.5 mg/mL cutinase
& L —*— PBAT-1.0 mg/mL cutinase| = —*—=PBAT-1.0 mg/mL cutinase
80 é‘ 2 0004 —— PBAT-0 mg/mL cutinase \:- « = PBAT-0 mg/mL cutinase
< 3 F
Z 60 ; 2004
g 60 < 1500 2
= 40 =1 0004 Py
< : % 100
20 ——PBAT-0.5 mg/mL cutinase | & <
——PBAT-1.0 mg/mL cutinase | £ 500 Z
——=PBAT-0 mg/mL cutinase Z "
G T T T T O T T T T T O T T T T
10 20 30 40 10 20 30 40 50 10 20 30 40 50
Degradation duration/days Degradation duration/days Degradation duration/days

[#12  PBATHEE(ERE AR R O B . WURCECR AR AL TR (A); FEfl BId W MR (B) ;
FEURLF- Bk (C)
Fig.2 Changes in mass loss, particle number and particle size during enzymatic degradation of PBAT: mass loss rate(A);

particle number in the degradation supernatant(B) ; average particle size of released particles(C)

T H 1 63 P SR8 I it O fe L 17 VA PP AR TR ORI A 22 1 o0 BEA T T o B (1 3) . 1 560 R e vt 21
AMNETEAOS RS TR, RABAES B R A (B13C) s R, RIEARFEY IR ELIME R, 317
Tt , 345 MRSy TR A A (8 3A) R PBAT SR P Wokr i) 2 A 18 (&1 3B) . Hor, 7R 34
it ) S AR v o0 BIBRIE T AR B R 2 185 I (A) A PBAT SRS TRL (B ) X R B o0 A {3 8, F AR
Fr A o A S NE (B 3D) BTt R R 7 PR e S e b g o A i i . NRZ SReH , fF b
TSR, AR B PR sy . AR AT R S T8 A (& 3A) F PBAT SRR SR (€1 3B) o 4041
BlER, B T/ARNRESN, ANEEESRIMER ESS M, IEER R RIRERE. X—
ILGIESE 1RO AR R G L3 W 00 A V7 UL 3 B oy A e ks, 1y 2 & A o gt LA Uk T
KUUBVREE, RS SR SR R 1w .

2.4 EEHNELIT PBAT &R0 5500

AR LB R ZE SE B AN RSS2 5 i B P i A2 B A IRVE . MR IR IS R R 5 &
AL BENTRE . RERRI R TSR ARk, Dl s H S 82K . B s A ORI 7ok
RIS AT IN AT PBAT G546 K S5 BB AR R A 7oA IR 520, AR 20 6 PBAT SR A 7 AN W] ) 1m) 2 A4k
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Fig. 3 Micro—FTIR analysis of suspended particles in the supernatant after enzymatic degradation of biodegradable polyester :

macromolecular protein distribution of cutinase(A); PBAT polyester particles(B) ; optical micrograph of the sample(C); over-

lay of micrograph and substance distribution map(D)
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