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Abstract: [Objective] Microplastics are ubiquitous in environments, posing potential threats to ecosystems. As a
persistent contaminant, they can undergo aging during prolonged environmental exposure. Aging alters the
physicochemical properties of microplastics, thereby modulating their environmental fate and ecological risks.
Considering that various environmental factors, including radiation intensity, medium type, humidity, and
temperature, play a critical role in the aging process of microplastics, it is evident that the natural aging behavior of
microplastics differs significantly from that observed under controlled laboratory aging simulations. However,
research on long-term natural aging of microplastics remains limited. [ Method ] In this study, two typical
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microplastics, polyvinyl chloride (PVC) and polyamide (PA), were selected. A multi-environment exposure system
encompassing atmospheric, topsoil (0 cm), and subsurface soil (10 cm) environments was established to conduct a
12-month natural aging experiment. The physicochemical properties of microplastics before and after aging were
characterized using microscopic, spectros-copic, and thermogravimetric techniques, combined with chemical and
thermal degradation approaches to evaluat- the stability of aged microplastics. [ Result] The results showed that the
natural aging behaviors of PVC and PA microplastics differed significantly and were closely dependent on
environmental conditions. Specifically, sunlight-induced photo-degradation was the primary natural aging pathway
for PVC microplastics. This process was characterized by significant changes in their physicochemical properties,
including the formation of oxygen-containing functional groups, the generation of conjugated bonds, and the
cleavage of the polymer backbone. These reactions resulted in notable alterations in surface morphology, color, and
particle size. Concurrently, atmospheric-exposed PVVC microplastics exhibited a significant decrease in stability, as
demonstrated by a lower pyrolysis temperature and a higher oxidative degradation rate. In contrast, soil-exposed
PVC microplastics (both topsoil and subsurface) exhibited comparable aging levels. While PVC microplastics on
the soil surface were also exposed to sunlight, surface attachment to soil particles and the shading effect of plants
significantly reduced the extent of their photoaging. Consequently, due to the absence of sunlight-induced photo-
aging, the aging level of soil-exposed PVC microplastics was lower than that of atmospheric-exposed PVC
microplastics. This suggests that P\VC microplastics demonstrate greater persistence in soil environments over
extended periods. Atmospheric-exposed PA microplastics underwent marked photodegradation, exhibiting a
significant decrease in particle size (P < 0.05). However, carbonyl index (CI) and stability analyses revealed
equivalent aging levels between atmospheric- and soil-exposed PA microplastics. This finding is inconsistent with
the behavior of PVC microplastics, suggesting that PA microplastics can undergo relatively significant aging even
in soil environments lacking direct sunlight exposure. [ Conclusion] This multi-environment aging study elucidates
the divergent aging behaviors of PVC and PA in natural settings. These findings provide theoretical foundations for
refining risk assessment frameworks and optimizing laboratory aging simulations for both microplastic types.
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*® 1 RIAFAZHREERIAYTTRAER

Table 1 The elemental composition of pristine and aged microplastics

R 03 A £ A UK EL
Microplastics Cl% O/% Cl/% N/% o/C
PVC-CK 77.62 11.06 11.31 - 0.14
PVC-S 66.75 19.93 13.32 - 0.30
PVC-SS 68.94 13.81 17.24 - 0.20
PVC-IS 69.86 14.65 15.49 - 0.21
PA-CK 77.0 11.56 - 11.44 0.15
PA-S 72.43 16.34 - 11.23 0.23
PA-SS 59.19 32.54 - 8.27 0.55
PA-IS 7241 17.47 - 10.12 0.24

E: PVC-CK, FURRMZM; PVC-S, 7L EEMIRE LM PVC-SS, 1ELREMUMIEA LM PVC-IS, fELNEMLIIE
M PACK, JFUGRBENE: PA-S, TEFRIM &b BENZ: PA-SS, TELREMMEREEIZ: PAIS, TELNBILMREEZ. T
o RPZITLESEIT X FLIEHE TR (XPS) 2#i5H.  Note: PVC-CK, pristine polyvinyl chloride; PVC-S, polyvinyl
chloride aged on the sieve; PVC-SS, polyvinyl chloride aged on the soil surface; PVC-IS, polyvinyl chloride aged in the soil; PA-CK,
pristine polyamide; PA-S, polyamide aged on the sieve; PA-SS, polyamide aged on the soil surface; PA-IS, polyamide aged in the soil. The

same below. Table values reflect elemental concentrations measured via X-ray photoelectron spectroscopy (XPS).
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Fig. 1 Fourier transform infrared spectroscopy (FTIR) spectra of pristine and aged microplastics (a. PVC, b. PA)
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Fig. 2 Deconvoluted XPS spectra of the pristine and aged microplastics in the C1s regions (a. PVC-CK, b. PVC-S, c. PVC-SS, d.
PVC-IS, e. PA-CK, f. PA-S, g. PA-SS, h. PA-IS)
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Fig. 3 Optical images of pristine and aged microplastics
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Fig. 4 Scanning electron microscope (SEM) images of pristine and aged microplastics (a. PVC-CK, b. PVC-S, c. PVC-SS, d.
PVC-IS, e. PA-CK, f. PA-S, g. PA-SS, h. PA-1S)

223 R4t SRR T EAFDUH. EMBERASN R kiR, R
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R W] PVC SR = FhIA BT h 8 28 T A S i [0, R, = AhA s h 24 ) PVC 28Rt
HORARAAAE R R . BART S, R LR NZAH PVC R Rz (P > 0.05), {H
HRERTIM 2108 PVC 58 (P<0.05). th4bh, fiiM 210 PVC BRIk

(1573+234 um) B JE4E PVC WER (1909 +241 um) &3 AL (P<0.05), X2 /T
W/ PVC ERNAE T R DR, S EULR I M BUCERE (K 4b), JFEH
R FOREAE BE /N PVC S8kt il& Bb o, fE =FiAsirh 2405 (1 PA SRR AR B
EIECES, ERHTHRM _EZK PA BEEEHRAE (1020+699 pm) #J514A PA T8

(1958 +321 pm) EBEFEL (P<0.05). X5 PVC WUEEIEN —8, RIS 51K
PR PR AR 2 1 T R R R AR AR PR SR B A 2%

2800} ) . so00L B .
E 2400 2400 |
= ]
g =
g =
E 8
2 2000 5 1800F %
£ =
£ =
+ £ 1200}
1600} +
z e
= ;—%‘ 600 -
1200 F — £k Median . — iz 2k Median
4 Mean = FJ{4 Mean
+ U Outlier or ¢ R{E Outlier
PVC-CK PVC-S PVC-SS PVC-IS PA-CK PA-S PA-SS PA-IS
4b P44 Treatment HEFLH] Treatment

Kl 5 R A2 RFIRLE (a. PVC, b. PA)
Fig. 5 Particle size of the pristine and aged microplastics (a. PVC, b. PA)
2.3 BRZUHEBHIZLIZEE
Cl 1 FH T8 E VP B R 2 A FR FE RN, 4n 3R 2 Fiw, 46 PVC B RLT) CI1(2.51)

KFEHPVC HIBRL (1.71~2.02), X5 Fan ZR28HE ) PVC FIERHE CI BE L AME 5 A
() S T G AN 25 SRAT S X RN T AR 4G PVC SR & AL B RERT.
K 1a fir, 6 _EZ A0 PVC BRI FREL B 8 [ LA TR A AR B B AL, X
RUIE PVC B RIZACEfE T, HRA R R 2 R A sh AR e, Bk, XFAREE
AR RERIREERL, LR CLRIH 2R . 5 PVC REERIAE, £)5G PA
TUCRE e I F ARSI 21 B S5 A B B IR ST (& 1b)e sk 2 o, E#F‘FEFTWHF‘EP%%E’J PA
IR CHEB N ERIE (0.12~0.16), H WIS T 4G PA KL (0.05). X2 T PA fil
PRz R R R, SO T RN, Aimiks 1 ClHE.

*® 2 RiaMELHEBRERERES (CD

Table 2 The carbonyl index (CI) values of the pristine and aged microplastics

AEERAH
PVC-CK PVC-S PVC-SS PVC-IS PA-CK PA-S PA-SS PA-IS
Treatment
PEEARE C 251 1.99 2.02 171 0.05 0.15 0.12 0.16
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2.4 BRZUMERNOREM
LR, SRR E M T R, TS BOLRAEIE oK ERE, i — A Il

WE5 Y. R TR A R R 2 AR AR e M, A0 70 SR F R 0 AT ORI AL 257 4 e
EXA R Z AR AT T WK 6a iz, PVC B RO AMRERES N = N B 55—
REME. FRE BAME REN B B REN R EEAREN HCl IR, 7EEL,
RN ZH PVC BEEERHTAE (TGA) ik 5 R4 PVC RN TGA HiZk)LF5
S, KA 220 O LA, 10 iH M _EZ40 I PVC O RIE 130 CLEA TG R E. B
G 1) 2k B I B S R R s T AR 30), Sk R W 75 R _E 1) PVC BB RE R 2R T RIZU )2
1, FEL IR E B R PR B2, 7E5E — R E M B, [ 4G PVC THB AL 2k H 2 (66.64%)
T2k PVC 18 £H(63.97%~64.82%) . 1X 7] fit 5 PVC BRI Z WAL EE—Mt HCI 2%,
TP 1) PVC TR RHE G S A 7 AR ORI 2 (1) HCL, R AR 28 — B B (R HC
R MR ERRAC. 5 AR B TR PVC TR RERI, B, =Mt
I #4 PVC BRI LR (17.15%~17.89%) ¥ T R4 PVC BRI 2k B R

(16.62%), HI%M _EZAH) PVC OEBRHE 55 b B 2k SR A fie i, HE—25 10 i kA _E
LA PVC BRI # e M 22 . Wil 6b Frw, JEgh PA B RHPIG R B 5 %
AN PA ORI NI, 2904 350 CAEAT, {HAANZAI PA TRl 2k B ik 5
PTJ5aE PA FI R EMH PA. ML T, T 240 PA SRR IRI4G R IR RO AR
= PA BRI T2 50 'Co BhAh, TR ZA0H PA BOBEH R B AR AN B, iR 4E
RF BTN 2 A0 PA TR AR E PEAR N i 2 .

a) b)
100 — i 100 iz e

—PVC-CK
- — -PVC-S

£ 80 - - PVC-88 9\; 30 F

7 AV Ly —66.64% | g

£ AY 1y 5=63.97% 5| AYmocororn

g B0 AY 14y 4=64.68% £ 60 AY,, (=97.10%

e AY 1y 1=64.82% T AV s=94.91%

0 40 F AYZueo=1662% - ilglf a0k AYp, =9434%

= , IO o =

&= AY2pes=17.87% . b=

E L AVZeso1715% .

AY2p0,5=17.20%
0 1 1 1 1 1 1 n 1 1 1 1 1 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600
i [ Temperature/°C i % Temperature/°C

T AY FoRMIN R, B 1 27 RIS BRI — B BN SE B BX. Note: A 'Y denotes relative mass loss;
the numbers “1” and “2” indicate the first and second stages of thermal decomposition, respectively.
Kl 6 MR E#HE (TGA) ik (a.PVC, b.PA)
Fig. 6 Thermogravimetric analysis (TGA) curves of the pristine and aged microplastics (a. PVC, b. PA)

H202 SR B M T 1Al ARV SR AR S A WL AR E 1R BY. 223 Ho0, VL
WEFRJE, TERRHE BT R R E FR AR s . B T7a R, ERMENZAE) PVC
TWEBBH R R 5 5 4G PVC REERHE AR BEMEZESR (P> 0.05). MELZT, kL
ZALH) PVC R B UK B2 5 T J5AG PVC R R A 7E 1338 b 22 AL ) PVC 28
k(P <0.05), RUPLIMESS R TH PVC WEERIERE R G5 RISCRI L, A2 A
AR PVC MIESURFIEATE REH A LRI 20324, Jes ™ EAUA PVC BRI 25 Ra e
P, TP BOLHUEA ORI PR ank 7 R, FE=FhIRsErh 24 PA TR BT &
PURBIRZE KT 46 PA 8K (P < 0.05), {H=FrE{k PA BRI H B EIRR AR R %
Pz (P>0.05). SAITE, FFEAETZUREEREE R ZE, HRARRT 6
RN B S s
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VE: FEAF/NG ERERR A R RE M Z R (P <0.05). Note: The significance of differences between the
treatment groups is demonstrated by the lowercase letters at the 0.05 level.
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Fig. 7 Mass loss of the pristine and aged microplastics under chemical degradation conditions (a. PVC, b. PA)

3 4

AL PR IR PR BT K R G870 A B, PVC AT PA T RLIK B AR EAAT A7 AE W]
WrER, HAEAEMBMRN. BAms, KB SHDOUEEZ PVC FEER 2 HREL
@R, R RET, FEREE HCI RBONIESINEE . & A B BERI AR, BBt li Az |
R Z R IR 2 AN L IRA N PVC BRI B AR Z AR BB, (A AR
TR B2 A PVC L. T B2 AL PVC TR R AR Py s ah A g b
R PVC TR R R AIG,  H AR A 2 A i 1 o 10 B et 2R B v T L A 33 b 24k
(11 PVC 28k}, R T2 PVC R AORRE ME R IR AR ARXT S, B T M L
() PA TUEERLK 2 AR EEmS & T R AR I PA SR, (BN PVC RERIIE . FM_E
ZAGI PA TR T AR AR FE B IR A 3 20 1) PA ORI T4 50°C,  HI#A
fi Rk AR ABE v, (H=FZ AL PA B RHE AR R R B R E R Z 7 . A0
TR T ANFE AT PVC M PA PR R RL Y B AR Z AR AL, W TTA RN T TR
PR A AT 9 BAT BB L RN Dy s AR A 38 e T (A v s AR AL T
FRAL T IR .
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