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Microplastics in soil can interact with soil particles and affect the physicochemical properties of soil, which in turn affects the
behavior of heavy metals in soil. [ Method] This study systematically investigates the sorption-desorption behavior of
polyamide (PA) microplastics toward cadmium (Cd?*), chromium (Cr*), and copper (Cu?*) using Guizhou yellow soil as the
research object. By simulating PA's natural aging processes through multiple freeze-thaw cycles, high-temperature exposure,
and oxidation, the aging mechanisms and adsorption mechanisms are elucidated. [Result] The results showed that the
adsorption process of PA on the three heavy metals could be divided into two stages: rapid adsorption (0-90 min), slow
adsorption (90-150 min) and equilibrium adsorption (150 min), and the adsorption amount reached more than 99% of the
saturation amount. Also, the kinetic behaviors conformed to the pseudo-second-degree model (R? > 0.999), which indicated
that chemosorption was the dominant mechanism. Moreover, the adsorption data fitted better the Langmuir model compared
to the Freundlich model (R? > 0.978), and PA significantly enhanced the adsorption capacity of Cr3* from the soil (KL value
increased by 59.1%). After 21 days of aging, PA surface roughness, crystallinity, specific surface area (+44.49%), and negative
charge density (-36.53 mV) increased significantly, resulting in an increase in heavy metal adsorption (P < 0.05) and a decrease
in desorption. The largest decrease in desorption was observed for Cd?* (18.7%) and the smallest for Cr3* (4.2%). Furthermore,
carboxyl (-COOH) and hydroxyl (-OH) groups generated by oxidizing the PA surface during aging strengthened heavy metal
immobilization through coordination and electrostatic interactions, whereas the increase in the proportion of crystalline regions
further inhibited desorption. [ Conclusion] This study reveals the mechanism of adsorption enhancement of soil heavy metals
by aged PA, which provides a theoretical basis for the risk assessment and management of microplastic-heavy metal composite
pollution in karst areas.

Key words: Polyamide microplastics; Heavy metals; Yellow soil; Adsorption and desorption; Cyclic aging
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Table 1 Basic physical and chemical properties of the tested soil

-~ N A ML Soil )
gk FH 7 A ) 4% Total 4% Total 44 Total | L
organic
14 Soil pH CEC/ nitrogen/(  phosphorus  potassium/(  Cu/(mg-g0  Cd/(mg-g
matter/ (g-kg" Cr/(mg-g™)
type (cmol-kg™) . mg-gY)  /(mg-gh mg-g”) ) )
Yellow  6.43 26.27 1.13 3.63 0.59 69.41 27.75 0.88 76.72
soil
1.2 R E

1.2.1 WEBRZAREE ARG 1 R AR EARIUE & PA T35 M R IR I 3, I E Rpal
IKHIR PA & K3H 400 kg, FIRAME NG E 240 J5 8 T-20 ‘CKFRFSATR 720, AR HE SR H I
& 40 CHAE P EBRK S MR I ARILL 1. 1 AU#B4EKA 0.3 mol-Lt H02 i, TIHIEIR% 4%+ 80 C
(i T SRR T2 h LASE B AL B, R S5 RSB I I8 Bk, T, % IR R 3 9K, 3K45 7d. 14d.
21d P2 R0,

1.2.2 WPt ah 7556 WERRFREL 0.8 g £HEf1 0.2gPA GIRA 1.0g +#E) FAZBIEEE O, K5 PATRSA
(201, FRAEMEIE S FRAE R 7R 7d0, N 30 mL MKJE A 30 mg-L T I 4R (Cd%*. Crd*, Cu?") W&l GZIKES %k
M DX SR S 398 v G SR G T A A, ] S S % 2% T VR B R R R PR RO I B PRI R e e S O R T
VEBOR I A I R 8D, T 20 ClERRZ A L LA 160 r-mint 250 AI9%% 1. 5. 10, 15, 30, 60. 90.
120. 180. 240, 360. 480. 720min, #R¥H4E W SLEE CHLHLL 4000 r-mint #3# &5.0 3 min, B EERIE 0.45 um JE
J, SEARAEAE 4 CUKFH AR

1.2.3 SR MRS AR 0.8 g L3ER 0.2 g PA ARG IR RS OE W, M 30 mL iR EE#RSE v 10, 20, 30+ 40.
50 mg- L (¥ 8 4@ i TR IR IR % 2% IR RN, A5AUR B0, SRR AR

1.2.4 fEmaREe B 1.2.2 #R%% 720 min £E 5, B0 5 RER_LIEW, T 40 O RS I 30 mL ARFR 0N 1%(1)
THERTEWL, R P87, BOIE, JEMORAEAEI,

125 METE ARG EIH BB 3 ANTATREAR, FrA IR b b i = 4 Ja A FH B sl & 55 39 4R B4 (ICP-
MS, NexION 2000, PerkinElmer, 2:[E) W, ffHE4SE Cd. Cr. Cu MIbRHEMZ EARHEMZE, bRtz RZ KT
0.995, WA [EIHs% KT 80%.
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W%, TIH. Note: SEM, scanning electron microscope; BET, specific surface area; Zeta, electrokinetic potential; XRD, X-ray diffraction;
FTIR, Fourier infrared spectroscopy; XPS, X-ray electron spectroscopy. The same below.
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Fig. 1 Road map of experimental technology
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1.5 HiEALIZ

SEUG IR Excel 2021 BT AN, BTAHEE N FIME S ARMEZE (n=3), RELBEZIE PA KR IH 2 7R
FH SPSS 25.0 A 1) B[Rl 267 2243 #3347 (Oneway ANOVA, LSD, P< 0.05), f§F Origin 2021 % fF k4T HdR il & &
EHE.

2 #REWHE

2.1 FEIRMHARX EERIRMEINFR T
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are not added; Soil-PA—Soil-Polyamide mixed systems; Qq—Adsorption capacity at time t; t—Time. The same below.
K 2 EG R 7E A - R IO RNR &R R BB 1% (a, d: CAZ It —. 407 b, e Cr It —.
TR o fICu It —. TR
Fig. 2 Adsorption kinetics of heavy metals on soil and soil-PA mixed systems (a, d: Pseudo first order and pseudo second order equations for
Cd?; b, e: Pseudo first order and pseudo second order equations for Cr®*; ¢, f: Pseudo first order and pseudo second order equations for Cu?*)
R2 WM hFERBESH

Table 2 Fitting parameters of the adsorption kinetic model

1) h—2% Pseudo first order model 1l — 2% Pseudo second order model
E£/E Heavy metal
Treatment K1 Qe R? Kz Qe R?

Cd* CK 0.019 0.353 0.810 10.11 0.349 0.999
Soil-PA 0.017 0.318 0.840 15.73 0.316 0.999

cré* CK 0.022 0.542 0.773 21.36 0.537 0.999
Soil-PA 0.021 0.478 0.787 13.98 0.476 0.999

Cu® CK 0.023 0.534 0.685 31.12 0.532 0.999
Soil-PA 0.025 0.463 0.724 14.25 0.460 0.999

W Ky O —ZOBEFEL Ko R EH: Q. , PN E: R?, MR, N, Note: Ky Pseudo first order rate
constant; K, Pseudo second order rate constant; Q., Equilibrium adsorption capacity; R?, Correlation coefficient. The same below.

2.2 T EIRMERPEERBIRMZFES

Rt — SR FIE R P E AR Cd?*. Cr3*. Cu IR PLEE, S Freundlich. Langmuir #5434 T PA Xt
I G RN SR AR, DAL PA Xof 3% 5 4 J W B R 5 s R SR A I VAT B L B (OR3P
iR, 23 ABANMESE. Langmuir BEEE TR FHRIRE R, B o857 2 Freundlich BERL R e T 1 Fff
TR TH A7-1E AN [7) fe e W PR At PR B BT 2 ) PR R B 1 W P SR A T 2], G A %5109 Freundlich #5841 240 n W{ER
WL B A 5 o 2 < o A B A PR PRSI BE R, L 8 R 2 WA WRR A J %o 46 B [V FH 78R (261. - Langmuir #5574 (1 2%
KL A2 B BE R T, B0 R DK 3 Y B A 0 %o 2 <65 o R R B e 7Bk . AAIE) 3 A3 3 W A, Freundlich. Langmuir 45
AU b g b G R R B R B S IR AR S OB, e R R2 KT 0.940, {H 5 4L ) Langmuir #5554 R2
YJRT Freundlich BERY, %45 R 5 B — /K AR BRI R 0 58 46 Jag P W PR 25 SR 27-281— 5, 3R] PA X g v B4 J 1 L
Pt E BRI T B S BRSPS ATV, iS5 S R BRI RITE R, e S8E Rk, PA 3
Cd?* Rl Cu i) Ku R, IXFRHT PA AR 1 38 X W ot 55 < JR OV PR E 0, A Cr3* g Ko sm, 3291 T PA 31455
T R Cr IR B E RE 7T, X PR R TR PA IR TEVE SR E RERI ARG OC, 115 PA XN 545 & 14 W5 Bt
TP T AR R .
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Fig. 3 Adsorption isotherms of heavy metals on soil and soil-PA mixed systems
* 3 FRWMREMESH

Table 3 Fitting parameters of the isothermal adsorption model

Freundlich Langmuir
FE S8 Heavy metal  &LE Treatment
n Kr R? Qmax Ke R?
Cd* CK 0.726 0.040 0.986 1.247 0.023 0.994
Soil-PA 0.782 0.029 0.956 1.262 0.016 0.978
cre* CK 0.800 0.070 0.998 2.498 0.022 0.999
Soil-PA 0.696 0.070 0.996 1.414 0.035 0.998
Cu® CK 0.805 0.070 0.967 2.479 0.023 0.983
Soil-PA 0.723 0.062 0.975 1.470 0.020 0.992

Eeon, MR EEG Ke, TINEEHEG Qua BRI A& Ko, A5 WP BT IR 7. Note: n, Adsorption intensity
constant; Kg, Adsorption capacity constant; Qmax, Theoretical maximum adsorption capacity; K., Affinity between adsorbent and adsorbate.

2.3 FEl SIRMENER IR Z LR LE

4 9 PA TEARTFAIZZALI BURALSE R o ZALRTIH PA RINEODEH, RO MytEd; s N TEN)E,
PA SR WOW R T A B AL . AL 7 d J5, WURER T B T RE0 X AT RER BT /K B AR T 2 M5 250K
PRARIZIK 51 A2 ) P 2 3 i 3300, PA 7 FBE I A SR il AU — Dy RS, TR RIMUIRRGLEi 1, A Z ALt
g0, ROFEEIZHIE L, RINGGE, FHRIVBRITREE, M FRmERERE . £ 4b b, LRI SE
ARSI BEIEARDG, TSP AL S A (] S AR OC (P<0.05), &4t 21d J&, PA [MLLRIEAGINT 44.49%, F
P R FLARBRAR T 32.84%. Sun ST FT I AL SR BRI T PR B FLAR AN LR AR AR IR AR e 3, IX 5
WSS AR, IXATRER PA 28 HoO2 AL SIN TIRPE B RER], SR T4 k& (sl B sl AR RD
FERCE BRI, FLRASN . IR, PRid. mid A FVE T INE 7 PA 2> THETRBENGEE (-CONH-) K&
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Wiy 745 L A th A il AU A2 O R A O« | iR E 4G A RY, A liRiE (-COOH). #&Jk (-OH) Fifk
B (C=0) HFEHEATRA, XA R R KAR P A S MEE RO B (-CO0), HHEZMLMIT, A
=i R BE0R T PA R A R S A, Zeta mAALZMHTSE R (18 4c) SR, PA K4 AT B 2 AL
] 2 SR I ka3, 22 21d F bR IA B HORME (-36.53 mV), HEANIEE My 140.33%. XRD FALELEH (& 4d) &R,
7E 12°~30°LA J 35°~48° 5[ N, PA F7st o e bl A Rl B K M3 R, IXRWIZ LA S5 PA [RI45 & XSk L 1 3
HAEZA 21d JEIR B T Bk 0T, PATTEEX R EX) 4 FhE e R AR IR, e iR
N FEERS PR T et HEIMATH IS AN IR, XL RS BT HE S S T ORI P AR e M BT B ) S A 4
o AHTE 4e I FTIR vI A1, Bie Ty, Bk 0 SRR IR (1 N-H P 4i4Rzh 77 HIE 687 cm™, 3073 cm?, 957
el Ak, AHRE—NH2 45 IR3) W IS 28 3304 et 4, 1639 cmrl A1 1540 emrt 4351l &2 CO-NH 11K C = O HgEIREIAl
N-H Z5hdRah 5 M, LN PA IURHAEIE . 1 PA 1) XPS AL S (& 4F) a4, PA HELC. N, O =HFcHk
U, Cls Z5Gr el Kig Il 284.4 eV 4k, N1s #1 Ols 73 A HILTE 399.46 eV F1530.93 eV &b, ZALJ5 PA 1) N1s
O1s IS5 & R E AN, BAHINE 39 0.60eV 1 0.09eV. HILFEE (C) 7 H LMTE R AWM BHEZ 5
AU IR ARG IR R E, B p R AU 7 P R o U A 1 LU AR T AR B8, 3% 4 R ARYE FTIR A0
XPS R ML G, PA W O JETHIELEIM 12.41%38 0% 16.54%, O/C M 0.16 32 0.23. 7F PA 1, &4 AFasE Mk
iz (~=CONH), BEIRIIZEE TS, <A, S5 NGE VG 5505 T T2 BUas & Bt 5E SR 1 i AU Ab 2
o H—J5m, EdREF, C-H B C-C SWiREMER C = 0, MifFELEME R T HFIHE B, DL b5k REs:
T PA AL R R A T AR, 1% 5 A0 2 RIHE 9 45 SR 343637 [3]

2.4 MW BRZ UMM RIET ES BN IR

B 5 BoR T A FIZACTRE PA X 135 5 4 J 1 W PR R CRF AR . 24K Tdy Ak 14d S5, PAKT Cré+ il b
PR ERIN, 216 14d BAA, PA X Cd2*Hl Cuz i it 3 G ke %y, (IR, &4k 21d J5, PA MR =
T E 4 R I NI B T B EKE (P<0.05), BEEZAI I IEK, =FhE S8 7 PA FKIH 1O ARICRE S I0LE AT
ffass, (EXFIRRIRZ A RE . Bk, PA R0 REXS B &8 A E — 2 A ERR AR T, BRI PR (I B 75
AXTEES, FECES)E S TR PA RE IS AR . £ L8R, B8RS TR 2 MEENZm,
ot 28 7 A SE IR PR AR KRR IPE T, AR &R B 7 H S RIS )55 . X e R 3] e {3 5 48 25 7 A\ PA
RIEZWIE . WK 5 e AT LA, B K, PA X E &8 R R AW AR, £ 2% KB, PAXTE
SRR R N : Cd2* < Cré¥t < Cu?t, ¥4k 21d I, PA X Cd2 A1 Cré*4 il B AT iy Sl KA PR AR Ak 2K,
X EIRE ZALHT G PAXT CA2 R RARF I 2B R, XS Cre* (RS2 M/ o

ZAE R, ORI AR TR, WRIAR EWIN, NEER YRR 1 5 A7 e,
H—J7T, PA Y TREWIZE, BEMEE A EEL NG (NH, D B & RUIE R, X3 X Cr2+ B H A v (s 6 4k
FCAZRE Sy, TR B SIS A E R E], X m g (e  (nRch sl as) SRS 746, BlERe
PR AL, FEKIAEER, FRILE B N-COOr, ZKIH ft fify B 5 M N, 1 67 Flfif 5 7 4 s B 8 7 2 R (0 o
W 51 3 R A7 AR LA FH 35, KR BRAR T MR O AT REPEIB0), oAb, gt i IX kD T 00 T RERI RN, (A5 B
4 BT IC @ I A B R B AR A S R TR IR Y . (R MRR I AR e, X SR (1 DA R DL e A B
IEE SRS TR, CHREDNZ/KEREZMT, RN ES AR T 2 0 BRAEs M, tEhE ST
SEAI AR, AR AR A5 A ISR T AR S AR, X AT RE ST A BAR PR AE SRR B L,
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Fig. 4 Characterization of PA with different degrees of aging (a. SEM, b. BET, c.zeta potential, d. XRD, e. FTIR. f. XPS)
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Table 4 Calculations based on FTIR and XRD characterization

FTIR XPS
ZAAE ]

o ‘ B Aah A

Aging condition HRFLFa % CI o/C N/C
C content/% O content/% N content/%

Z AL Before aged 1.004 75.520 12.410 12.070 0.164 0.973
247 K Aged 7d 1.021 74.690 15.310 10.000 0.205 0.653
24k 14 K Aged 14 d 1.030 73.320 14.710 11.970 0.201 0.814
Z4k 21 K Aged 21 d 1.031 72.160 16.540 11.300 0.229 0.683
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