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Effects of Tire Wear Particles on Soil Fertility and Physicochemical Properties:
The Role of Typical Aging Patterns in the Environment

LI Kun, YE Zidong, CHEN Zhangle, LI Weiyi

(School of Environmental Science and Engineering, Nanjing University of Information Science and Technology, Jiangsu Key
Laboratory of Atmospheric Environment Monitoring and Pollution Control, Jiangsu Collaborative Innovation Center of
Atmospheric Environment and Equipment Technology, Nanjing 210044, China)

Abstract: [Objective] Tire wear particles (TWPs) are key sources of microplastic pollution, and their long-term
impact on human health and the environment is receiving increasing attention. [Method] This study investigated
the release of heavy metals and sulfur from TWPs in soil, as well as their effects on soil physicochemical
properties and fertility. It was also explored the role of different aging processes (photo-aging, lake water aging,
and snowmelt water aging) on the properties of TWPs and their effects on soil fertility. Through laboratory
simulations, fresh and aged TWPs were prepared and incubated in soil for various periods. [Result] The results
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indicated that aging significantly altered the physicochemical properties of TWPs, including surface morphology,
functional groups, and specific surface area, which in turn affected their heavy metal and sulfur release behavior in
soil. After the addition of TWPs to the soil, a decrease in soil organic matter (OM) content was observed, although
the impacts on cation exchange capacity (CEC) and pH were minimal. At the same time, TWPs significantly
increased the content of available phosphorus and alkali-hydrolyzable nitrogen in the soil, with a slight impact on
available potassium. The effects of TWPs on soil physicochemical properties and fertility varied under different
aging processes, with photo-aging and snowmelt aging showing the most pronounced effects. Pearson correlation
analysis revealed a significant internal relationship between the physicochemical properties of TWPs and the soil
response. As TWPs were incubated in soil for longer periods, their adverse effects on soil fertility indicators,
especially OM, gradually intensified. Furthermore, TWPs may interfere with soil nutrient cycling, particularly
nitrogen cycling, by affecting CEC. [ Conclusion] This study provides important insights for understanding the
long-term ecological impact of TWPs on soil and offers a basis for accurate risk assessment.

Key words: Tire wear particles; Aging processes; Soil contamination; Soil physicochemical properties; Soil
fertility

R BRSOk (Tire wear particles, TWPs) & M1 412 17 B i T AN 2% i 58 T BE 48 7= AR 1)
WAEBGY), CRARAEBGR . AIRMA. SRR YIRS A W5y TWPs st Af
JEHET, 8 1 nm Z 500 pm 2 [0, R O RS2 4B RIRG . 18 AT I DA B Al R i T i A
AR RERO o SRR T8 VR IX SR AL AS IR BRI 28 3k TUAE B E R, XS5 HEYR
IR AR REAKFE F AR IR AR SIE R &8 Lrh, mTRE TP L3 B A RR 1t LA IR T
X} AR A R G0 ) R I 7E B -

TWPs fE B AH 8. MR AR BRI bRIA LA OK 1t 56 2 Pl e LI A i & 4R,
BRI, &N RO A B3 i HE K WO, 7 3 08 1 it 50 2R BT T RS s R
RSTAERRL B 23S, 0 TR DT R R 7R T8 B 21 DX il 2 (a0 B o A, HIBR S K
RPN IER AR HE T TWPs [ 3RS AT B . 2020 4R A4 VR UL, IR A%
A E IR B A 2 A B R GG KA IR KR EWre A R g, A BREE
HeCR k7N B i, s A RRRAT B 120 pg #BRE, fERE, FREZLHN
75.6 i t, H 49%% 90% 5k A7 T HIRA S KRG PEL, 2023 FEFG I FUIESL, TWPs #)
FRIAEE B R MPs (S DTRRIE, JF iRk L TwPs (LI EM, R RS
FIZE AR RHEBCE B/, TWPs HEBCRH1 2 _E T, A H35iE Kk 100 m fr52m,
F2 FE VU #F 155~15 898 mg kgL,

TWPs A H ATEREAC SRR, JeRTit o0 i 1 BH LA S Rr SR T S5 MR AIE, =
B ARREE . SRR BRI LA SR TG AL f 20, XSy TWPs 5 3tk 6L LA
e B A 2 T )2 2 A8 HAE I B9 5 T J: Al 7E i Ak LA i@ % A 1 X 4, TWPs K EHEIK,
2 5 T B A5 AR , JE T BE A RIB A B — 05, R 38 R G R AR D R AR R I RS
TXFRAE HAE PR 398 5 S A0 AR 258 77 2R Gok B 2R B, ™ 2 T AT PEAl TWPS 2 T 4 5 6t
T K R ) S

TWPs H1& H A AL A B 4 R e R AR R, BB R pl . AR R LR AR
77, BHEA YR N-(1,3- 2 F T JE)-N-ZREEX R i (6PPD) R HATAY)
6PPD-fi, X LI RN A WEE = AR A FIE T, T s I . SR AUt o U B,
B USRI A4 o v] B s ) IR PR R, Bl pHL R LIRS &, ot
BASRGIEERIE AT, FEHBNR, TWPs TSR P i REL AR 8B 4 1
e AR UTREE N TR R R AT R R AR Ak, IR ZK IR ] 38 # B6 mT Re 48 7 1)
KEA, TETEBRER S 5 bl ] RE R R AR R P RIS AT PR S e BN T35, 5l KRS 7%
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o XA FINLERI I E AR AR, T RECCR HE N 38 S PR AT O 5 AR RN, HEAN 38
TWPs 4k 228 il B 2 AL, AR AT TWPs 78 338 o i 7 il A Hoxk 35 i Bk
SO I T IR AR T o

AHIT FORG IR T PR 58 PG i 550 T B T8 BE ™ A TWPs AT FEX &, BIETE ARG T »
73BT TWPs 75 -+ 48 b 5 & & S5 B 70 3 KORE IEUCRFAE L SR FE s 352 AL, i vP A AN R 4
BRI BEASURORLOT 3R AT 48 FR S FRACIE BT RV AERE R, 38 FH B R A J3 W T3
TRUT TWPs [E 45 V) BEAL 7 o P 5 398 28 G B 2 8] 1Y) A AE SR IERML AR o ASTIE 78 45 FOR IR N B
fipk TWPs X - 382 25 28 G0 1K IR I DA R F) el LA RURS: DAl 1R AR 4R OGB4k HfE

1 #RES 5k

1.1 TWPs Byl & 75 5%

KT FE MG HT BARIE 72 7 8, SR BUMAK Ay 235/45 R17 HIKILAK PS3 % SBBILEE i /E i
FORTR, SEEIE A HSUS00 = P iE B AU X R 4t (FE4EME B L www.tmsi-usa.com) , 1% 5
GMCAS T AN B TR B, ARSI L SE AT, R R L, fEARENG
& DA K B4 AR ) B SR AR K R E AT BOIRES , DAE I AME IR M BB TS 7R . R
WE U 60 km Y, iRFRIG SR AR N B EEHE, AR TWPs, ISR ) TWPs & 425 i
5, KH 0.15 mm FLAERIIH BT E GEFSCHR[9]1H TWPs JSF 430 4F 5~150 um) , A
RAERR A Ca/NF55) J5, ERRBCE TR B as A 2, E . FRE, I HEef?
i, Fric iR 4L TWPs (No-aged-TWPs, f&#k N-TWPs)

1.2 TWPs ByE 1L 3258

ML (EEhE AN Z LIRSS (QUV/ew, Q-Lab Corporation, 35 ) SZjit
HSESS, F TWPs ¥ 504l e T it R LR T, B T RRHLAM, HEKE RS, KEEH
W25 C, EEEHIEL 35%, FHZA 500 Wik KGR 280~800 nm) A&l [ 4R
FIREE, BB H 12 h MGIEE R, JUERATIRE N 4.6 mW emZ IZSERE S HARME T
(R BE A S 5 P A o 4l 1200

WK AL SE . B 10 g TWPs A 5 000 mL 17K, 5648 30 min 8 /5 b 3T Ak 4]
SRAR, B85 A 300 rmintt R L LA RE SR A Y &), 1R = N BT AT 2 A S8
WK FEACRAE F B (5 B LR RS RIS R s MR X3, T AN FR R A KR R TR A3
5], DMRUEAKFE—EME, WG LRIFR 2t as b . AKHEREMSEn T B 19.00 C
4350 ‘C. pH6.5020.86. Afi#% 6.5842.57 mg L1, AMAHLEE 3.7040.80 mgLt. A&
5.24+1.48 mg L1, B 0.2140.05 mg L1,

K BASELS : RIS 5 il A B R VR TWPS RS20, JEHRE 5 8 T 1
FAT I 5] XA H7KCRAE A, DUl G K A2 I8 5 e T4 . 5N T EAFRE )
ke, Mg 2 Ewa T, CAFIANE Y. SEIGRH 24 h N 5~9.9 mm P& &S i
&, ¥ 10 g TWPs 5 5000 mL F7K f& 62.5 g Ml S & (% 850 g kgt & ALAN. 100 g kg*
SALES. 50 g kgl EUALEE) TRA, E@id 30 min A ALEE LT R KA RS B T @ BRI
o CEEIREEOE H BT AL 2B iR 25 0L 300 rmint HidE) , S RIREE (0 C48 C) .

FH TWPs 58 7 d ZAGALER S, 0l WCERREAS . S /KR IR IM ZAGZE T- A RIER FE A 2
EEURE, AR%IRA] (200 rmin) 50 (8000 rmint, 10 min) , FEAHIYE 40 CHAF
THET RSN EOE, KIKbMCAHEE TWPs (Photo-aged TWPs,  P-TWPs) . Ik #4k
TWPs (Lake water-aged TWPs, L-TWPs) . FH/KZM TWPs (Snowmelt water-aged TWPs,
S-TWPs) o AHFFIEI & B IR A FAT LS, #4772 R B UFEAH TR 85RME 1 &
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1.3 #hEERENL TWPs BORAETT A

FRHE BT HAZRAE 7 =8 Cf TWPs FITIOITE SR . WIEE 2546 S 3 oy BRALPE BRI RAE) , AHF
F38 FH LA 204 TWPs (AL PR T 47 st (SEM,  Hitachi SU8100, HA)
FIRERE{L (EDS, AZtecLiveOne Xplore 30, FL[EZFiH) MERMELSNICR D M; HHEM
2L M6 E (Thermo Scientific Nicolet iS5, SE[E) &1L BT J5 B BE ARG s Hefih Al s {3 (&
% JY-82C, VbR Pz, LR R FLBR N 2 4 (Quantachrome Autosorb NOVA
2200e, E£[ED W LLR A AL 9KKLEE & Zeta HIAZ 73 HT{X (Malvern Zetasizer Nano
ZS90, H[ED Y5 /bt TWPs Rt s A fll Zeta HLAT (L B BCABAEK: 18 MQ-em™ (25 °C) ),
WLk A (Malvern Mastersizer 2000, 55 [E) 43#T1 TWPs ZA4LHT 5 AL .

14 IRIHRBEEZ

TIEREACK BV R R R N, T4 (2023 4 12 /] 23 H) k4. L%
FKARONKFEL, 2RI HAENALE, BB L. K2 SIRERIEE, A&
W8 KA, A LA KA 0~20 cm FHEZ 145, & A LFRRE R — MEAFE,
S R0, B BT e XL B AT, KT e AR 2R /5t 2 mm fLARTR 2T H)
I, BEERE M AR S T 25 A TR, KT S IORE i S B et B 0 0.106 mm FLAZ U
FIFHIRG 4IRS, IR ERECH IR, L& FEsInfi .

BT = ANEHEFF LI 5 L PRI R AT R . BRI 3 kg £ TiiAb
P35 30 g Hbs TWPs, Z4R% R MRAG, M 1.5 LK EfidE. Hidkid #2 G
37K MAEAR TR FLis el B K2 11 L. L3S 0d. 7d Al 14d I & 3,
ERREECHAT o Forb, HrEEA . e WIKEMAHTE 25 CRIEE, TAKEMHAE 0~3 C
TE . BRI, BRMEAMER (L. TWPs AIFIRKY) #HTFRE, K
FZ Wzt AR S /K S 100 g kgt (BLT &), FERIH B EE RS B KR
7K, HERE R ERE .

I E dr A CF A IR a2 D - Stk TWPs 4385 & 241 P-S

(Photo-aged soil) , /K1 TWPs T3 B 2H1c 4 L-S  (Lake water-aged soil) , /K%
1k, TWPs HIEWF H 2Hic 8 S-S (snowmelt water-aged soil) , itk 4k TWPs 13380 5 41
it A N-S  (Non-aged-soil) , #¥HIEMHLL CRESIN TWPs) id M Soil. JEZ%+ 0. 7.
14 sy AARRIE L3RI B R, Bl P-S-14 Rt HESLIG A F 14 d.

1.5 HIEHFMAALIES TIE IR E

IR AR AR: WE LSS, SR ARIAT KT S T 3 S HURE, B SR
m BT 40 CHUR T 24 he BT S MR MA TS AL FE 0T 0.15 mm 0, %35 E TR
PR Hod N-S-7, P-S-7. L-S-7. S-S-7 41Af 5 BB AE J5 % R AF . % T N-S-0.
P-S-0. L-S-0. S-S-0. N-S-14. P-S-14. L-S-14. S-S-14. Soil-0. Soil-14 2, 4r5I#xHL 60 g
TIEE T 300 mL BEEEE T, Fol g g ) R IR AT

ISR AL S BRI R « 75 300 mL BEFSE L 4% 2.5:1 (i & L (RI%E 60 g 380N 150
mL 47K JRAMAUKE LIRS, %EEEOEIRY 2 he 1/ 0.22 um JEIHEN L JER
G, RIEI AR 200 mL BEESE T, FEEL TR A RUUAR IS . VP R AR R TWPs
14 2 4 @ AR IR TR O, 531 0.6 g TWPs 5 150 mL B 4lKIE A, 1dh TWPs-pw 4, &k
HeIR% 2 h G e R . RN, W EXTHRZL (Soil-0. Soil-14 41) , ¥ 60g = HiES
150 mL #H4/KIR S, BEOEPRY 2 h f5Hh)E, JERFRICA Soil-pw 4.

1.6 HIES5THIREINE
WA NY/T 1121.6—2006 (HIEAHLBTRINED B, KA HERRMEM—FEE, M
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i 0.25 mm FHFLIYT 4 g MRS E T EE LR, #hiRES R4 2 A8 1.0 g kgts [H
i, R E A —AE B AN (IR T2600 20606, Bl it 0.097 mm 7L
2 g KCTREMINE 3 A M. HRIE HI 889—2017 (3% PHE FRHEEMINE =FIANE
HENZ -0 EEE) 1A, SR =S N SRR IR e e, A 1.7 mm GEFLIY
10 g JRCTHE S 5 -3 BH B 7 ac i 35 pH @ B A7l g i 5E , 4 10 g H3E5 25 mL
EETKIEG, &Y. FEENE. b, K LY/T 1232—2015 (RIS )
(81 LY/T 1234—2015 (ARARIEEAME) B4R LY/T 1228—2015 (AxAR AR & )
[15], SR F eEJECHE &% B TR R BPit%: (ICP-OES, Thermo Fisher iCAP PRO, ZE[E)D 435
WE +8E % (2 mm iifl, 10 g FEf, ShER-BiER R E-ERIRIZHE) « A (1 mm
fiifl, 10 g #Efh, 1 mol Lt ZRRERINRSE) » LA e kA (2 mm L, 59 FEi,
1.8 mol L S SEALANTEAL TR, BIRR IR IS S AR UERR T 2 ) o

AHE 7 i FH R SRS A 5 B 1A R B 6 1k (ICP-OES) N 5 3y b (104 (Cud &%
(Zn) . B (Fe) . B (S) T&.
1.7 BREGH 9

B Origin(Pro)2022 k224 K3, 1o SPSS 25.0 BT EE G A TAE, ARHFITEr
SRR AT T EENN (n=3~5) , RALERL-FHESrHEENEXZEI. 5T
JE3SC (Levene) e ARG NEHE KR, SRJGis A ZR J7 2 704 (One-way ANOVA)
PEAS A 25, DLEYL (Tukey) H036H0E W31 (P<0.05) .

2 ZEREVHE

2.1 TWPs TEZ LRI ERI X EIB L T(L

K FAEBE 1 R EUE, R FRIFSEFE R T TWPs RETESL LA R GRm AR T &
oo, B la 2B, BHARRE T N-TWPs RIHE T, MRS FIGEHRFE, Ik
ZEHr RS TI, TR EoR, HEEERET SiOp R H Iy Wik, B
VEREREIRZ Oy, BB R N ASAG IR 47, DA s PR S5, #F0RE ZnO
BRALAEHET o B 1b h, Yo AL AEBE ) P-TWPs 22 1H 2 DURLRE T 24551 . SANRAE T R, TWPs
HFRIABRIEEE IR T RGN (C=C) Wi 290~400 nm 41k,
gl REEXEMR L (E 2b o C=0 SIERI R ENE T 10 F8) , SBUSK > T &5 nkIRns,
5 N-TWPs #HLL, P-TWPs FKIHiE S & T, RGPS H: mEsE BTt
G AR AR, TR TR S YIEMR)G ZnO ikl R, #HmSser S8 m. K 1c B
WK I L-TWPs RTINS B8 55 5 AU A 53, 3 55380 7K Hh ¥ g o 1
B 1R FIAEAESC IR, EDS pdriion (B 1c-2) , ESEA Hosmmsm, alfe2E AmiK
HH R TG R DA SO AR VEREAE OR R T AT Y BT & 0T, SAEDE 3l A K DU P R AR
B FE A AT AEZ I GOt B (L B FH 9, A EE & i R BsD, — AT RE RS 5 A
I 5 B 5 B KR, B R AT B E 2 5 M [N, 5 — 5 TH & AT Rg 51
IKF AN RS G SE S ANER, SRS EREER. 72K 1d H, FHAKRELM
S-TWPs K& Bk 2= PR sz S Ve TR B T 0 1) AR B St 4540, AT L-TWPs,
B 2 ek BT R A2 B T KRR BRI e, B Eb AR, FERERA M H—,
ZnO 1EE KRR UL SR AL 55 PR it e, ARG M eEcE M, K=, FHKH
RERS. T HT RSB Bk 5 TWPs AHEAEF, (755 &8 78 R T F = 4

ezt WIKEA UL R EREWFEAREE R R G T TWPs RIS 50w a1m: Ju
M B SR A2 51 KRGS 431k W s BB 53 53l 917K AR IO TR IR 6 A2 Rk 2 T U AR L
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BEE o e m s R, TOKBE R P R T T AU TR e B e R AT S AR
Jl, 1 BRI T IR EON TWPs R IRFILR) “ B R,

53 HWo
si 20.01 28.17
s 44.10 54.37
Zn 12.44

T A EWoe | T 5 A
Si 3.37 5.05
S 52.57 69.01

Zn 23.82

5 F 47 LA
si 44.61 55.23
S 30.68 33.26
Zn 19.31 10.27

Si 10.03 18.51
S) 23.82 38.52
Zn 44.56 35.36

e B a-1~E d-1 B B a~ & d St T7HEAL . a: N-TWPs ARIERZ LK TWPs, b: P-TWPs REGEALE] TWPs, c: L-TWPs
AREWAKEALI TWPs, d: S-TWPs A8£ F K161 TWPs. T [7l . Note: SEM images (Fig. a-1-Fig. d-1) are taken from the yellow box
regions in SEM images (Fig. a- Fig.d). a: N-TWPs represent non-aged TWPs; b: P-TWPs represent photo-aged TWPs; c: L-TWPs
represent lake water-aged TWPs; d: S-TWPs represent snowmelt water-aged TWPs. The same below.

K1 2T R R IR EEHUBRE (TWPs) 4 H L T~ st (SEMD K& (a~d) . JHCK SEM K (a-1~d-1)
K Ew (EDS) F (a-2~d-2)
Fig. 1 Scanning electron microscopy (SEM) images (a-d), magnified SEM views (a-1-d-1), and energy-dispersive X-ray
spectroscopy (EDS) elemental maps (a-2-d-2) of tire wear particles (TWPs) before and after aging

Bl 2 fEEhd R e ar A iE L (FTIRD BIF T, RGEEM T AFZE N TWPs
BRI RT 2 8] 2a i, N-TWPs [ROCEE B B 1A A« B 4R 20 (3 239.88 cm™).
C-H i 4i#ika) (2914.3 cm™D | C=0 BM%i#RaN (1643.98 cm® VL KAl EE B Re1HRSh (1
534.89 cm® ; [ 2b £ 2d YL, AFEZAAIEEEEMAEIRSIEN H I B R Ot
fb: 3279.57 cm % ik E4k: 3251.15ecm % FHKEAL: 3293.98 cmD , X S H I
TP S A R T S b A e MR DA B G R B A B R RE IR, A T RE U TWPs B AL 2%
i, HenPE AR R S AR E . C-H BN gaiRSIE A B2 R A Az 7, X 5 ke
BRI AR A O, ALE b ROBLERSS f B A, AT RE 2%t TWPs FIATUAR P e A A 14
PR, C=O BAMAR RSN EN 1) 22 A8 R I RS 5 A R, X AR 2
TWPs [k 2280 E AL I BIEE, VB A TR EEIE B S KA E M. N-O B e 1R
FNERAEARFZAA P AR K2R, Hd S-TWPs i N-O W58 B B sss, 5 e AeHE i
FEAEAE— B R FERAE TWPs Bt b tEre, MrES KEMIFET, BREHBFIREEH KA
BN A RE TP AE T R BT = AR RY, BUEHAS SRR o R 554k, HEMDX 2 F%
ik TWPs (Bt fRE ), (EHTE 5 i A S AL R, 76 T3 A i fE o BCE 215 34, 52
HAEHIEAES RGP R RN

ANFZALHLET TWPs ‘B RE ] UL B 3 B 52 0 25 AN AH ]« Y622 A 2 B AR SR AME S 8
fEfh e R S E A, WKW EMRE A oK P RS R, FKEN
DRI R 25 h AR PEERSSE AL 2 S B, P 2 B B T P AR R R ), X e 2 A AR e T
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TWPs (RIS ME . SRERKIE . PR 3 R BV ERESURAE, WIS H 5P B S B
A FH BORT A SBA Z o P8 A N o AHSRATE FE U I SRS 5 5 T AR R 2 AL P A T R
SN RPN S AR R P AR IR A, AR T R R S AR ST

100 100

L 1 ) . 1 L L L L L
30
4 000 3 500 3000 2500 2000 1500 1 000 500 4000 3500 3000 2500 2000 1500 1 000 500

8 Wavenumber/cm'' 4 Wavenumber/em
100 100

490 F 90

80

20 L 1 L 1 1 1 I 20 L 1 1 1 1 I
4000 3500 3000 2500 2000 1500 1 000 300 4000 3500 3000 2500 2000 1500 1 000 500

& Wavenumbericm . /avenumber/cm
A W b ! W by !

B2 ZAGRTE TWPs [ B 420 4G RE R (a N-TWPs, b. P-TWPs, c. L-TWPs, d. S-TWPs)
Fig. 2 Fourier transform infrared (FTIR) spectra of TWPs before and after aging (a. N-TWPs, b. P-TWPs, c.

L-TWPs, d. S-TWPs)

# 1 58, N-TWPs AAFF I B2 A/ (50.7523.6 um) , L-TWPs iz k (326.4322.5 um,
P<0.05) . %REZERKH, B 7R RESGR IS, 5B 15 SEM ML
B3, WFAKAEZNSEER FE. EAN KM RS8R, LRI R ],
Bk P-TWPs 4b, 20 LRI AN, o S-TWPs & (0.41640. 001 m=2gt) , wJ
e RS 75| R R % FLBRR B A VR RGP IR MBSO A 5% o R T AL IR B
N-TWPs 2Iifxsk AL (-28.74.4 mV) , HEWIEH P-TWPs 3 [F%-22.0782.2 mV
(P<0.05) , XA fig 5624 51 K I WA g S 2 T A7 B A 3/ A DG 1241, i £ 00 5 22 A
N-TWPs £fili i 55 /) (95.2°+4.89) , ZALFE Al 314K, P-TWPs fiz 5 (118.07 2549,
B 7 A S R ) 5 RO 2 T AR P B B A PR A B K A WLAAR SR A O, [ 2 (R R o i
SN T EIIE

B IR TWPs (I HEALSAEB P2AE 1 oS B P-TWPs 4k, kiR ~FL LLaR T
FACA K M) R ETHIAS S, XA A AT RESE B TWPs 5 H3EBURL 2 [A] i AH ELAE
F s 5% -S98R B A 1 R 38 s, 2 B AU R 7T, TR B K TS e
SRR RE 77, IF HonT A8 I8 i 4R a5 A 2S), R HEN 24 TWPs w] RE2x A B EIS
PV E . PR I RORE ST 30, X 3 AT N DL R = A K IE A
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1 ZLETR TWPs FIRIL IR
Table 1 Physicochemical properties of TWPs before and after aging (n=3)

FFE il AR EAZ Volume mean  ELRTHIFR Specific surface area FRTH HLAL Hefi
Samples diameter (D [4, 3])/um (Seer) ! (m*g™) Surface potential (SP) Contact angle (CA) /
ImV ©)
N-TWPs 50.843.6d 0.22240.003c -28.7+l.4a 95.244.8¢c
P-TWPs 105.7#2.1c 0.158+0.002d -22.1+2.2b 118.145.4a
L-TWPs 326.442.5a 0.31240.004b -20.7+.7c 113.243.7b
S-TWPs 220.2+.7b 0.41640.001a -23.7+1.6b 114.146.5b

VE: [FBIASF T BER R A R 5 7] 2 5 5. 3% (P<0.05). Note: Different lowercase letters within the same column indicate
statistically significant differences (P<0.05) among samples.

22 TWPs HEE B RMETIEPRERITHIRETL

HE 3a nTLAE H, B 14 d B9 I80 &3], AZE 0 KA 14 K, N-S4L. L-S 4.
S-S UL P-S 1) Zn W5 LA 3B KMEE, 7R3 14 RIMEH%, Y% Soil-pw i HE 4 2 5,
P-S A1 S-S A1) Zn BTt LG IS EEE K, P-TWPs #l S-TWPs [ 381 H BE i Zn
FINE S . MM, N-S 4UR1 L-S 411 Zn BRUK PR, XA e 25 BRI 1L
XF TWPs w1 Zn BECE IR HEAE R LLER S R U6, S-S I Zn BeldUR NI e, 51 R AK
& P-S 4. N-S A1 L-S 2, FrfA TWPs 1 54 7EE 14 R Zn WA S, T2 Ext
MR, IXUERA T TWPs L3805 & 2 f Zn BEBUINE . tEAM i & 1) TWPs-pw 417E 14d 4 Zn
FEREIA S T 0.285 mg L1, TWPs Hi{f] Zn BN S, A S e -3t HoRElnT e A7
TER R BH IT R B2

B 3b BiH, MTHmE 14 d 25, FNRIRAN Fe I T FHmEol, Hep
N-S 201 P-S ZH (13918 HL A 1 &, N-S ZH11) Fe B M 0.46 mg L1 3403 7 1.495 mg L.,
WE R, L-S 41 Fe BEUE BEAR AL Z LA AL, BT Soil-pw XA, 254
3a FIFE 3b ATLAE H, L-S 41f Zn il Fe BB R EMWARIL, HH & TXEA, Xaf
RESWIK ZIRHEA R R, WK BT BRI F 605 T TWPs, ) 5 43 & BB TG
BT HIGEIER . JeBAERT TWPs (R 25468 BIRR, 1hE &R 2, 115 KEIn
B =5 5 10 JEE el P U HE B 1 3 T 4 i PRV R

EE 3¢ R AEH, L-S 4 Cu Ik EARL S o R RIS, 4T 14 d s
B2)a, HIREZM EFAE KL 65 mgL?t, ZHUEETEL 7 HAMAR, N-S ZA1 S-S 4
1) Cu B R R &S, EIEIREAER T L-S 4ifi 5 ZK5 2, P-S 41 Cu Bi=
PERFEREIRAS, HeE 4k TWPs 76 Cu BEBGE FE H IRTE PR AR . L-S 411¢ Cu REACHH 3% 0,
AT BE A2 KA TWPs 7R /K 2 A0 i FE Hr it 173817k # Cu (0.01~0.015 mg L) , FfHAE
I P BRI R, WK AL P A R B A FH DL R KIS RIS Cu AR 4
H BA RN, BIHT Cu BT ST R PR,

Kl 3d 1 S JTCRIKEBNAS RN, S-S 14d J5 SkE R R, 1855 mg Lt /i, dlExfE
KU, S-S SIRFEFIRZAG, JUHTE 14d 5B EE, WHEKEMFZMEERT S B
AR S B LI, X5 RR -5, BIAR 2RS4 158 TWPs
R R S IR
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a) [ ] LHE#ZF0 K Soil incubation 0 days b) [ ] HEEEFTOX Soil incubation 0 days
[ ] £:48#2 7 14K Soil incubation 14 days ~ [ ] E 14 % Seil incubation 14 days
0022 =
=1 E -
Eo0f i gle _i_
Boasf a S14t b
Eoa6f h E L[ b b -
g g I
2014 3 c
b g 1.0}
Zo0a2f b E
g |
£0.10 c 08
E £
;‘_:10,087‘1 d d d d %0'6'(] d )
5 0.06 2 04 < e
= 0.04 = e
4z 0.02 Hee 0.2
= =
= 0.00 5 0.0
IS N-S L-S S-S P-S  Soilpw = N-S L-S S-S P-S  Soil-pw
a C
3 ) = d)
2 0t _;_ 0 60 |- a
= &
£ 60 "'é . a i _I_
£ £7 oy X
g 30 2
5 S 40
3 g c
= 40 s
E b S350+
E 10 5
- c 5
¢ ¢ 20
g 20f d c @ d d
Bl e b e 5
Z 10 < = 2z 10h <
B B
B e
T 0 50
] N-8 L-S S-S P-s Soil-pw N-S L-S S-8 P-§ Soil-pw
4151 Groups #15 Groups

W AFRNEFEFRRERTE (BRERFEITEMT, P<0.05; EEFERLR, ZHEWED , WALl TWPs LR EH
1A N-S, Y&k TWPs 30 & 4ic A P-S, Wi/KE M TWPs L3I & 41100 L-S, FHKEM TWPs +3585% & 411 4 S-S, TWPs
4K E 4id v TWPs-pw. T [H. Note: Different lowercase letters denote statistically significant differences (One-way ANOVA,
P<0.05; Tukey’ s HSD post-hoc test). Treatment groups are labeled as follows: N-S (soil incubated with fresh non-aged TWPs), P-S (soil
incubated with photo-aged TWPs), L-S (soil incubated with lake water-aged TWPs), S-S (soil incubated with snowmelt water-aged
TWPs), and TWPs-pw (TWPs incubated in pure water). The same below.

B 3TWPs HIEFIFE 0d. 14d J5 HIEBIERH Zn (2) « Fe (b) . Cu (o) + S (d) JLEKED L
Fig. 3 Changes in the concentrations of Zn (a), Fe (b), Cu (c), and S (d) in soil leachates after 0 d and 14 d of incubation with
TWPs

2.3 TWPs X HIREB HHRFRAIS M

2 hEHE Bon, BT SEHUR (OM) & &8 30.8+2.24 g kgt 7ESIAAFEIZMK
FAFE TWPs FF20d 7d DL 14 d (B 25, OM ZK-F1 RO AN FIRERE A R FES 3, X
MG BLFTRE S TWPs i N HUXEREAR AR VIR A ML S W7E L3 b AN REUF Hzmi OM A3
VA RS, TWPs & &1 Siv Fey Zn BAK Pb %5703 A BEZ: tH 2 Rl A2 5T OM (143 fil 44k,
AT Hen, JETEDY) Fe () ATREE TS T 55 WUR M AR GE VRS, somi AR e 1k, &
B OM AU AR, TWPs 5 A 00f 3 B DA S FLIURE A4 1 5em (&1 4, B 5) , AL
B RE A TT BE 22 MU 85 3R K BE T DL R IR B R, e REIEUKYE (R 1D BATRES
TR BN 5 A, [EHERM OM 1.

T S FAC e (CEC) i 9.520.67 cmol kgt, FEMIAAR[EZAL TWPs 2 J5, i
B 7 di CEC 2 ETHEY, WH 14 d 2 )5 BMA TR, B0 TR (82) o B
KU, 5 OM ML RARK SR CEC, OM Hf &1 HEh 5 HE IR Gx L
B 7RSORGB I, i TWPs 5| ANEf# i) CEC JOR I, 7T Bet RN B 1+
S BREERFE N T RSN B8 5, IX e 8 TR EE AL R I 7K 2 73201 1 3 Ak BE
[30]0

BT % 8 2 38 pH 4EHFTE 7.2~7.7, 10 g kg™ TWPs IS - S5 R 52 w4 /N (R
2) . WE 7TdN, % TWPs 4B 1) AK & S e R BN E 8 IR R I, 240 AK
SIS (2 2) , SR 14 d 2 )5 AP ZRE&E ALK (R 2) , TWPs FIIMAfE#E 1
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BB A . Ak, K2 % TWPs ZbBEZH 1 AN & B AR T BEZEIG N T K2 7%,

76 N-TWPs 5 &4, AN BGIE A 42% (£ 2) , TWPs I AT BEAS B ik EU T R

HEAL, IR T LR AIEN, BAENKEITER, SRR, LS E B

A WS R DA R IR AL T, VR TRRCA MU (POC) R PIHH G ML (MOC) .
%2 TERTE A ROIR M R AR S BUE

Table 2. The physical and chemical properties and fertility data of the soil incubation group (n=3)

oM oc CEC AN AP AK
415 Samples pH
l(gkg")  /gkg')  /(cmolkg?) [(mgkg') /(mgkg') /(mgkg?)
N-S-7 23941.2d 13.8#07d 11.0#09a 7.5630.7a 49.2#22c 34.5+1.2a 186.544.3a

N-S-14 26.840.7b  15.5#0.3b 9.840.7c 7.2440.4a 65.3#3.5a 352#1.3a 190.145.3a

P-S-7 255#.7c 14.8#9c 10520.8b 7.41#0.1a 51.1#.7b 34.3+2.3a 188.0%7.8a
P-S-14 248+19c 14.4408c 10.620.8b 7.25#0.2a 50.4#4.3b 34.4+2.7a 192.249.7a
L-S-7 23.0#.2d 13.4#0.6d 11.740.8a 7.48#0.4a 49.035.6c 34.1436a 186.147.6a
L-S-14 22.0#25e 12.7#0.8¢ 11.1#04a 7.23#0.1a 49.8459c 32.724.5b 192.748.1a
S-S-7 21.040.7e  12.1#0.7e  11.2#0.3a 7.74#0.3a 48.7435c 35.3#41a 181.346.4b
S-S-14 23.0#1.3d 134#.0d 11.1#06a 7.474#.5a 495#.3c 35542.1a 189.647.3a
Soil-7 30.8#2.2a 17.9#0.5a 9.540.7¢c 7.3740.4a 46.843.2d 28.7#l.7c 195.636.5a

Soil-14 29.7#.0a 17.240.6a 9.240.6¢ 7.31#0.3a 45.943.8d 27.7#3.5c 196.535.6a
VE: OM: HHLFE; OC: HHLEE; CEC: FHEFac#iim; AN: BHR%ZE; AP: BB AK: HEXE. A4 MulFERE 3
JEZRBUT T 14 3 BIAREAE L IE 0 F K4, T 1F. Note: OM: organic matter; OC: organic carbon; CEC: cation exchange capacity;
AN: alkali hdrolysis nitrogen; AP: available phosphorus; AK: available potassium. Nomenclature follows Figure 3 conventions, where
the suffixes "7" and "14" denote incubation durations (in days) in soil. The same below.

2.4 TWPs 3 HIEFLIR 5 R E RS RIMEEHH R

PR 4 LARE S al S ANE ZALAAE T TWPs 5 H8HR & 2 5 12 3 B IFRNGIMT, F4s
A AH S TR B B R R I B SR, R RS TR, B, (LR R T T, X
SERE e S0 5 IR B = A s By, [ 5 URRH, BT LR R P - A SR 2R 5
S SR IV BUERAE, R AR R ST (PIPo) I EHZRBESR ETF, BESE MFLAIA FLEE K,
HHAL A ENRR, LR FEEERER/NRTER, SRAE LA AR X 35 HFEE, 1M
HArERE SR 2R 2R 2 H3 B3R, b MR iF &, UiBA7E 10 g kgt
TWPs ¥k, T 3fLRR 4G by LAZRAE s F o RFLoN 3, i E B SR U FL3E - (R B 45 B 5 115
13 BB SR, W Sa FEAH L AE Soil S H SR IR ERRRE:, S5 nZEAE b B A A
WK R LR AR 10.83 m2gt, & KHIFLEF 0.030 cm3g?, H/h-F54L4% 11.16 nm,
N-TWPs 5 +38IR & 14d J5, HRIARFSLE BN, X082 F 8 N-TWPs R i,
IR ARG e A AL, (HRRIHER 1 8RR /LB, Bl B SHoeb, 1)
FLRP/NLBR 3BT MRS A B K (1150 nm, & 4b) . M%T N-TWPs 41, P-TWPs 511
BE 14d )5, EERmBAEMIRTTE 939 m2gt, L% (0.028 cm® g1y AN, HFH
LAY KA 11.86 nm, X A e H T2 A Al {2 P-TWPs SR [k fa ATl AL a5 i AR B2, H
FLB /IR R T HL faf T RE S EUR A2 P-TWPs ki ] B 158 5k 5 38 i o ] (1) 57 141 5%, M EL/EH
HERUR R FL, B T T IS MR L-TWPs 5+ 4 14 d J5, LR AN 9.73 m2gL,
f T N-S F P-S 41, (HA/NFEEaL A, #ilE 4d 15, F7E L-TWPs [a) L3 FhoRg s B
AR B A WL S8 0 S IR (AT R, IX e 5 IR SO — i L3 IR B AL A 1
AEFEN, AT REGR A LR (A G AL R AR AR N O . B L-TWPs 5 HIR iR R A N G, TR
THEZHILEN, RELERFAZBUANR, BRI T HI7KEXT L-TWPs 5200 + 1%
CERPESPERIE R . 24 S-TWPs 5H38R-A 14 d 2 )5, R TREE 9.17 m2gl, il 4e
Fras, X PG A] B8 SRR DA K A2 i ih 2 TWPs 2 [ % s fOmioks A7 5, 91l 4nl
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S-TWPs 7 35085 7 W8], R PR RUK O 2 8 LR FLRR, AE1SFLAREAC, [FI KA
5 RURL 7] 52 5 RO ] (1) TR AR H P2 FLAR IS K 2 12.10 nm, ZE{IRIRIAEE T S-TWPs
A AT RENS IR P A

a) EHEFLEL Soil pores

P-TWPs 5 H- 3 {A: i) 5 P 2
Hetero-aggregation of P-TWPs
and soil colloids

F IR e

Soil aggregates/Soil colloids P-TWPs [ [4]%

Self-aggregation of P-TWPs

|- g ik

Soil interstitial water

TWPs5 A 1 55 B 82 A _ o
LIWhes R o STWPs 5L 00 57 T
Hetero-aggregation of L-TWPs .

sl ds Hetero-aggregation between
Ll Rl S-TWPs and soil colloids

S-TWPs [ 1%

L-TWPSH I I ) B elapmpion ity
Mineral particles released by
L-TWPs

S-TWPsHR IR Rk
Micro-particles released
by S-TWPs

L-TWPsF i 1 H14)
Organic matter released by L-TWPs

Kl 4 AFZEA TWPs 5 LI RS EAEH R EE (a Soil, b.N-S, c.P-S, d.L-S, e.S-S)
Fig. 4 Schematic analysis of the interaction between different types of TWPs and the soil system (a. Soil, b. N-S, c. P-S, d. L-S,

e. S-S)
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1 p ——Ri Adsorption g DOm0
£ I Desorpion :
@15 Lo = 0.0035
» £ 0000
E 14 =
32
£
F10
z
2 &
E 6
= 4
ER
a
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A BT O EZR AT TR 5 AR R IR (Seer) LA (PV) | “PH5LAE (APS) %, FE. Note:
The gray-shaded charts in the figure present the calculated specific surface area (Sget), pore volume (PV), and average pore size
(APS) data for the five soil sample groups. The same below.

] 55 20 e RE i R - R R i 28 (. Soil, b.N-S, c.P-S, d.L-S, e.S-S) FIfL#E/ i (a-1~e-1)
Fig. 5 Adsorption-desorption isotherms of five soil sample groups (a. Soil, b. N-S, c. P-S, d. L-S, e. S-S) and their corresponding
pore size distributions (a-1-e-1)

AR 2 LA B DL 4, (SRR RS (K 6) b 7 HHERIE AL
TSRS, &l 6a ANIE] 6b X3 H JEA A, HARTIR AW BRI B 25 0T, 2L AR
T IR BN S, 15 RINB) T IR TCHRANLRT, 45 & B 4 AR 7R & B R,

http://pedologica.issas.ac.cn



+ B R
Acta Pedologica Sinica

K 6c H N-TWPs Ab2EZH 35 e fHii N 7 HDRE ASRUNIRIORL, 2 TR B2 DL K 450 52 4% B2 e
Bhn, XFhZERS N-TWPs B S 80 SR B AR O . 8] 6d 3080 P-TWPs 5 LR G
J&, R R RER ARG B, RERE GBS T TWPs R, fHH 5115
HiEHENEE. B 6e H L-TWPs AbHEZH 1) IO 5 AR B &6k, R 55 351 7K A e B 1)
ANEW R A 5%, XS AT e R A SO IR AL SRR T S . i 6f. 1 4
DA Be H S-S AER n R I, FHKEWERE T, ARIRFAEE N 00VR 45 - R G P S0fE 1 R
RIFAHl, RMRSANFLIRIE 2, FLBR 0% B it T, XUEsL S KE 4 TWPs 58 5 54
HRAL 2 o 262 DA R T BRI S RS A, X RO &G A = A R S R RS o A B A B
REE XMW REFR AN TWPs 5 138 BAEH M ZE R, ABMENHFAXT TWPs
Xof IS I AR AR S T B -

a-l)

7E: 1 um SEM K (a-1~f-1) HLH 5 um SEM K (a~f) B 7HEL . Note: Representative SEM images at different
magnifications (a-1 to f-1) 1 um-scale views extracted from the yellow-boxed regions in corresponding (a to f) 5 pum-scale
images.
Kl 6 RFEZEA TWPs T LEMEMKIEIZESR (av b ¥4 Soil, ¢ N-S, d.P-S, e.L-S, f.5-S)
Fig. 6 Morphological differences in soil microstructure under different types of TWPs (a and b. Soil, c. N-S, d. P-S, e. L-S, and

f.S-5)
AT TR IR ALRR LA S R THI Tl 25 44 JR T 43 #7487 R B AT TWPs 4 J& ot 2 LA &
UAERRCRE AR E R (B 4) o Kreider ZFBIF LU B, TWPs T 7K AR IR 5 B L HE 2% 14

TR, XA R e R PR RCRR A A B, AR AL EUE TWPs
1E IS YR U B A I 22 7« A DA K B /K AAE BN TWPs 2R T 249K DA
JJEFR R, HEORH S 3K o A AR, Intiis iz, 52, WKk ER
RN TG, FRS DRI EAIR D . BRI R T R 2 A 4%
TWPs 5 GO R rh B OB E FH - DA SGEA I JRU: (10 PPl FH /S BRER AL 1 QBRI B 74K
o
2.5 TWPs 3 384544 5 AE 52 MLl 948 o< 1

FENI 7 d AT 14 d 0 E R0 R, E AR I LR AR AR 5 TWPS Ja2fih A 52 300 L0 A 5 2%
FIIEARR R (P<0.01, B 7) , BI4 TWPs 4 fil M3 K, FLESARF AR N A BTy sk,
XIS I TWPs 3l xoF 38 FL R &5 44 1R 1) 5 B0 VE L, B i 4R D 2 T e 3 14 1)
BT R bS, B RARLA TWPs R ERER] . EMREZRF M, X [F x5 358K
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SR RABLE = A gem o FLBRAARFRIE K R RILRRIE 2 ) v A R ARLE T3 iR a8
B, TWPs 7E1Zid #2 HR 2l T35 30k i 70 7 e, X B S 78 -8R IR0 T R T 9 DL &
AR A BAE =R R, At 8P LR RS S5 H R AR 2ELGUH G, LR TR
ISP S8 FLBR R SF 2080, 1K AT e -5 R IEBURL AL DL S /N FLBR I 78 2O AT O, SR A LR T
RIS BETE 2 iR A, AR AT RURA R A 78 N FLBR
WE 7 Fion, OM 5 AN 2HLH SR RT IR 7 PAHEF, 7d W EEdE (B 7a) 3,

TWPs (AR B A2 DL R L R T AR 5 OM S IA7 A ¢ o6 2, He v bL e AR R 47AH S It A 3
WEKT (P<0.05) , 4543 3 /g TWPs kit 5 LE R AR KM ZE R, v LA HEH
SRR R 20 LR IEAE OM PEA AR . 14 d 548 (B 7b) R, TWPs (R4 Bz
5 OM Byt pHoC 22 (P<0.05) , Bl 7 & I (A48, TWPs XJ 3% OM ¥ 47 i A i &),
Xif AR R R . AR 7T OM 55 CEC KIS R S5 H NI, BIRE S OM [f+iE
— M CECEBY, (H7d 5 14d i E HMERE —# RHAHE, JH 14 d RHIA S| 3K

(P<0.05) , IXME7~ TWPs (15 N2i& iz LRI EE K = . CEC 5 AN K fAHGE
M7 d ) r=-0.81 IR A 14 d [ r=-0.92, TWPs K LA 7] B 2= B I T4 3B RRAH 3R LA K 5
MEIR L FE

s B AR LR ) R A R

Physical and chemical
- _ ” properties of TWPs

VPs-D[4.3]
P
A

- o
R
£

TWP:
W
TWP:
TWPs-C/

M.
0C
E
1
N
P.
K-l

% < 2 F 2

WPs-D[4.3] TWPs-D[4.3]

TWPs-Sger TWPs-Sypr

TWPs-SP TWPs-SP

TWPs-CA

OM-14

0C-14
CEC-14
S 0 F £ pH-14
. + ﬁlﬂ-JJ'H'E‘MJy.I HIFIL)J ) AN
Physical and chemical properties
and fertility of the soil AP-14
AK-14
Soil-Sgc;

Soil-PV

b)

a)

W BEMKCPER R ShRE (5, 2, 25 5I40% P<0.05. P<0.01 il P<0.001) , FI4% TWPs, FRAIZE TWPs
MIERALMERR, ROZE Soil FonfL HIBMHEMMER, /g 7. 14 RELIERE 7. 14 RECF BB . Note:
Significance levels are marked by asterisks (*, **, and *** represent P<0.05, P<0.01, and P<0.001, respectively), and the
prefix TWPs, indicates the physicochemical properties of the TWPs, the prefix Soil indicates the physicochemical properties of
the soils, and the suffixes 7, and 14 indicate the physicochemical properties of the soils under their soil incubation for 7 and 14

days.
B 7 TWPs BEALAE BRI 3 JIE 5 $odhs b - 3R EE A RAE 2 (8] ) B A R FA R (a7 d, b. 14 d)
Fig. 7 Pearson correlation heat map of physicochemical properties of TWPs, soil fertility data and soil structural characteristics (a.
7d,b.14d)

34w

AW T G RE LS AR AR B UORE. (TWPS) (R IR o S5 AL 2 H A
X G 4 8 R e R AR 27 AR R, TWPs 7E L3544 R FRFEAELE, f8E45 HLT (OM)
R 2R T RS, e e (CEC) 5 pH R B RA24L, TWPs X+
B RO AR RRIEIE R . A R L DL R, R S B R REE . ANFEAL
BRI LR R, Je S TKEA AR T R RO B BRI, R A B
TR ZAHIR AT RS . BRI, TWPs 78 35 b (g3 B K 5 3L 5% OM 8 D A
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EIEMR, JFHAMKEETE CEC /R E T Bl 2, MR R R IA T AR E T
Yoo ERRIUNFIE TWPs 235581 5 2 10 S PEAEHESE SR I 1 OC sk A BIR SCHE
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