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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
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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 ]JThe results 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.
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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

http://pedologica.issas.ac.cn



526 +

Eibd 63 ¥

2,
¥

P, K ZALERY L-TWPs 048 MUk B o5
FAHLI B, 33X 50 K FF s i 9 % W AR
EAEREEST EDS b i (I 1e-2), maaa 1+
Sy BIRE N, AT RE S PR R K R A R OC R DL R
il PEREFE OB R A TP HORE Y, MRS s
DL R LR b Rk DR I AR A T RE X I B 4 4
HEVE USSR A B, — i ] g
JENR S5 F AR R N 5 B KR, R AT
HiE S 5 Ak RN, S — T A WAl RS
WK AN RS AR A Y E R, Bl
Rl & BEFEAREY . FEE 1d h, KB S-TWPs
F G B A4 DOR S R AT AR R T 9 40 b Ak 5
HoHEEH . T L-TWPs, B &S sifr 2
Z B EOKFIRER RIS, BRI I,
JRRA W s He—, ZnO 7855 KARIR DL R e fh ot
KT R EREE, RES MM FE; K,

100

a)

90

80

70

60 -

%11 Transmittance/%

50

40t

30 .
4000 3500

3000 2500 2000 1500
B Wavenumber/cm™

500

100
©)
90 -
80+
70+
60 F

50

%1% Transmittance/%

40t

30 1 1 1 1 1 1 ]
4000 3500 3000 2500 2000 1500 1000 500

B Wavenumber/cm™

& 2

731 Transmittance/%

%13 % Transmittance/%

LR PRERS . T HE Y & 4R Wk 5 TWPs
FHEAER, (45 5 4 JE e R e i IR & 46 .

Je&AL . WK B LI R K EAL SRS R ek
27 TWPs RIEMEEH 50K /01 . tefbefiih s
HNER T RARIE 53 5l W 54 3 oy o ff L IOk Ak
ACER Sy Tk 5 b 7 Uk 25 1 DO LB 25 35 40 T 4 J A
W, TR B R BRE R A S B T g
fEAEIT IS EEmE, B 1 EWEH TR
FXF TWPs REFHER “HEIB” %0,

P 2 {8 Bh B AR T A (FTIR ) JBIT
IHT, REER T AFEALMET TWPs BREHAW
AL . K 2a R, N-TWPs A4 G5B RE A1 6
. AP 4EES) (3 239.88 cmt ), C-H #H 4R
(29143 cem™ ), C=0 #MAHRs) (1 643.98cm™)
DL E B REA RSN (1 534.80 emt); & 2b EH
2d UL, RIR] Ak Ak 31 S U5 1 45 PR s e (o7 s B

100
90 r
80

70

60

50F

2914.86 —
284587~

40

30 !
4000 3500

3000 2500 2000 1500
B Wavenumber/cm™

1000 500

100

)

90

80

70

60
50

40

I
0
<
I
o
IS
—

1 000

30
4000 3500 3000 2500 2000 1500

% Wavenumber/cm™

FZALET G TWPs [ B i 2527 %1% (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)

http://pedologica.issas.ac.cn



24 7

ELA5: RRRIEIRUURINT L AL T B AL PR A 52 - PR rp it R S AR R ] 527

WA (St 3 27957 em, WK EAL .
3251.15em™, FHKEM: 3 293.98 cm™!), XML
WO R AT PR R R N AU AR 1 DL S
FEAT PR s , A7 PT RE S TWPs B9 3k 24 PR i,
Eb N B i R 5 5 MR e k. C-H B 4R R sl 7
e b B A e 0, 35 e B 45 A8 A SO0
AR G, B AL RO B S A, T RE X
TWPs [ HLAR I RE RO A r= 52 m, C=0 Hfh4s
P B 1Y) 22 S48 R R 5 iR B AR fE, X
FhARfE 2552 TWPs B G A2 R0 M R A 2 S b i
PE, YRR T H ISR e K KR e . N-O HiE
MR i e ARl Zfedlh AR kR, Hif
S-TWPs [ N-O U5 B2 W] Wb a5 , A58 e A £F
TEAE—E R [ RAE TWPs It bbEfe, maES
KA R, BRE R AR AR R SN Tl B
T REA B F =i, S S0
AT Ak, HENX S5REAR TWPs Y4 AfLRE ),
TR 5 kA AR A, FE T3 R P R
259, S2m AR AR S R G R BN

AR ZALHLHIXT TWPs ‘B BE A (1) 0657 2 3% i 5
Ml 2 AN AR R 64k 2 BT A 5 A1 R S Bl fh 2= g
Wrd 5, WK R E . R KoKtk
SR SERIVE R, 5K S AR PRI BR 25 R AR P 2
B2 RO, XS AR AR R R AL R, X
Lo AL S RIS T TWPs A3 18 S 1 SEBR K M
ok i ok 2R R M R R AR, A SR S R B A
1938 HAE R KON - S Al JoT A v AR 2k . A G
FEULHH , S AE W T e S5 OB R 2 AL R A AR

2% AR R A e A KR i P, 1
FHT LIl e 5 A4 VA .

F 1 WoR, N-TWPs (RBUE H48 /N (50.75+
3.6 um), L-TWPs iz K (326.43£2.5 um, P<0.05 ).
N EZEFRY], WAL T B0 R A B SR
Uk, 5E1 A SEM W ZE R — 3, AT A IKIAER
LA SEER AR, AL, ek
AT R, Bk P-TWPs #b, EALFE S H R
YA, Horb S-TWPs %5 ( 0.416+0. 001 m*-g '),
AIRE SRS R G kR E iz . LR B AR
o Sl R 208 oA 56 . 2R AL A I K R
N-TWPs 25 A (-28.7+1.4 mV), &k
JG By P-TWPs i & % -22.07+2.2 mV ( P<0.05), X
Al RE S A5 K WA LA fife S 2% 1 £ H g ok 2D
FSEPH 1 M f DU 2 W, N-TWPs 42 il £ 45 /)N
(95.2° + 4.8°), ZALFEMLAEAL MG K, P-TWPs
e (118.07 °% 5.4° ), B /K P14 533 1 00 15 4y ¢ 1
Wt e A R sl sk A L AL R G, B 2 1
BRI S B 25 S R AR AL T A

M I EALNT TWPs BB e =2 T
MR BR P-TWPs #b, ki R LR Mg /K
PEXJEI RS, XA AT GRS = TWPs
5 - iR Z [ A EAE T, 6 B 3 ry 3t BRI IE
T e, SREAREE RIS, OB BK
PRV YA SR A I BERE 0, I AT 2ot g i 48
gERY YR EAL TWPs Rl BE2 & Bl i Y
/MR A I T TATIE -3 NN s W e s 4 e X )
PLSEZS R G AR R 52

F=1 ZLEiE TWPs BB 4R

Table 1 Physicochemical properties of TWPs before and after aging (n=3)

He B Specific
FE b AR H 4R Volume mean
surface area

IR e fil

Samples diameter (D[4, 3]) /um Surface potential ( SP) /mV Contact angle (CA ) / (°)
(Sper) / (m*g™)

N-TWPs 50.8+3.6d 0.222+0.003¢ -28.7+1.4a 95.2+4.8¢

P-TWPs 105.7+2.1¢ 0.158+0.002d -22.14£2.2b 118.1+£5.4a

L-TWPs 326.4+2.5a 0.312+0.004b -20.7+1.7¢ 113.2+3.7b

S-TWPs 220.2+1.7b 0.416+0.001a -23.7+1.6b 114.1+6.5b

1+ [ B AS 6] B 3 7R AN [R)RE 7] 22 53 8 3% ( P<0.05 ). Note: Different lowercase letters within the same column indicate statistically

significant differences ( P<0.05) among samples.
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22 TWPs HEEERRAE T ERFERIT AR

M

MK 3a ATLAE 1, 7E08 14 d i B3 E i
B, MEE 0 KENH 14 K, N-S4l. L-S4l. S-S4l
DI P-S iy Zn WP LA RIE KR RE , 7255 14 KIY
W, Y958 Soil-pw X BRAIZL &, P-S 41F1 S-S 41
Zn B DL R SE INE EE TR, P-TWPs Fll S-TWPs
] - B R RE L Zn SEINZE S . ML, N-S 41
FIL-S 411 Zn BEBUKFEAR, X RISk 5Bk
THRIEACXT TWPs 1 Zn BB S HEAE T , 4108 g

a) [ | +HE 0K Soil incubation 0 days

[ ] +45 14K Soil incubation 14 days
~022F

a

0.20 -
0.18-— _I_ a

0.16 1

0.14
0.12
0.10f
0.08
0.06
0.04 ]
0.02]
0.00L

T T
+ <
o
Le}

T
(=9
(=%

ZnJCZE I Zn elemental concentration/(mg-L

N-S L-S S-S P-S Soil-pw

c)

701 a
60-—
50_—
i
30-

20

CusCZHe# Cu elemental concentration/(mg-L™")

N-S L-S S-S P-S
215 Groups

Soil-pw

G5ULNT, S-S Alny Zn BRI, $EFORMKIK
J& P-S 41, N-S 411 L-S 41, i TWPs W& 417E
914 R Zn WREERAS R, TS AR, X UEY]
T TWPs HHEMFE 2 Zn BRI M AM A i &
) TWPs-pw ZH7E 14 d N Zn B misE T
0.285mg'L™', TWPs H¥ Zn WRINFIEG L,
J et A ST RS I RT REAEAE AR R B A R R
B3b i, HEWWE 14 dZ2)5E, £ %R
) Fe WL T FHm i Eol, Hd N-S 40
P-S ZfHE0E LA A B, N-S 410 Fe BiLE M

b) [ ] 30K Soil incubation 0 days
[ ] 5% 148 Soil incubation 14 days

—
N

L b
o = [

_
~

—

N
(=2
o

o o
N o)
T T T T
o

e LR I JE Fe elemental concentration/(mg-L™")
2 =
T T
a

Feot %

(=) (=)

o (3]
+0

N-S L-S S-S P-S Soil-pw

o &
(=)

T T 1
[

+m
»-{-.
+

[\*]
(=}
T

d d
e ¢ ’—F e
N-S L-S S-S P-S Soil-pw

215 Groups

STCZE M S elemental concentration/(mg-L™")

—_
(=} (=}
T T

I AR/NGF R 2R R (RRRIT 20T, P<0.05; FEEFERLK, ZWILE), Wl TWPs LIEMRFEHICH
N-S, JuZfk TWPs L3R F 4T P-S, BI/KZAL TWPs 13 FH 4N L-S, FHkEM TWPs LIEBFF ALK S-S, TWPs Ak
B4t TWPs-pw. I [A]. 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.

K3 TWPs HIEFIFF 0d, 14d/5HIEBIERT Zn (a), Fe (b), Cu (c), S (d) TTRKEZL
Fig. 3 Changes in the concentrations of Zn (a), Fe (b), Cu (c), andS (d) in soil leachates after 0 d and 14 d of incubation with TWPs
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0.46 mg-L " HINE| T 1.495 mg'L™', HlERK A, L-S
41 Fe RO BARKHALZALAZAL, A& T
Soil-pw Xf BR4L, 24 3a MK 3b ATLLAH, L-S
Y11 Zn Il Fe BB BALALERIG, (AE& T
XL, X ATRe S K EMmREEA G R, Bk
(B TR W I T TWPs, X34 Jm i B
FCERE T IHIVER . e TS TWPs (R 45 H
WRREIN, IhE SRR, mMEKEMERS
B %) 85 b/ P D4 Bl T 2% 1 A R A R

TR 3¢ RRTIE 1, L-S 41/ Cu W EAE L&
i RIS, ELd WdWMBEEZE, H
W R A TR R 65 mg L', BT Tt T
HABZH 5, N-S 41H1 S-S 41AY Cu B S8l -7
Fokas, HHIE IR T L-S 4l 5 2S£, P-S
4 Cu BECRAEFRFEREIRE, &k TWPs #£
Cu BT B A iE PR AR . L-S 41AY Cu B i
e, HEM AT RESE P TWPs 761K 2 AL ry gk fe th
W it 7 17k H Cu (0.01~0.015 mgL™"), JfHALEL
B R By BERR L Ok, WK TR HLET I A A R
YERBOKIEWANY S Cu BAEMSS . BEK
N, 7T Cu BYTEME SRR,

B 3di S mRIRESNER/R, S-SA 14d)5 S
W R, 35 55 mg L' Aaf. dmxf RN, S-S
41 S WRIEIRLAE, o HAE 14 d RIEH B, i
R EFIT S Bl Frfdli S B2
BRI, X5 LA —8, RS
Bl o1 TWPs rhs il S IRk .
2.3 TWPs 3§ 328 A 3EFRAI %20

F2hEE R, R SEAILE (OM) &
WO 30.8+2.24 gkg!, TESIAMNNEZMH
TWPs J: 25t 7d UK 14 d I E 25, OM /K FEHy
SRR T BRI E DL T AE 5 TWPs
B MERE AR A IR AL A Y TE R ORI 3R
BUOFHEEm OM fasEtha 2%, TWPs & &1 Si.
Fe. Zn DL Pb % IuE Al B4 th Z R4 OM 11
IR L. tean, JEPESTY Fe (11) w4k
A SIS R N A BUE R, S MR M, B
A7y OM R, TWPs 8 AR+ 345k
DISALBRE = TR (& 4, B S), FLEREEREAR
A RE 2 H 59 1 SRR BE T LA KR A Rk, Ht4r
MBI (£ 1) WAfES T 9K a1
S50, [0 OM F .

-39 S BHES FAHe ( CEC )N 9.540.67 cmol kg
TEMAAIRIAL TWPs ZJ5, BEE 7 d i CEC £ FJt
e, R 14 d ZJEBREA R, (B TR
(F2)WI5EEM, B & OM iy +I3E—eA Bim iy CEC,
OM iy 67 B8 71 Bl 5 BH B I 2 B ot 4 1
SR SR E AP, T TWPs 5| ABUd ) CEC %
B, nTRESE PO AR T Y A I T K
AN PHES | 3 PH B M SERR AR BT 3 T4 T T+
Beftkag 10,

FAAT B A 4% pH HER5fE 72~7.7, 10 gkg'
TWPs BIAIAXS T 3ERR B EE s A/ (£ 2), E
7d i, £ TWPs AbHEZL ) AK 7 B AR R R e o
HHIRRRE, B0 AR Bs2mai (22), &
M 14 d ZJ5 AP &t THIRAKY (£2), TWPs
B0 AR HE T W R e i . A, KRZE2 %K
TWPs AbFRAIAY AN F B A EF X IR 7Kk 2
7%, FE N-TWPs BFE 41, AN IR S5 42% (% 2),
TWPs BYIA R REAS B e R o1 s & 4k,
W ISR, AR ROCHITER, HRIEI R
REE, AR Bl 52 e (AR W 3 1 DA S g
ek, fER TRk A PR (POC) R PAH A
Bk (MOC ).

2.4 TWPs 3t HIEFLE S RERSRBERR N

PR 4 IR S nf XA EEAAE TS TWPs 5
THOR A Z R T RRIFIRAGINT, B4 G A e
SO MR BB SO B b 2 R, BEERGE . B
AR B AR, XSRS RS 1
B AR EAE R PR AR Y B S Ui, i el
) I o - 0 A TR 2R 2 S B AR Y TV RURRAE, 7E
F AT (P/Py) FFEZRBESR 1T, KRS AT AL
R fLEEM, I BRI SR, LR FEE T
RN L, R AT 3L Z5 A ARG 3450 HRLE
T EL AT A RE o B T B 45 TR 2R 3 5 H3 AU IR, Gk
DI BRI &, BEWIAE 10 g-kg ' TWPs
B, HIELLBRAE R DL R s AR AL L AR R
TS NFLE . [FEHREE S THEAA N EE B,
WA Sa FLfth + A Soil I 30 H SR 1) - e B
SN TA EAAABU R R R HR 10.83 m™ g
RRHIFLZS 0.030 e’ g !, i/ NRPEIAFLAR 11.16 nm,
N-TWPs 5+ 4 14 d 5, R mMAALE LI
TRE, XA[HEEP S N-TWPs Kiigi/y, BIRHA
Byl REA A AL EE A, (AR EIE TS T R R Y /N
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Table 2 The physical and chemical properties and fertility data of the soil incubation group (n=3)
oM/ ocC/ CEC/ AN/ AP/ AK/
25 Samples pH

(gkeg!) (gkeg!) (cmolkg ") (mgkg ") (mgkg™) (mgkg")
N-S-7 23.9+1.2d 13.8+0.7d 11.0+0.9a 7.56+0.7a 49.242.2¢ 34.5£1.2a 186.5+4.3a
N-S-14 26.8+0.7b 15.5+0.3b 9.8+0.7¢ 7.244+0.4a 65.3£3.5a 35.2+1.3a 190.1+5.3a
P-S-7 25.5+1.7¢ 14.84+0.9¢ 10.5+0.8b 7.4140.1a 51.1£1.7b 34.34£2.3a 188.0+7.8a
P-S-14 24.8+1.9¢c 14.440.8¢c 10.6+0.8b 7.254+0.2a 50.4+4.3b 34.442.7a 192.249.7a
L-S-7 23.0+1.2d 13.4+0.6d 11.7+0.8a 7.48+0.4a 49.0+5.6¢ 34.1£3.6a 186.1+7.6a
L-S-14 22.0+2.5¢ 12.74+0.8¢ 11.1£0.4a 7.2340.1a 49.8+5.9¢ 32.7£4.5b 192.748.1a
S-S-7 21.0+0.7¢ 12.1+0.7¢ 11.2+0.3a 7.74+0.3a 48.743.5¢ 35.3+4.1a 181.3+6.4b
S-S-14 23.0+1.3d 13.4+1.0d 11.1£0.6a 7.47+0.5a 49.5+4.3¢ 35.5+2.1a 189.6+7.3a
Soil-7 30.8+2.2a 17.940.5a 9.5+0.7¢ 7.37+0.4a 46.8+3.2d 28.7+1.7¢ 195.6+6.5a
Soil-14 29.7+1.0a 17.2+0.6a 9.240.6¢ 7.31+0.3a 45.943.8d 27.743.5¢ 196.5+5.6a

IE: OM: AHLG; OC: AHLk; CEC: MHETAHb; AN: BfFA; AP ARUBE; AK: M. 4l5a2 MNEE 3 FEHR
BT 7. 14 5 5CERELEPIFE RS TH. 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.

a) - 4SLB Soil pores

R EiE LVt

Soil aggregates/Soil colloids

I mEK
Soil interstitial
water

and soil colloids

L-TWPs

N-TWPs5j L35 148 ) 5t 41 2%
Hetero-aggregation of N-TWPs
and soil colloids

L-TWPs b5 554 10 5 1 e)
Hetero-aggregation of L-TWPs

L-TWPsBE B 420 Ji ok

Mineral particles released by

L-TWPsE R A HLA
Organic matter released by L-TWPs

P-TWPs.j 3 (1) 5t 1
Hetero-aggregation of P-TWPs
and soil colloids

P-TWPs [ [F1 5
Self-aggregation of P-
TWPs

S-TWPs 5 3 4 ) 5 ]
Hetero-aggregation between
S-TWPs and soil colloids

S-TWPs [ 1%
Self-aggregation of S-TWPs

S-TWPsH I ik
Micro-particles released
by S-TWPs

K4 AR TWPs 5 HERGEMEAEH/RER (a. Soil, b.N-S, ¢.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, ¢.P-S, d.L-S, e.S-S)

FLBR, Bl BRSHE, LR RN B Y 3
FEMRA A (11.50 nm, & 4b). T N-TWPs
4, P-TWPs 5 +HERG 14 dJ5, LR AT
THE 939 m>g !, fL& (0.028 cm®g ™) WA BTN,
HP5L4 KK 11.86 nm, XA A2 th T4k n]
Rk P-TWPs 2 Ifi Bl i FIAFLAS # i 2B Y, L

BE/INEY 2 18T LA T BB S8k A2 P-TWPs kL[] H
Rul 5 g 0 S AR, A EAE FHERUE B
fL, HEPT HIELSEMRIE, L-TWPs 5HREG
14 dJm, HEEMAHK9.73 m>g', T N-S il P-S
A, (BN TR A, S 4d T 5, FA7E L-TWPs
fi1] - 35 RS ICH: 15 K W N A ALY S ) R A
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E a) Soil o — a-1) Soil = bNS 2 = 0,005 b-1) N-S
5 20F— mgR Adsorption S E & 18} — W Adsorption s gl
Z o 181 : 2 £ 0.004 2o oy ion | £ F
'li 2 {‘6‘ %1 Desorption / E T 0,003 Sper/(m*g™) 10.83 € }461 it Desorption / B, 0.004 Sp(mi-g™) 936
g2 13 S ol |PVAemig) 0030 S 13 =2 00030 pyjemg ) 0.027
g2 19 oS APS/nm 11161 S 8 = <0002r | /APS/am  11.50
S5 6 = £ 0.001 gg ¢ a £ 0.001
iy~ 4 pcseme? S 2 x5 4 S 3
= = S 0.000 =g 2 = 2 0.000
= 000204060810 0 10 20 30 ® 7000204060810 0 5 101520253035
AR ST flLiz AAXT ST fLiz
Relative pressure P/P, Pore diameter/nm Relative pressure P/P, Pore diameter/nm
£ 50 OPS o — 0.0045. D PS £ 5 OIS . d-1)L-S
= — B Adsorption 5T [ — W Fff Adsorption =)
e }g fiftll Desorption | & F 888§g S 22 %2 i Desorption A = 0.004 2oy 973
£ 14 , BT 00030 [ Sunllmigh) 939 =% 1 & 0,003} | Semmg) =
gt 13 =g 000250 | py/em'g?) 0028 S 12 e 0002l | PVAem’ g 0.028
g & 500020 s 50 APS/ 36
3 8 o= APS/nm 11.86 1 8 53 PS/nm 11.
By 8 =3 0.0015 s ¢ =30
B b e < = 0.0005 X5 3 g T2
2 5L = S 0.0000 2 5t >c0
© 000204060810 ™ 0 5101520253035 © 000204060810 ™ 0 10 20 30 40 50 60
AR 7 fLit AR T fLiz
Relative pressure P/P, Pore diameter/nm Relative pressure P/P, Pore diameter/nm
~ e) S-S e-1) S-S
2 20 . . 0 o~
= —~ B Adsorption . = E 0.0040
18 pti 5 g
g_f:n %g fif# 1 Desorption / %T‘F 888%(5) Syer/(mg™) 917
< - on -
2 S | vt oo
=] < g = 5 0.0015f | APS/nm 12.10
-3 6 =3 0.00
i =2y
=g s I 0
g 0 0.0 0204060810 =~ 0.0003 0 1020 30 40 50 60 70
AR Tz
Relative pressure P/P, Pore diameter/nm

0 R & B R RIS 0 5 20 R T 0 LU R T AR ( Sper ). FLA(PV )X LAR( APS )44 . F [ . Note : The gray-shaded
charts in the figure present the calculated specific surface area ( Sger ), pore volume ( PV ), and average pore size ( APS ) data for the five soil

sample groups. The same below.

BS54+ HERE SR BH - A5 2R (a. Soil, b.N-S, c.P-S, d.L-S, e.S-S) AL (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)

YRR e REME, X EEW RO —E JLEXT g RREE (B 6) HUNT T R MR A DL S A A
PRALSA R P2 s, T REAR o RS g 2B AF, [ 6a IR 6b YUR A Jhn - AE, HFmA L M
NAE . B L-TWPs 5 MR AR NG, B BBk, S AR R iP5 Rom
T E AL, REILA LA K, 450, XS5RILsh HEOB s M. 456K 4
BRI T WK & X L-TWPs 52 L5 M ReE M EAERREERI AL, B 6c o N-TWPs b B2 1 1
MVER . X S-TWPs 5 HIEIRA 14d Z)5, R R A TRBE ARG, 2 mORDRE B2 DL K 454
BURREZR 9.17 m*g ', WK de Fis, XAhIE LA fE RAREA PR, X255 N-TWPs H S 4¥3{k
SRR LS Kz il Z) TWPs RIETE AU FRerE B EAHOCHE . K 6d Ui P-TWPs 5 HIEIR G
WOk G, Fln S-TWPs 7E R4 F I, HEm 5, RmEH AR R R RS, XEREL
BR300 R 3EALBR, (AL REAL, W BT TWPs RmMER, (5 H5ss5H0
B PR B R ] % 35 - S0k [R] 14 1 SR AEH 5 K 6e HH L-TWPs kb F 4 ) 4 SO0 &5 #4748
SERFLAEI R E 12,10 nm, EAREIREE T S-TWPs  fLBA &, M55 17K ik i A4 S8 05 9 BB A 54
A AT REXRT RSSO X e ) 5T i 6T A e AR A 4 Ak A% 1 B i 3R DY

WHEER 2 TR EEE L A 4, BRI B HTE of B 4 LUK A Se S-S Al W R B,
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TR BT, RIRIREE T R 45 - R G A B fl
T RAN L, FmMSCRFLIAR 2 fLBR 1 %
JEARFTETE, XIS K TWPs (58 A S92
Pl P T O DA - SR B g BDIRZS AR Ak, KO0

SER R SRR o A DT VR B WL A 2R B
W R AR TR 46 TWPs 5 + 58 B4R Al 22
5, ONBRR B AAERT TWPs X 438 Sk 72 ) 5
M B R Bt T B o

#: 1 pum SEM F (a-1~f-1) BtH 5 um SEM & (a~f) #E @7 HELL . Note: Representative SEM images at different magnifications

(a-1to f-1) 1 um-scale views extracted from the yellow-boxed regions in corresponding (a to f) 5 um-scale images.

Kl 6 AR TWPs T HIERMESMIIEHZESR (a. bIN Soil, ¢.N-S, d.P-S, e.L-S, f.S-S)
Fig. 6 Morphological differences in soil microstructure under different types of TWPs (a and b. Soil, ¢.N-S, d.P-S, e.L-S, andf. S-S)

AT 5% T XoF 4 39 AL A R R v 6 A
Br, 487 RS L% TWPs 428 e % DL R U2k i
BB VER (& 4). Kreider 2P 58 i,
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RIS BT KEME BN TWPs
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FLBR AR TR A0 I H A ok, X R IR 42 S 3 TWPs
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YRR 2R R ) B A B AR AR, T 0 A2 fLF TWPs
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RRALBRIE Z ) WA R T AARTE 3B b i i sh
TWPs 7EiZad e i 2h T WA 5 300 1% 78 50 82
folr, XA B e A UURU TN AR5 YA B 58
VERP=A58m . sesh, 3L T 5 ek im
U I AAROG,  bE 2 RS I B SF- 2 L Bt R 2508
AN, AT RS S BUR A Ak DL K INFL BRI SR RN A
K, BRI LR A T SR AL T i 0, AR A
LA S I T N FLBR

wWE 7 iR, OM 5 AN 23 H Y SC IR i 1
W PIARY, 7 d WEEE (K 7a) BB, TWPs
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o SR TR SR DG MR B 0 /K (P<0.05) , 45
G333 PR TWPs kife 5 R mAIE KAYZE R,

ATLUE L BT RE 2o 1R OM P2 AR5
M, 14 d Zdli (K 7b) B/R, TWPs (KBRS H2 S
OM HITAHZEE R (P<0.05) , BEEMFEREIAK,
TWPs X 11 OM Y6 /R R I, % 5800 7744 Byt

TWPs-D[4.3]
TWPs-Sger
TWPs-SP
TWPs-CA
Soil-APS

SRR ISR 1 1A 1
Physical and chemical
& properties of TWPs

- 2>
'ET RO D
O ) NVE=—
| E8B8EZ£2%33
TWPs-D[4.3]
08 TWPs-Sy,
TWPs-CA
04 OM-7
02 0C-7
0 CEC-7
pH-7
02 AN-7 »
-0.4 AP-7
AK-7
-0.6 S0il-Syr
~0.8 Soil-PV
Soil-APS

-1

o ASBF5EH OM 5 CEC MR 5 H BN, &
SRE F OM 3 —fef s CECP, H7d5 14 d
R YRS " EMARG, JFH 14 d BRHAE K
S (P<0.05) , iXHER TWPs BI85 A iz w g
B EZEHE., CECH AN HAHEIEN 7 d B9 =0.81
JEZ 14 d 49 =-0.92, TWPs KIHFEAET] g2 [amt T
e+ R L) S R IEI LR

)
i
a4
5 h
ol
==
==

Soil-PV
Soil-APS

<
54
g
=
=

[a
¢ 3=
a9 [l

>
ZE3

g OC-14
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TWPs-D[4,3]
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| TWPs-CA
OM-14
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I I BTRIIE
Physical and chemical properties
and fertility of the soil

e WEMKOEE S R SAREE (x, *x 2 510EE P<0.05. P<0.01 F1 P<0.001), Hi%t TWPs, FE/RMJE TWPs AYH bR,
AR Soil F/RMZE IR BILMER, B 7. 14 X HLHWE 7, 14 RE T LB, 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.

Bl 7 TWPs BRACTEBRN - 3EAE ) 8 J b S E MR Ak 2 18] 1) Bz R b AR G E AT (2.7 d, b. 14 d)

Fig. 7 Pearson correlation heat map of physicochemical properties of TWPs, soil fertility data and soil structural characteristics (a. 7 d, b.14 d )
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