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Abstract: This study systematically investigated the adsorption mechanisms of heavy metal TI by layered double hydroxide (LDH).
For the first time, CaAl-LDH was applied to immobilize Tl in three typical Tl-contaminated soils-red soil, yellow soil, and black soil.
The immobilization effectiveness was assessed based on the ecological and health risks associated with soil Tl, using the Tessier
sequential extraction method and an in vitro test method. Results showed that the active sites on CaAl-LDH surface were uniformly
distributed, with T1" adsorption primarily following monolayer adsorption behavior, consistent with the Langmuir model. The key
adsorption mechanisms included: (1) synergistic adsorption induced by anion exchange in LDH interlayers; (2) surface adsorption of
TI" on LDH lamella surfaces and edges; and (3) complexation with TI" following the release of functional groups from the LDH
surface. At the relative optimal application rate (5% of soil mass), CaAl-LDH significantly reduced the mobility factor of soil Tl and
the relevant ecological risk and crop uptake risk, with an average decrease of 24.1%. Also, it significantly lowered the
bioaccessibility of soil Tl and the relevant human health risk, with an average decrease of 30.5% in the gastric phase and 21.3% in
the small intestinal phase. These findings provide a scientific foundation and practical reference for developing immobilizing
remediation agents for Tl-contaminated soils, thereby contributing to improved soil environmental quality and human health
protection.
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P 1] A 58 ) 4 S v Y I Rk I kS
ZA7 I (e A AR T AR (Cd). Tl (As) 25 4 R
V5% TR RN (PR oo 4 e ] 1 48y
e RS kR HE(RAT)) (GB 36600-2018) 1 (1
PR o A FH B 338 G RS AR E (AT )

(GB 15618-2018)P! & (T1)Ab T 76 Bl << ¢ £, iy 45

T TR AR S T A I (LRI RE 2
AL 7 D L) Alchar™, HhE R B PE RGN
B DA A ) OB R AR e 18 T (.
N H SRR T 3 5 Tk AE =R FKYe ) 45)
G @B P FE R SR Meiis sl A O, 3L S BUR S o
TR T (1 A £ R O M G LT e, e
VERGLL/ IR IX | AR g 213 b X DL AT 95 56 w3 by
X, L8 TI §REH 1.5~124mg/ke . 1.26~
5.36mg/kg” BA K% 0.33~2.144mg/kg! . 5 I [ B, T1
LR ORI R v R M (B0 SO AN B AR ), 58 R AT
FE AN NI 51, 3 b T A7 AER A
AIEE R ™ 5 AR, JE B A B R T B e M S 1
YEW T B, Y 2 B B i w A, s S A B
FlFE Xt AT 38 T ¥5 ek i S 80U FBlK 7k
TI AR 20%RIE" S — 5, 1 TS
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B “RH7 5K TN AR P A 75,
398 T1 AT W 1 BN TR B ik Ak
B HR AR ANHLAAR, 2 01 BT LG R IR 136
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TFRE T1 ¥ 3 HEBOR A H il TAE T1 35 4 BIPP ks
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A K (Ca(OH),) FENEEEDRIRYRE) 2« AR
A SR 1 7538 — 2 10 U L 398 pH
Fhim 3 T1 T BB S PR 55 iR S F )
DUVE, T 7E A0 [ P I8 BB 18 2 AR H A =
(), B B[] (1) 4% IX R UTVE W) W] Re s B8 0 J7 ik,

B AR PR ) 99, U A TR w7 A 3 ) e PR
9 DA, T A TR0 B 55 0 Ay 3 0 A 5 A
Lt FH DALR R T1 B8R, AT e 5 2t 398 0 T
(P HT A0. R I W R Rty . 455 s &
LA AR T3 T 35 3T E B 1R 7 K
K Eh 7]

AR, M. M MHE R E T K&
3 125 7 P 28 1) 2R R4 T A A A ) (LDHEs ) R 3L
PR 25 K = A 1) 0] T 4 J A0 e 10 R B 12 T A B
B8 52 A0 4% 52 3122 CaAI-LDH 15 4 LDHs ]
— A, ORI RS & 7 R A Jm vy Y 4
I I A g AL R A R Ve Re I B R 1)
FeoE ke, b b S ) 2 o B AL 45 (1) LDH £ 1fn
BRI WAL, 5 Cd™ R BE A W,(2) A5 F B 1
55 LDH F)J2 81 B85 7 HEAT A2 30 S W B T 2 ¢d™
FRPRHZ )5(3) R 2 1 AI(OH)Y . OH 12 4] B
BRI CATRIRITIED ™ Y U CaAl-
LDH X [E A R E S ER TI VR HIELA R
U0 ) AN 1 IR R GERIT T HXF T1
B/t A 1 e S LT

7E b g B A0 AR I AR VAL U T, &8 1Y
Tessier %242 M0 P 0) 38 i 14k 2 20 7 = BL gk
RH G B AR H I IR TSR R U SR AF A
T LG BT LR AR A A R R R AE A
BAALG 1 438 TT 1 21 285 AU« /R MR AT &6 7 1 1) s Rk
AT RF 2T 5 PR RO AR 9 T 4 ) R i A REI
A R XU DA 7 1T, DA 4 Ja (1) AR mT 25 1 N V7 A
R4 1 7 A AR R A5 21 )32 (A AT AR 728, -
T IR T PR T I R RS 7E
B G AR T, P T1 B R G i 1k
WP TS I E T A S IR Ha T kR
I EL 5B AR T 13 T1 mT REB A AR BT i 11
I K SERE in vitro AR5 T 10 IS B AR T S
TEW AL RE, AT 3 T1 (2B v g VA R 3 AE
HVEAEEAAE S RE A A AU T T AR R
JRURG PR 27 44 1 125300,

g5 b AT A PR ST CaAl-LDH X} T1 (1)
W B 1 e A HLBE, DLt S B SR, B I CaAl-
LDH N H T8 82 oW = Fh it T1 5 42 1) 135
(203, w3, B4, 59012 H Tessier JESEHEHE
1 in vitro W56 3BT T3E T1 FIRAFIE S UL A A=W n]
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1 MRETE

1.1 CaAl-LDH X} TI [ B 5
1.1.1 CaAl-LDH Xf TI [FWektHeE CaAl-LDH
(125 X :CasAlL(OH),SO4-4H0) FHVL 75 [ B AL T A7
B2 7] A2 2 S BR AL, by o g KR A 4
586.49, - (20g/L N HEIFEM pH i 10.5~12.5),
Hp & RERENSEYAS NY1110-2010 FRAE
i H TINO; il — RINVIGHIKE KR S0mg/L.
B 20mL [ TV 10 H H 43 093 n v 4
0.25,0.3,0.4,0.45,1,1.5,2.5,3,5,7¢ ] CaAl-LDH, T
20°C FE R K PR T 24h(T0 52 561 52 AR WKL B
A 1A Y. 170 ) 0 o OB <3k 0.22um 7K AH 8 5, 4 P
SN 2 B TR TURE (L (ICP-MS, Agilent 7800, [E])
D5 TUVR B Af F 48 #L1¥) Langmuir A1 Freundlich %5
VL R ASE TR G B EA T B4 W1 CaAl-LDH 5t T1
PR R A X R e KW o 5 A L, A S 2 R IR B &
S CaAl-LDH BV 1422 DL A5 &
23R
1.1.2  MEFRAE AR HLELER I BE CaAl-
LDH I TUWHBR N AR R, E 20°C [HER KA R
i NBEAT A 301 24h 199R P, 1 0.22um FRI7K ZR U, 40
CH T3 BIUFE AT IE S L BB - e i
Hi%(TEM-EDS, JEOL JEM 2100, H %), %W fff Tl
Jo A RHROUL &6 F F1 7T 32 AR HEAT 20 B GRS FL S A
220k VA HLII 4 100MHz A% ] X 5267504
{(XRD, MiniFlex600, H 4%) i 37 iy AR 4 21 Al i
{X(FT-IR, Nicolet™ is50,3% E)XIWL I T1 7 i A4k}
XRD 75 0N 21 4R ST 1 AR A IR L 0EA T 20 AT, 1
Wit T1 AR R BEEL.XRD 3 8 5°~80°,
FT-IR {3156 4 4000~500cm ™.
1.2 CaAl-LDH X TI 75 4 FIER {012 5
121 Tl {5 IR SlS LeE RERIE, 5t
I TR AR SRR R R+
1€ T1 9552 RAEA T QI PN LERRT 57 A
) 25 S AT B DL G IE CaAL-LDH 3 FH AR

M PE, s SR N T R v e )y L3k
X e b AR PR (1 1 S R T g, B s, Mt
VE RO G, 70 00 T A A L b B AT L
My AR L A B S A SRR DY 43R EL
PR3 5 RAEZ) 10kg 0~15cm T8 K142 )2 1 3R .
R BFEE R 10 H . Zobru gy i el
Hh B RS & WL 1% WESE R T
GB 15618-2018 H}E ML, T1 % & IMRAL, Y]
LR Ty e L RE T 2 IR R SR T 5 e 138
T A S L (4R 0 O3 I B TINO; ¥ A
TREFIBRIG A A T S EAAXIE T Sme/ke.
PRFE LS KEN 30%, £ = FR R 30d DL,
ZJEERAT L 1 10 HAT 100 H 5. d2ebn it Jy ikl
SEPPTL v g IR ACBE AL MR L 2.4 i R 4y
ST 3 T S BN E . T WAFE S
] Tessier ELEFEHEARE . T1 AT 5 HT in
vitro WRI, L T1 {5 4% T35 K45
22 CaAl-LDH X| Tl i KW =, 45 5

JEANTR] 2 A - 3 10 1) 22 S5 DA S 3L 3 X CaAl-
LDH A7 FE, AARTS InEEAL I R 25 (1 5% HE(CK), LUt
TR S 0 it FH (38 i B A 5%)CaAl-LDH
h S AEABIAE B R R ORRE 30% 010 1Y
IKE AR A N RFE 3 AN HLZ 58 TR BT,
100 HIE,H T Tessier MELEALHORIA in vitro
5.

x1 RELEPEERESE(ngke)

Table I Heavy metal contents of the original soils (mg/kg)

XM A Cd K Hg fillAs #iPb £ Cr HiCu £ TI
AR: 020 ND 1287 4202 949 738 ND
pig 0.09 0.05 944 2061 2201 19.1  0.03
ot ND ND 296 4273 3956 3032 ND

T NDERAK .

x2 TIiSFEIERERELER
Table 2 Basic physicochemical properties of the artificially

Tl-contaminated soils

RHH pH HIE R FRSE AT
(%) (%) (cmol/kg)
R 5.32+0.03 0.3+0.0 13.540.1 2.86+0.25
e 7.05+0.12 0.8+0.1 4.9+0.5 8.77+0.30
2t 6.82+0.05 6.4+0.0 8.7+0.1 14.84+0.07

122 TI R RAALBE ROV ()3
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T2 AL E R BN AR (b ] X CaAl-LDH 7E B4k +
558 T A= 285 IRV AR RAC &5 7 T PR R R A T DA
DL RIS 3 K.
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AL R i B B S B W (pH=1.5)3% 1:100
WV EL VR A, ZE 37°C 200r/min R 9% 1hy/ Mgk Bt
FH NaHCO {75 1A % pH 4 7.0, 7 I BB AIH £ AH
[FIZAF TR 4hAhECS B B E3H#,0.22um i JE,
FH ICP-MS ) 5E T1 I .44 T1 75 B ANz B
EEC// I = F/A W Il

BA:MXIOO%
m .

AHBA b I T BT 451 (%); Cry 4 H B
Wb BE AR T A4 ] 25 25 9 B (mg/L), B
ICP-MS AR Viy kBN i B B o i A v A
F1,0.03L;m, A 38 5,0.0003kg; T, Ky HAEH T1 (1)
W, 5mg/kg.

WL 3 TL AEY A PER AR LTI X CaAl-
LDH 75 P 238 T1 (0 A A RS 7 T ) R R
VAL LA FREG F A 3 K.

1.3 Hls b2 5 2 Hr

B A8 ] Excel 2021 Al SPSS 20.0 #E4T 45 B A1

Zevt 7. R 1 Origin 2022 HEAT &I HI4E.

2 FHR5WE

2.1 CaAl-LDH X% T1 Hu B4tk

CaAl-LDH Xf TI" W P45 i 25 A HL 26 diupi 77y
UG 25 B LI 1 FIER 3. Langmuir B8 [R5 25 BT
3% 5 LDHs WL Cd. As ZEHIF77 45 5303,
W] CaAl-LDH 2 [Hixf TIP3 L W B 55 20 A
N853R 7 A A3 ok A A DR A Rk Sk

58154252511 CaA-LDH [UHEHEVR I B0 T %
W%,

(a) Langmuir

1/g,(mg/g)

] | |
}).00 0.05 0.10 0.15
1/Ce (L/mg)

(b) Freundlich
09 =

02 | | | | 1
0.8 1.0 1.2 1.4 1.6
log Ce(mg/L)

Bl 1 CaAl-LDH X} TI"frWE b 45 2k
Fig.1 Adsorption isotherm of TI" on CaAl-LDH

% 3 CaAl-LDH ¥ TI'B9 IR R MEE &
Table 3 Model fitting of adsorption isotherm of T1" on
CaAl-LDH

Langmuir 5% Freundlich £
Onm Ky R Kr lin R
1.06 0.0227 0.9968 0.0394 0.692 0.9896
1 :Om 4 Langmuir A58 78 o T1 A R0 B 1 (mg/g); K A Langmuir A5 75
1% $(L/mg);Ke N FreundlichZ 3 # $(mg' g L") 0 o N S

2.2 CaAl-LDH X TI fAW L EE

2.21 TEM-EDS 7tr  tHE 2(a). (b)nl%1,CaAl-
LDH W B TU &, A7 06 ] 0L A 2R 30,75 & LDHSs
(1) B TR T SRR I B T 5 R i TR 3 A A 28k B
Al LR MW TURTS A, i 2(c~H ]
L HE KA G M B E Cay Al C ZEI05E1
SIO3 A MR AT LR FE I T1 oo 25 B A 30
PR B I 53 Ar T L
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2 CaAl-LDH W TI'fii /& TEM-EDS 4
Fig2 TEM-EDS spectra of the adsorption of TI" on
CaAl-LDH
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[t) EDS-mapping JG % [ F14 €]

2.2.2 XRD i 43Hr  CaAl-LDH W TI R )5 1)
XRD i WL 3.7F 20 4y 11.23°, 22.54°Fl1 38.99°
Ab H IR (0 A7 S5 06, B W B T i J A RL Y A7 4
(003)~ (006)F1(015) & i7" (7 55 CaAl-LDH 4
AERTSS 16 (PDF No.54-0849)% i 8 Wy 4 U W i
Ji 25 A PR U R 2B AN R R B O A, AELAT A7 %o T
I Z, L CaAl-LDH /35 e M f Ff gL 7 ZoiR g5
4,15 TEM-EDS [#)45 5AH B EIE B3 SN2,
15 20 b 11.15CAbAT S0 B 45 5. 2% CaAl-
LDH i 57 784 T 4 o Wi B 1) 2 3 (LB 2227400 50
AT BE R AR T R B A 4 3 3 1 R B e
o7, BIAEBEEREEF NO; 55 CaAI-LDH )2 i) SO,* \OH
ST AT e, T FR 17487 P A 25 T S, A O A [
TR G5 b T AE LDH 2K HURA 24 (1 K 1
W BRHAE FH R, A Bt 128N 2 1) ol B2 B 153
FHRERE g T1 Y “Reoe gk

003
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W Bt Fe

B L Y NN R N S
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20(°)
3 CaAl-LDH WEFR TIHT 5 1 X 5 it
Fig.3 XRD patterns of CaAl-LDH before and after TI*

adsorption

2.2.3 FT-IR %1  CaAl-LDH WL TIRi )5
(1) FT-IR % & 2347 WL 1] 4. 76 e 3463.05em ' 4b i
Ii-OH JE i i 4ie 2l W e e, 78 LDH AR 3R
J2 1) 5 K 7K 43 1 15 30 0 1R 40 20 W i e 142430 %
CaAl-LDH Z[HHE T OH il i35 TxF TIMHWK
B S S, 5 2 JE BT VE ), 700~800em ' Ak HIEEL M-O
55 A 1) A 240 0 250 VR M e VR S IV i 2 0 B Ve £
58, IX 55 T1-0 3 I AT IR B S FT-TR
P ARk AT B S T T1 5 LDH [ 2B 85 7 SO,2

DA AR = E R IE A BT T AL
s A

W% BT

=873.85 C-H
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Fig4 FT-IR spectra of CaAl-LDH before and after TI*

adsorption
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TR R B BRK(P<0.05), V- 1) Bl 24.1%. 2L, Tl
()R] AL 2 (F1) P BRI A 26.0%, Bk 2 #5 45 & 35
(F2) P34 150 0 16.6%. LA ARSI 45 A &5(F3)
0 F TR (P<0.05), Xk 76.4%, 1 H4x 2 FHA7
TE& 5 1& 57 8 3% 7% 5 (P<0.05).— J7 [ ,CaAl-
LDH Ot n $e 7+ 3 pH B & 5 403 . s 2
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Fig.5 Proportion of each TI fraction to total Tl in soil before

and after immobilization by CaAl-LDH
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Fig.6 Bioaccessibility of soil Tl at the (a) gastric and (b)
small intestinal phases before and after immobilization
by CaAl-LDH
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