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Abstract

This study selected soils and limestone from a typical lead-zinc mining watershed in Yangshuo,
Guangxi, and employed static batch experiments combined with X-ray diffraction (XRD) and Fourier-
transform infrared spectroscopy (FTIR) to investigate the adsorption behavior and fixation mecha-
nisms of Sb (III) and Sb (V) in a soil-limestone mixed medium. The results showed a clear propor-
tion-dependent effect of limestone amendment on Sb (III) and Sb (V) immobilization, with the 90%
soil + 10% limestone mixture exhibiting the highest adsorption capacity for both valence states;
this advantage did not increase continuously with limestone proportion. An appropriate addition
(10%) promoted immobilization by enhancing carbonate buffering, supplying Ca?+, and expanding
the reactive interfacial area. In contrast, excessive addition (30%) diluted highly reactive soil com-

ponents such as Fe/Mn oxides and induced competitive adsorption between elevated HCO; and
Sb(OH)g, thereby reducing immobilization capacity. Environmental factors (pH, Ca2+, fulvic acid)

significantly regulated Sb interfacial partitioning, with Sb (V) and Sb (III) responding differently due
to speciation differences. XRD and FTIR analyses indicated that major mineral phases remained sta-
ble post-adsorption without newly formed Sb-bearing crystalline phases, suggesting that Sb immo-
bilization was dominated by surface processes—primarily surface complexation, ligand exchange,
and interfacial poorly crystalline precipitation on calcite and low-crystallinity Fe/Mn reactive com-
ponents. This study provides an experimental basis for understanding differential adsorption and
fixation mechanisms of antimony valence states in karst soils.
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2. MRER*E
2.1. SELOH R AT

BT 3R B PO E v BT E AR (B 110°342", N 24°58'40"), KR T PEEMRELL
[X(E 110°19'54", N 25°3'8"), A RIEG 2926 BT, i 10 H (2 mm)fi AL B 8, IR &R Kb e
Vs BEJEFESE— DR IR 100 H i,  LAys/IN R R 2 S50 ST S B4 SR IR . R i AL 3 5E AR
Je, KA X BHRATHEHX(XRD) R HLHAR B 20 456 1R A (FTIR) W i M 20 i e AS A HEHEAT 40 b7 s R
() pH A1 EC KA H MK Ll sE, Sb. Ca. Fe Al Mn & &R AR NN 7 ikl e, Has By +4% 1.

Table 1. Physicochemical properties of the materials used in this study
= 1. KRR AR MR

B Rifg pH EC Sb Ca Fe Mn
eI
(mm) - (mS/cm) (mg/Kg)
+1% 0~1 6.4 30.16 7.98 1579.4 51194.9 359.7
= 0~1 9.18 145.8 0.93 437390.2 18428.2 195

SZES AT Sb (1) A1 Sb (V) b #E fif 4% 705 (1000 mg/L) Sb (1) fil £ V0 3o 2 7K A 11 A 2 6
(C4H4KO7Sb-0.5H,0)¥& T-Ha 4l /KIEC ;. Sb (V) fili 25 E 1T A2 8HER 71 (KSh(OH)e) 7E 80°C 7KIB 214 R 1A MR i1,
HET ACHKMTRAE . LWFFA pH R 0.1 mol/L HCI A1 NaOH it i«

2.2. BH7SHRMSERR I

FRARELIS B EHR RN Sh (R I 8 I - A B AN R I RARRAE, HE% %2 pH. Ca** FlE
P& (FA) S IR EE R 75 HL A 4 BeAT e m . SE0 W E 3 ZHIRR: A D 100%1-3%, B b 90% 1% +
10% /K%, C N 70%+3E + 30%K %A . Frf SRt fr 50 mL KM 20 kT, BN 1:.40, R4
WFESIIN 1 g BT 40 mL R, T 5CHARITA 0.01 mol/L NaNOs, fE25°C + 1°C. 200 r/min %
PETRRENCIRY « [N 4E d s LB 2 VAW pH A1 DO, HX 5 mL 4 ER1L 5 % ICP-OES il Sb & Ca?*
WP, SHE 2.5 mL FE SR R 2 VA E HCO, iR . AR B E 3 N TATHE, TRR GG S 10 S R
i, WP B 2 S DARME R
2.2.1. IRMIERFSELE

LR B SIZEG ) Sb (IID)/Sh (V)RR EE % 1. 5. 10+ 50, 100 F1 150 mg/L, #¥144 pH % 5+0.05,
PR% 24 &0 L, KA Langmuir AT Freundlich BE7Y 004 45 5 W I B, DAITAR A J57 1R 0 B 725 B A
W B ARFPE[23]

2.2.2. IRAEhESELS
W2 B 2 g 2 S286 1 Sb (TI)/Sb (VRIS ¥ A 10 mg/L, #7146 pH 8% 5+0.05, 7E 5. 15. 30. 60.
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90. 120. 240. 480. 720 Al 1440 min HUFE, B0 LUEJEIE « KAUE— P LBk N3 B Ay
A DU B3 R s 1) 20 8 R W B ML [24]
2.2.3. FEEFRIPSEE

SRR ) LR IR R X Sb RBRHAT N EASEER, BL 10 mg/L Sb (I)/Sb (V) AFEa&, 47
pH. Ca?* Ml FA §ZMiSEi. pH 0y 3~11; Ca* ¥y 0. 10, 50. 100. 300 #1500 mg/L; FA IKZE
4 0. 20. 50. 100. 200 F1500 mg/L. #53L56HAKM SEAW S —8, KM 24h J5 &0 dEFF
W52 A HGHR o
3. HRENH
3.1. RMIEEBAFE

TESRI0 V8 MR FEVE TR A, = Bixs Sb (LA Sb (V) FFIWR B 52 357 B Y30AH -7k o v v 84 (1<
1), RIPITAN B PR S Sb BRI FF LRI RE /1. WIAEHT B, WK B R BE IR BT, Bl Je 1
MRz, ANFY & RS B R W S5 R 2 T 25 S W B 7 A AE W] B 22 57
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Figure 1. Isotherm fitting curves of Sb (I11) and Sh (V) adsorption
1. Sb (I FA(V)BIZFE W M4l & Hhik

MA R EE, % Sh (D)W 2B F 9 B (90% 138 + 10%4K%4) > C (70% 3% + 30%/K %) > A
(100%-1-35); % Sh (V) HIMW Bt 25 850 B> A>C. Langmuir B 78400445 31 (1 3816 55 AW Bt (Qu)
BoR, B AN TRTHFNAS Sb (1 Qm EHI NS

SKH Langmuir F1 Freundlich A58 S5 35 W B A AT 9006, AHOCSHONLFE 2 156 3. B Sb (TID)-B 14
FAb, HAR®AH Langmuir B0, G A0 B2 (R2)BIAMIS T Freundlich #5244, Sb 78 =Ff /1 Jiz b 5 B S 44 58
FEAT A BRE AT S5 T 82 T 2 R MR AE . Freundlich RERUMA 45 Bt — B £ 0], & ALFIH n (1K
T 1, UEEH Sb 7E=FR A0 5 A AR B R A 35 S T R R AR o 25 A SRR 2 SRS S ERT LA, 90%
T8+ 10%KE S AN RERMNEE R PRI BRAILEEWM LR, —AT R4 N RER MK
ABEE] .
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Table 2. Fitting parameters of the Langmuir isotherm model for Sb (111) and Sb (V) adsorption on different media
F* 2. TETBEXF Sb (IHFA Sb (V)R Langmuir ZR IR MAEEIIL & S8

W B 751 Qm (Mg/Kg) Ka (L/mg) R2
A (100%+-3%) 409.81 0.109 0.991
Sb (IIT) B (90%13E + 10%4E) 3161.80 0.012 0.986
C (70%-1-1% +30%K %) 2590.41 0.014 0.994
A 2137.92 0.003 0.999
Sb (V) B 4164.58 0.001 0.998
C 493.05 1.038 x 107 0.978

Table 3. Fitting parameters of the Freundlich isotherm model for Sb (I11) and Sb (V) adsorption on different media
# 3. AR EXS Sb (DA Sb (V)AY Freundlich FR IR MR A& S5

s W e 751) K (mg/Kg) n R2
A 93.79 3.268 0.903
Sb (IIT) B 92.61 1571 0.998
C 100.64 1.751 0.988
A 10.17 1.169 0.997
Sb (V) B 6.43 1.011 0.997
C 2.54 1.013 0.963

W B A J , ASTRIAY AR &R 3 pH DO Ca®* il HCO, fA7E 22 7 (18 2). 4li L3 A 4H7E Sb (TN
Sh (V)R R ¥ 255, & KA 1 B 4UR1 C 4V pH 4ERFAE M 590 VE B, HLBERI4G Sb ik &
AR N, R ACE NG 158 7R RIERIZZ MR /1. DO HIZEALAE Sh (A R ECHHE,
Hob A 4RI C 411 DO FEWILEIRE T N4, B AR FF R AKE; 78 Sb (V)R &R, %41/ DO 48
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Figure 2. Variations in pH, DO, Ca?* and HCO; in the Sb (I11) and Sb (V) systems
& 2. Sb (IHFA(V)&Y pH. DO. Ca?*#1 HCO, ZEfkHhzk
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2l 3% A 211 Ca?* A HCO, IR UG BUIK . T ACA 1) B 4181 C 417h, Ca?*s HCO, IR &3 T
RUPPETER D A TERE B T B EOR A KA B M. /2 Sb (NIRRT, B4l. C4H Ca*. HCO; IKE
BERI4G Sh RGN E T &% fE Sb (VYIRRT, HIRERESEDN, HITEERET A4l

LRERE, HAE NG 8L 3T A R BRI A% PF RUCE VR IR B 1 /KoF, R T Sh R AR
RIS, XT Sb (1), B 41RT C 417E fraFHim pH BRI, tHEAT S =) Ca®* Al HCO, P, ¥
WICEVE S5 T Sb ()WL P ) SRR 5 s C L AR IR Eh I B SE 3, (H L ZR G IR E 1 47)
KT B 4l, RUIICATEMIFARMaEA A, b mid O s R AR CHE. X+ Sb (V), BALMC
HE WA BRI pH DL R Ca?* Ml HCO, /KT, {E IR Bt 8 0 HF AR B A LA 389 i 45 842 7
VLB Sb (V)] 72 B 52 R ER A RE 0 4k, 38 SEMRI T 3 S A Vs R WA A
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Figure 3. Kinetic fitting curves of Sb (111) and Sb (V) adsorption
3. Sb (IINFA Sb (V) IR M &h 11 L& Bhik

Table 4. Fitting parameters of the pseudo-first-order and pseudo-second-order kinetic models for Sb adsorption on different

media
F 4. AEINEXT Sh BE—R. EZRHHFRBUESH
WE—2 3 1% W23 1%
i 2 B 550
Qe (mg-kg™?) R? Qe (mg-kg™?) R?
Sb (1) A 93.74 0.9296 200.40 0.9913
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gk
B 118.78 0.9498 248.76 0.9929
C 73.00 0.9742 210.08 0.9985
A 49.74 0.9790 68.49 0.9705
Sb (V) B 49.17 0.9717 69.49 0.9894
o 45.89 0.9733 69.01 0.9901

BRI BRI 2RO 5. A ILa ELEI#EE C EEIRT 0. B HAH(90% 3 + 10% /K
) FRURE N B B0 2 (k) A R T A ZEA C 4H, BB 10%AKCE B TICEE A A T 5271 S e v [T AH 5t
MR . RERE, EEKEBNEAFTRIVEHE N TN 2402 Sb R E ié

Table 5. Fitting parameters of the intra-particle diffusion model for Sb adsorption on different media

= 5. FRINERXS Sb FK AT MIEEBI S S K

s B . POARE ﬁﬂﬁi”ﬁ(%&)'
C (mg-g™) kw (Mg-g~min'/?) R?
A 106.42 2.71 0.881
Sb (1) B 125.22 3.60 0.889
C 128.07 2.53 0.847
A 17.41 1.36 0.954
Sh (V) B 13.84 1.59 0.917
C 20.34 1.40 0.930

3.3. FEE TR

3.3.1. pH KIS/

YI4E pH X Sh W sz in i 4 Fra. ERT96 pH A 3.0~11.0 Ju I, AIEA BT Sh (D)1 Sb (V)
(RIS B 2 It AN [R5 o X T2l 338 A 4H,  Sb (V)RR B &S pH THE T R B, 1T Sb (I 5 B 52 pH
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Figure 4. Effects of initial pH on the adsorption of Sb (I11) and Sb (V)
& 4. REFHE pH % Sb (I)FA(V) A IR S0
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3.3.2. Ca**Hy%
HMIE CaZ R FEXT Sb W BRI sZma tn ] 5 ffrzs . = A/ B Sb (A Sb (V) B B & 3406 Ca2 ik £ Tt

R Je Tt A REE A . KT Sb (1), WFHEAE Ca? VK JE £y 50~100 mg/L A& I8 B mKF, =R B
WP R /NR I B > C > Ao XFT Sb (V), MRS HHIAAE Ca2* ik [Z %) 100 mo/L FfHil, (H4k-13% A
MR ER AR s T & 2CEH B A C 4. xZERS Sh EERTH N FEEIEEA K. S (M) EZE LIk
Sb(OH)s f7-4E, 1 Sb (V)F:Z LIPS 78 Sb(OH), f74E, Ca®* A& LA XAEH T #F i & Sb. (R
FRAEIR RS Ca?* ] JE I Fe 4 XU HL JZ S0 A 0T 2% At I (i 3 T 44 B8 R B 5 (H 2 Ca2t iR BE 4k 82T v it
B B SRS S U b Ca?tid o SR AR S 4 I 5590 4 VA MEAL 6T S R SRR . AR, Ca?til
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Figure 5. Effects of different Ca?* concentrations on the adsorption of Sh (111) and Sb (V)
[ 5. RE Ca?REXT Sb (N)FA(V)RIIR MR

3.3.3. EEB(FA)RIF T

B RER(FA) 2 BN AN P T BB WV e S B ZH 5y, X Sb W B 52 e G <]
6 T o FA I8 BEAK 7 =R B Xt Sh (AT Sb (V)W B &, ELAMAIRL L BE FA 3R TH i b o .
Xt Sb (), =204 HIWR B & R/NIBF 8 B > C> Ao T Sb (V), FA RISHIERE NHE, Hait
e A ZH IR B B R T KA B AT C 4
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Figure 6. Effects of different FA concentrations on the adsorption of Sb (I11) and Sb (V)
& 6. RE FA IREXT Sb (IINFA(V) A IR FIFZ A
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FA S F & IR ek S a maeld, —Jrmaeis Ot e i Ty &L RBRIR sh
Yoetin, DR AT AR B IR AL R 53— D7 T AT RE S Sh TR ATVE A HLER S, NI FEAR E
HI7 Sb Z2 5K EW AL . X T Sb (D), HAR FA MGk T, (5 B A RIFA B =K
-, UEHEEACE I G TE BN BRIR Eh 5% s A SR T 25 DD REAE — € FEFE LRI A HLBR AR . T
XFF Sh (V), HlE e IR SR PR 0 & PEAL R, S 5 52 B FA B i A58 A B . AT
&> FA X Sb W RS2 JF AN B — 28 &R, TR R I SE 4 . 45 Ay MR I E ML R 1 IR 4523
FLrpxt Sh (V)1 5E HIAFIZZ M 5% H o

3.4. WRBfSEi MO SRAE S 5E

3.4.1. XRD 47#f

W B F A ot 1) XRD EIE W] 7(a) s . 4l LI i AE 20 29 20.8°. 26.6° 36.5°% 50.1°F11 60.0° 4k H
DUECHRAT T, X ROA SRR, RPAICHTZ BRI Y R R ESKAES, RELIEPEE
—EE TR Y. BEFEMN DT AR R, 720 £923.0°, 29.4°, 39.4°, 47.5°F148.5°
A W S N, SRR TR AR L G Y. I RN BB SRk . AR SRR

Wb Sb 5 XRD Bkt 7(b) R 7(c) . SWRFHATAHLG, B AbERRE SRR TE, TRARIK
SN VI REAT I W3 R R AE I ARk, BT VIR KA BRI EAS . FERTA WG AR R, SR
oM EE 0 v AR T RS AT . XSS RULEE, KA B S [E € R EE F S AR IR R
R LIRS IR AL S S SR, T AN T G B SR A U
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Figure 7. XRD patterns before adsorption
& 7. WRHISELEHETAY XRD

3.4.2. FTIR &#f

W BH RO AE S FTIR 15 & 8(a)flizr . 7E 3623 Fl 3414 cm PR I 8 W ey U1 T 3R ThT F2 SE A
BtZK () O-H 42, 1436 cm ™t Ab IR ic g J& T AR ERAR R 3l, 1031 A1 774 cm Kb (1) 1AL I8 15 F: 44 (Si-O)
HHIRSNA K, 529 cm L L HIRILS FelAl/Mn-0O %4 )8 - S R3IE ¢, W Sh (A Sb (V))& (A
8(a)M[4 8(b)), fE 3400~3600cmt. 1604 cm™. 1436 cmt 2 529 cm™ [ AW IS I 5 A T AN R R ) A
1, 177 1031 cm L Rl 774 em ™ R ARk SRR SR UG AR A AN BA 2, 3R BH Sb [ 52 S R AR TR IR T MR AT
ARG S E S YR . S5 A A WEFCAT A1, Sb EARF 746 F T B Al el R4 & R FRILAA
A4 e T ROBEAR &6 A ORI 7 2l [T, b 5 A 3R T S G 58 T BUIR 45 s Fe/MInJAL TEVE2H 73 3L [F) 2
5T ix—ilfE[25].
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Figure 8. FTIR spectra before and after the isothermal adsorption experiment
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4. 71ig
4.1 MEBENLLHHE,. AEREEBEENS

SRS EERTKY, KEB AKX Sb I E B S AFE— AR H1(10%) . 90% 13 + 10% KA
HA (B ZH)%t Sh (LA Sb (V) BRI 55 KK 5:(Qm) 5 8 /1 W It 2 (Qe) ¥ f e, HUURL 4 HIoH 28

R (k) B K, RYH B BARILEE B E R8T SE TSR 0 Ll 2 30% (C ), X — ¥k
I .

T2 S D ) LA 255N T A A A P P 00 EE 1 B LS SR TR B IR ZI R M o e 1A it 2 8 T VR B
R SIS 2), 365 TR RN RE 7, S A N AR 5 pH Y6 [ Py 4ERF v % 2 555
B[Rl RREE VR PR 78 Ca? I HCO, , B8 1 8] — YR ST I BRAL 1 0T o & B KA (10%) 1IN, @
o FRVERY R T RN FI, o T B DB e AR I RS AR AR, TR T g [26] [27]. KA
E i 755 (30%) i, IX Fh R EAE FH R B 5 . — D7 THD, 3R A R S B R S e R L 2
PARH & 7T AEAER) S (V) B A SR ) B B A s e il s 5 — T, MK EBE SRR
W RITT A AT AR SR B HC O, IR IZHE— DTt i (14 2) . 18 —FTENLIES T, HCO; fEfS 5 Sb(OH), £
W PIRTH O H R B E R T) KA TE PR, SRR A, I HLm ik BB R £h 4 Rod 22 51 i gk b
YR TH FLT 5 AR A, BE— 2D I 55 R D B B T4 Sh (V)RIER 5] . C 41(30%7K ) B B A 5 5 A ik
B b N S, {HILHE Sb (V) H M SERR T2 iE AT SR RS HC O, 76 4 IR B XU 24w 8 i 25 51, 1
Xt Sh (1) U FEma AR XS 22 0. BRIk, SR CA B R, JETEMRIRERIA ST 5 Sy R i) E
RUSE, 5 58 v 1 2E S A B % R 5 A S ) 7 T 25K 2 T B A T4

TEIRHME, ZRTFMESNRFAE, AW TORREX = PR & 5 EE R TR (BET) A s Mk
A G EIAT B ERAE . KRR — DA RIS R AR, WS e &/
TRALXS IR 25 LA RO 1 B A
4.2. FEMNSHNBRMITAEZEREFERFREE

Sb (111)5 Sb (V) B BRAT %5 A1 Jo7 2H SRH R 55 B8 1 F i B 2 25 AN ], R T 3 AE R S R A3
Z5to

TEAEHIE(A ), Sb (V)W FEERE pH Fhm i i35 T F4[28]. X EEEFN Sh (V)TEIR S = Z 2 [
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st e, Wi

B TAS[Sb(OH), ], BB pH Jhi, HIERMGORERTSE, SEMRE 7Kk ET K, )
Bt HHLEZ R, Sb (IN)FESES: pH Y P 32 22 LL bk 37 [Sb(OH)s T ASF7AE LM FfY 52 38 1 i LA
UREMAEUIN, X pH ARG IR LSS (8], EAKE I By C AL A AT SRz BE 7T, AETE pH i FEl P9 IR B AR
AR REE, (M T ACA RIS 4R [ E BRI .

A5 Ca0f P A A7 250 (A PR 25 2 ILAROR L ARt s AR B 4 ) B R B (] 5) 0 AEAIR R P SR
I, Ca?*ilid IS4y HOW LR A S ™ )R 5 Sb (V)BT T Z A A% B B Bk E R, B 5
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VAN AU BES B2 24 P 0 S € = SRy X S W s i 4L e S N TS B2 S (B RN BB R 2
il Sb (M)A RESIE N T2 Ca? et (E IR, wIBE S ACE JROLK Fr 1 Je Ca i 5t 3N B
WA K.

FA (RN St ) 1 86 RO [29] (141 6), FA I SE4PE IR B AEBR AL . 35 H07 4 L2 07 A 2R i
WO PR il b, A I & B R R A R T AL s BEAh, FAIRRE 58S TR EA LS &
Yy, B h B SRR . T Sb (V)R € SEHHE T8 R Y PR BN A A, DRI FA Y
7 mSE S AR B R F SE DR Uk, BV L Sb (1) 32 1 58 2 25 ) 41 [30]

4.3. BT THERIENHE EHH

LI A 132 SO AL, T LAHEMT A 7E 1 - SR A AR P s AR TR N E S, T
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B 75 B & 0, v SR G R TR I, FLIRL OB, & L A
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ST R 525 [26] [27].

AN, SEBIt R Sb (I)H R RIS 2)BE R 5 Sb (MM AE T s R 2 T FE A
Gk, WETTHALN Sb (V)55 RS T L. 35— A i e 2 L 25 0k e [ . 2 O £ S
F RS

5. &g

AHITFEE I S SRS S O R AEAH S & fT775, 878 1 G TR N0 I X 3 A 52 B AT
RIS L], BRI

1) HRAEB AR RE RE AL 835 A ELIR0SE, T AR TR S A e 2 o . 90% 138 5 10% A Ab
I3 5 B0 Sb (AT Sb (V)R I S LA B A AN Eh )2 R RE . RITE BACH 15 AN AE I SRR TR
Hhgzeh . AMTE Ca® IR SN ST, DA S A i OR B T AT A, S e R E

2) AR BRI AT 9 RO B 7 R N AFAEAR T 5+ . Sb (V)RIMRF 32 pH RZ 8%, T
HA B TR R A 2 M Sh (N RAF R TR 8T, X pH 22U, ShE Ca?*fE
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3) BAEHHE - ACE R AN B E E LR DRI O S, TARMAHTTE . XRD 2245, I
Ja B A it R R R A S BRSSO  SE AR AT ST DRI RS E s FTIR 35 IR0,
SRMERRE . BRIRAR X )8 - SRR SRR W M R R A T — B RE A RS BB EE AR o 45 S IRy
B 1A RFEIE R 175 Sb (TN Sb (V) R[] 52 32 EEAR AT 77 8 A7 3 1i e -3 v I8 5 T A 46 i P2 Bk il ()
EAIE AL SR & SRSt 12, Jo e T At iR B T REA BT ok -

4) AW TEWI T A A T RE BRI R PR AR, AT P 58 S A A S 4 P R BE R 1 LA
BU o PZIARONRL A PP 5 I X SR B TS e R IR G2 e 71, DL RARI A A FORLBEAT 5 G - kS
HE AR A T EIR KT -

B oW
FRATT TR R B A o A N5 i o A SO A L ) R B PP R S e [ IR R A AR b 7K - B R

SR VR AR AW FEk < U A X RS e ) 5 K e e R B R R T DL AR
A ASIRIE T VG BF AR I AT S8 78 SEIGFE AR 20 J7 TR B R )38
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