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40 °C ¥ 180 r/min, I W B8] 3 h, J2 0 45
Jei S BURE B 0. 22 e 8 S U8 L TR i R
TRAF 275 CBb 1 I 38 — N T W W 43 D' O 2
) (HJ 1046—2019)™, F M TR W 0 1% Y
(AAS W 7E ShCV) M BE, I 115 SOV ) W B 25 &
G ShCVO W BE R iz kil g . B E 3 1K,
BOPBME IR e 22 . I il ok B &R
AT A S AR
1.3.2 WRPHAEIKIE

B R A ShCVOBRIA W . e i N, C 5
A1 S0 AL) B AR TR A JEURH A R rb R AT 3 2 It Wit
g, e E (8 D OB (KJE 30 cm, W12
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Fig. 1 Schematic diagram of adsorption column setup
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Fig. 2 Analysis results of TEM (a—h) and XRD (i) of N,C,
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Fig.3 Adsorption isotherms of Sb( V) on N,C, at different temperatures
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Table 1 Fitting parameters of isotherm adsorption
of Sb( V) onto N,C,

Langmuir %7 Freundlich £ %4

R/ y y by /
C Im L R (mg!— V7 « n R?
(mgeg D (Lemg ) )
Ll n o g71>

10 56.52 0.32 0. 866 19. 98 0.27 0.975
25 60. 04 0.17 0.911 15.59 0.33 0.978
40 58.76 0.12 0. 882 13. 34 0.35 0.970

M2 1 F 1, Langmuir B 5 15 55 R0 F
254y Bk 56. 52 mg/g (10 'C).60. 04 mg/g
(25 °C) HI 58. 76 mg/g (40 CH; N E T,
Freundlich 4 i 481 & AH ¢ R AUAE 0. 970~0. 978
Z 8], ¥ & F Langmuir #5855 48 & A 2 &
(0.866~0.911), BB N, C, 5 Sbh( V) H.4EH
R A AR AR RAE . 52 Z LG L RE A .

2.3 WRMzhHZE

TE Sb (V) i & ¥ B i 50 mg/L. i N
25 °C & AF T HEAT W B 56, 223 1 3h g 2 W
LLERWME 4 B, AT LLE HShCV ) %%
HTERT 20 min N R T & L 205 TR EZE  OF T
120 minZE A7 iR B RG 2 fH 41. 7 mg/gs HIHLZ T,

MgAl-LDHs 784> [ ik B Ho6 ShCV ) 1 W B
REEAEER 11.6 mg/g. WRE T N,C,, i
54 98 2% T AT R T A RE X Sh OV ) B I B
Pt
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D) —®— NG
) —0O— MgAIl-LDH
g 20
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Fig. 4 Adsorption Kinetics curves of Sb( V) by N,C,

3 o T — AN E R 3N ) A A AL 5 B s
PEATHIA L AR T N, C X ShCV ) il 5z Jff 5 R 47
HIBLE 2 2 )2 R E LA SR 2. WA
o U — 2 g g S R R B S - B 2 A
38.34 mg/g, WA MK RE RN 0. 868; i %%
Bl 7 2 AR ) PR F-4  F 7 R 42. 61 mg/g.
Ll Wk — G 2y Jy 2 A5 R o 42 30 X 06 - 168 A o S
HAXRZB R M 0. 996, B 1 & T 1fE— 2 3 f1 2%
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Table 2 Fitting parameters of adsorption kinetics for N, C,

ME— 25 J) 2 R e =25l Iy At

ky/

ki/ qe/ q./
. ! R? (min-gt- ! R?
min~!' (mgeg ) ) (mge+g b
min~ 1)
0.49 38. 34 0. 868 0. 005 42.61 0.996

2.4 pHEXEFEBFEMW

PG R REEE FLSE MR K A2 50 R Rl
PELIC ) BT B MO 50 mg/L.pH H 2~12 By
ShC VO BERIAE W % 58 pH XF SV ) W28 & 1
s, g5 F e 5 Ca) ik, AT RLAE H, pH X
N, C, B ShC VY4l 3 BB 5 1 BBk
pH<CART, b4 RE 2% 1 56 0T (0 /% 32 e I f i 25
FEK AT BA B T4 ShCV ) fl i i I 51 48 55, W K}
AL 42.7 mg/gP 4 2 Br BN S<pH<11
i W B 25 o A U Bl L H B AR R E FE 30 me/g
FLOERPLEM XA H /JOH 354 /5 %55 . bk
XFShCVO MR HI 52 pH 52 00 80/ 3 BE b~
KH WL pH BB 58 3 B B pH> 118, A1 K}
R AT ERN, S F8 ShCV) 4
WE HE R L ) I R B OH - 35 4 3 P A 5, Bl

q/(mg-g™")

0
2 3 45 6 7 8 9 1011 12
pH

WA SRR 2 15 mg/g AT . MR E NG, 7E
PR 2 vk 2 F R X ShOV)) 1l W B 28 4 i e Tl 3k
42.7 mg/ g, MTEH T /K% W pH 15 il (4. 97~9. 32,
SEEIE=7.15) N5, N, G %t ShOV) 195 fiF 4 BE 14
FeasE  Fo oM AREL T H B A1 38 P AT S

ERGE 5 B H T K B B e A S A B X
N, C, £Br SbCV)OMEREM R, 2% SCHR[33 109 7
4% B U BE Sl 500 mg/L Y Sh (V) B ¥
W, I m A Cl L SOF L HCOy , COE LK™
Na™ .Ca" \Mg"" AERTHEF. SEWHSbCV)
WA BB W % E N 50 mg/L, 2R 7R IR ¥
25 °C WZBFEIE] 3 h 454N . 2 RN [l Je A7 B X
ShCV) R B 75 5 B 52 e, 25 A&l 5(b) iz, AT LA
FE il Cl X ShOV) By W B 25 & JL T TE 5% el , 1
AT 36 mg/g A£47:S07 1 HCO, M1
i ShCV )W 25 & T % & 22~23 mg/g. Il CO;
POHIAE R B o, SOV W B 25 1 B %8 20 mg/g /2
A7 30 T I S B B 2 v A bR 3R T TS M AL
B TRE T PHES T KA ShOV ) M B 75 e 5 i
/N34 mg/g)  Na A ] ShCV) B (27 mg/g),
1M Ca®" F1 Mg DI B 8 BEAE A RE X ShCV ) 1 W B i
F1(24 mg/ ) X FTRE5 BHES 1 4 b1} 6 e 43
5 Sh(VOIE B & A 5, a2k E,C M
K X N, C, W fff SbCV) 52 e fe /I, 1 CO5™ L Ca®"
I Mg® " W S ShOV ) W RFF, PR Ik 7 52 B K kb
BN A R G I B B A, L AR N, C) M
BLBENE AL 15 = A R B R BE

40 ry
30

20

q/(mg-g™")

10

0
Cl- S0 HCO; CO*~ K* Na* Ca* Mg*
HHEETF

B 5 pH(a)fAEEEF (b)3 N,C, BBt Sb( V) HI &My
Fig. 5 Effects of pH (a) and coexisting ions (b) on the adsorption of Sb( V) onto N,C,
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B bR el S g m R, S5 K 6 fras, n]

VAF H < 1 W B0 46 B B ORI L <725 BV) I, i
IK W PE AR 0,/ 00 FE T T 0, LW M FFFAE 7 LDHs
T PEAL 58 /2 Sb OV ) BE Bl AT 280 B 25 B, 1 ik
P I X F2 BT IR JZ T B0 5 B PR AR BRAS W7 48 O i
BE 7 RSB HT B SOV i 5 5o, /0 TR S8 3G R
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& W B AR T Ui o B R 4 A% T DX T 1) IR
JZ BT RS s BRI FAE 40~60 BV Z AR}, 2555
i 2R P T 150 B R A R A R 2 3 B B A
A B A7 i R TR D T B K T ShOVO) YR EE B
RO MR R BB L 65 BV J5.0/p0 LT
1. 0., & B W B T4 A, LDHs %F ShC V) (i 1
BHPEREII R T M. R4S R W, LDHs/f1 %
W0 IR A W BiE A X Sh(CV ) B A B4 1Y 3h 4 W B
P RE L BE 9% 78 55 1K 38 47 AF 18] P A 45 45 1 R I
RO, H2E s M 2k 2 B R < ST RLRRAE , U B X
R R B &SR E NS AT N,

1.0 -

0.8 -
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Fig. 6 Dynamic breakthrough curve of Sb( V) in

LDHs/quartz sand adsorption column

2.6 IERFHETFME

R VEAS bR E B S bR AR b2 S5 F T R3S
P e KRB 22 4 PR 50 mg /L (i ShC VOB
W pH 7E 2~12 J B N, % %8 N,C, ' Ni., Co,
Mg FI Al 43 J@ TG AE WL B ShCV ) b 2 v i1 R il
HLOERWME 7 iR, AT LLE H:Ni,Co F1 Al 78
W B ShCV ) o 72 v it LA AR — B, AU AE
pH<C2AY 38 FRPE 45 10 T Hh B> 2 B, B ik i A
0.5~1.5 mg/L M. pH A& 4 Dl b, HE
R H R T R A B LR L IR pH=4~12 {8
ol R 5 3 2 B HOIR S BB NiL Co M AL 7E
LDHs HCATEE s Mg 78 pH=2~4 IR M 55 1F
OB A L W 4T 4 mg/LL 7 pH=4~10
1 P 2 S M R BV — R R PR
WA AR 1.5 mg/L, 24 pH=12 B} #4ix T% .,
R K3 W pH 7E 4. 97~9. 32 Z "7 AR 4R ik
EARTTHN 7R pH 28T, NiLCo Fll AL FEASR B
A5 (bR K R AR E ) (GB/T 14848—2017)
Tl 2K AR e, 25 B UL, Bl Ni Fl Co $h48

Z40) LDHs AT F K i ShC V) R B R
L 0 W B 2 R e T, HLAE R M = s SR R LT
A K NiLCo F1 AL BT ANUAH D& Mg % i, %
PRI B8 KU 341G s LA VB A b R 7K ShCV ) 5 Y&
SR R

5

- .
« 4 —a— Ni
2 —a— Co
# 3 —o— Mg
® o Al
a 2
HE
H_,
w1
IS
“ _

2 4 6 8 10 12

pH

B 7 Sb(V)&#IRRK pH X N,C, H Ni,Co, Mg 1
Al B 5 B9 54 1
Fig.7 Effect of Sb( V) simulated solution pH on release
of Ni,Co,Mg,and Al from N,C,

2.7 N,C, BHERR Sb(V ) BIHLH

N, C, W B £ SbC VORI G B XRD Fi%4n
Bl 8(a) in, Al LLFE M W ZBr Shb(V) 5
N, Cy 1 2 ZERFAEAT 5 06 407 B B A ORFEAN AR, HoR
Lol RS T S ST S I = I\ P O ¢ e )
Sh( V) FE b ok i i LDHs 2R 450 & 4k %
YH Bl b AR AR

R N, Cy Ak SbCV ) i BRHLHI , ok i
£ SbCVOHTLJE Y N,C, #47 FT-IR £ Ak, 45
R 8 (b) Frx. ] Al W B 2Bk Sb V) i,
Ji N, C, £ 1 600~1 800,3 000~3 550 cm ' 4b
I B0 T 4 e L X 2 NI 43 I E T LDHs 25 4
HOH,O M—OH M #&3h"" 5 W Sb (V) Ja,
—OHE R AT, U ShCV) IS5 A M A T
R A4 ek 2 T 0 56 R 4 J TEC 7 B 5 L 3X T R O A
ZA N T T S AL A A )R T A 25 21 5 e Ab 2 1]
KR S iR 2y 06 118 g 7 b, e B TR 5 e R v 2 D
WEE R Z 2 T 5 m ),

JIRA B ShCVOTE N, C, F i A 5. AEH 7
A H AL PR, X N,C, il MgAl-LDHs 347
Zeta A4 M. 5 SR NE 9 () fiis . AT LAHE H
6 pH B E N N,C, 1Y Zeta A HEA S T
MgAI-LDHs A Zeta B A7, X Ui 5] A Ni il Co
SR TE K W A 2R IE PR, T 2 T A R X
ShC VO Ry #EE R 51 1 .
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Potential and Mechanism of Ni/Co Co-Doped Layered Double Hydroxides for In Situ
Remediation of Antimony-Contaminated Groundwater in Mining Areas
YANG Di' ,NING Ping'? ,REN Meijie''* , HUANG Yimin'?,LIU Fansong'**

(1. Faculty of Environmental Science and Engineering , Kunming University of Science and
Technology, Kunming 650000,China;
2. National-Regional Engineering Center for Recovery of Waste Gases from Metallurgical and
Chemical Industries , Kunming 650000,China)

Abstract: In response to the demand for Sh(V ) pollution remediation in groundwater of mining areas,
and to overcome the low adsorption capacity of conventional layered double hydroxides (LLDHs), a
urea-assisted hydrothermal method was adopted to modify MgAI-LDHs via Ni/Co co-doping. The
results show that a nanosheet material with a Ni/Co molar ratio of 2 : 1 (denoted as N,C,) was
prepared and applied to adsorb Sb(V ). At room temperature, N,C, exhibited a maximum theoretical
Sb(V ) adsorption capacity of 60. 04 mg/g, while the actual adsorption capacity was significantly
enhanced from 11. 6 mg/g for pristine LDHs to 41. 7 mg/g. The adsorption behavior conformed to the
Freundlich isotherm model and the pseudo-second-order kinetic model, with rapid uptake occurring
within the first 20 min and equilibrium being reached at approximately 120 min. Column tests and
coexisting ion interference experiments demonstrate that the material possesses favorable dynamic
removal performance and anti-interference capability in complex groundwater environments.
Environmental compatibility assessment indicates that the leaching concentrations of Ni, Co, and Al
remained below the detection limits within the pH range of 4-12, with only a minor release of Mg
observed under acidic conditions, suggesting a low environmental risk. Combined Zeta potential,
FT-IR, and XPS analyses confirm that the enhanced Sb( V) removal performance was attributed to
the synergistic effects of strengthened electrostatic attraction, enhanced surface complexation, and
interlayer anion exchange. This study provides a theoretical basis and material support for the
application of Ni/Co co-doped LDHs in the in situ remediation of antimony-contaminated groundwater
in mining areas.

Key words: Ni/Co co-doping; layered double hydroxides (LDHs); antimony; adsorption; removal;

groundwater remediation; synergistic removal mechanism



