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EEFNRNMTE + (FEaKE) ., AEEE TH
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B AT IR R R R 2h A XA & & R B R 1, B
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5 Z M e A1 & B> BRE RO A K LA A
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R A A B O ) T I+
SEATRA M T, WA 1. pH YN E A 3 E X
(Metrohm848 Titrando, ¥+ ), LK FE = L R
1:2.5; 5 LR (TOC) /Y I & F R BERE fE TR 70 i
A ( Vario MACRO cube, 1% [E Elementer) ; CEC ) il
E ABA R #c-EDTA AF 52 # 57), & 8L IR & 24X (K-
1100, FF R i AE ) 5 Fe AL 09I 2 A JBHE & 55 B 1
156 3% 4% ( Optima DV7000, 3% [E PerkinElmer ) ; Sbh
(V) B9 5 HY o RS 5 55 B 7 K BT i A (ELAN
DRC 11, 3¢ [ PerkinElmer) ; 4 6 7 42 59 I 72 F1 3
6 kL B Y ( Marlvern Mastersizer 2000F | ¥ Mar-
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Table 1 Basic physical and chemical properties of the soils used

+ 4 BANLEE TR Bk 3 i 5 SR B[R
Soil P poc g cpe PR Clay BVRLS B4 Sand’’ Fe2) ALk Fe,y Al Al
(gkg™') (emolkg™') (%) (%) (%) (gkg™") (gkg™") (gkg™) (gkg™")
STHE Red soil 4.8 2.1 15.8 14 54 31 26 0.12 13 0. 46
Haak+t
7.37  24.7 25.3 16 50 34 52 0.19 22 0.53

Brown calcareous soil

1) ki Clay( <2 pm) , Fpki Silt (2 ~20 um) ,#4i Sand (20 ~2 000 pwm) ;2) Fe, = Total iron content;Fe,y = Amorphous iron oxide content;

Al; = Total aluminum content;Al,y = Amorphous aluminum oxide content

1.2 #tFEmRH L

R o S2 6 SR P-4 7 3T B3, 00 g HRE T
50 ml .04, m A & KSb (OH), (0,0.001,
0.005.0.01.,0.05.0.10,0.50,1.00 mmol L") (¥
0.01 mol L™"KCIO, ( 3z ¢ f# i ) % ¥ 30. 00 ml, %
MBI 3 AEE, HE (25 £1)C (150 «
min "' #£7% 48 h,4 000 r min "' &> 15 min,ICP - MS
W52 5 WP MR B o T B e X 6 1 W B
1.3 WEMzshhEZTWERKER

B 3.00 g +F£F 50 ml B4, A 30. 00
ml ] 4 ¥ BE 4 0.02.0. 16, 1. 48 mmol L' ) KSb
(OH) # ¥ (0.01 mol L™" KCIO, A ¥ FiFW) . 18
H(25 £1 °C) 150 v min " YR ¥5 , 76 W BB B 40 ) T
30 min,2 h,6 h,12 h,24 h,2 d,7 d,30 d HtAE,4 000
rmin " B0 15 min, AR 0. 50 ml, i 2% 5
10. 00 ml, 7858 5 b3k W B 20 77 27 5230 1Y -4 b i
J10.01 mol L"'KC10,30. 00 ml, #7171 SZ 5, 15 IR

(25 £1°C) 150 r min "'#¥£3% 48 h 5,4 000 r min '
2.0 15 min, BURE BT 28R E] I, R DL DR
5o KM ICP-MS W € b iF W h 8 ik . 4
WAL HAT 3 DEH A
1.4 {ZHRIRMER

XoF 56 I AR R S 0 i R R AT Y VR TR SR R
1.00 g + HFE7E 50 ml & .04 v R 47 73 21 32 s
B ARRT SR 4 RO R 2 S T R
WA A TR BAR S804
1.5 HiE4hiE

SRR W B S g, X Sh g B R (Q) THAE

(C,-C)V

e (1)

S, Co PTG Sh WRIE , pmol L™ €, ¥4
W Sh R HE, ol L' 5V I MR, Ly W ok - I
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Table 2 Sequential extraction procedure for soil samples

P PRI P okt U e
Fraction Extractant Extraction conditions Ratio of soil to water Adsorption type
1 0.05 mol L.~'(NH,), SO0, 25+1 C KW 4 h 1:25 L 1 B
Shaking for 4 h at 25 +1 C Non-specific adsorption
2 0.05 mol L ™' (NH,)H, PO, 25+1 C,¥E¥ 16 h 1:25 & P

Shaking for 16 h at 25 £1 C

0.20 mol L ™' NH, -oxalate 2%

3% WORT 0. 10 mol L™' 4t BF 1 i

4% C;pH 3.25

0.20 mol L' NH, -oxalate buff-
er and 0.10 mol L' ascorbic 3 “C in the light
acid;pH 3. 25

W HF., HNO, F HClO, LI 5
5:2: 1/ H Bl

Concentrated HF, HNO; and

HCIO, in a ratio of 5:2:1

Microwave digestion

Specific adsorption

JEIRS MR, 7E K ¥ R Th (96 1:25 rmAS AR S AS Fe ALEALIZ G2
+3 °C ) n# 30 min

30 min in a water basin at 96 +

Crystalline and amorphous iron, alumi-

num oxide bound

Rt 7S
Residue

EDE =22 Nk :NH, -oxalate buffer(0.20 mol L-! )spH 3.25; + K EE 1012, 55386427 10 min
2) Hi YD SE U L AR BEAT VR U T 4R 24 h SRS AR 0. 20 g 42 ,8. 00 ml FRIEAT I
Note: 1) Washing after step 3 :in NH, -oxalate buffer(0.20 mol L~") ;pH 3. 25; Ratio of soil to water 1: 12. 5;10 min shaking in the dark

2) After Step 4 ,residue was freeze-dried for 24 h,and then sampled 0. 20 g for digestion in 8. 00 ml acid

BH(QIHHELAA N
AC,V,
W )
A, AC, T Sb ) Ih e BRI ¢ I 20 9 W Sb
W Z 2 wmol L™V, O o« I ZIVE WAL, LW ok
TR g,
S0 B0 PR F Microsoft Excel #4774 K118 54k
B, Sigmaplot 17 1E & 544 .

2 FER5TR

2.1 BHEEN

P 2, 7 A IR Y Bh vk B T 20 9 Xk B 1y i B
R T AR @A K b PR X B Y S R 0
FEAE AT F Langmuir J5 #2 | Freundlich J5 2 17 #
AU (F3) . Langmuir J7 F2 62058 F S (347 K
5 $U G 1 AH DG 2 805 )Gk B 0.99 Al 1,00,
Freundlich J5 i % 21 8 145 €0 47 K - 14 85 45 180 4 19
IS 2050 9155 3 0. 99 11,00, B WA R B 1
8, WA 7 T B A P AR AR A, T LR O AR R 2
(6.67,30.07;0.04,0.05) 0] LLFH H!, Freundlich J5
T X S B 45 AR 5 0 e

DAFERIF 7 22 W 86 3 20 g 6 76 k4R Ak 1 B
B B S5 b 2 4 b R B R AL

14
-::D 12 2478 st g B 2R 2%
= 24 hour adsorption isotherms
fﬁ; 10
1 % 8 413 Red soil
=3
XS 6
=]
% 4 .
g
=z 2 kAo %+ Brown calcareous soil
0
0 200 400 600 800 1 000
A Rk

Sb (V) in equilibrium solution (umol L)

BT BETE LD R (5 7 K b Ao R R 45 R 2k
Fig. 1  Adsorption isotherms of antimony in red soil

and brown calcareous soil
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B K B AL i B S R Tar
e AR T HE pH(7.37) B 40 HE (4. 80) mi i &, ]
R IR BB T2 e iy R R i g 45
W53 W], pH 7E 2. 00 ~ 11.00 4, i % pH 197+ 55,
Sh (V) 75 - 4 2 1 1 W B e 55 . X &l Sh(V)
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B0 E AR 1 R T D 5 4 R R 5 0 G v R A IR
RS e K, W RSP A7 T 5 B D A e IR A
W B AT T 30 d Z R AR IR B . B R
HER B, B e LT b i Bh g 2 W B R B R
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Table 3 Fitting parameters of adsorption isotherms of antimony in red soil and brown calcareous soil
N Langmuir J5 2 Freundlich J5 &
G + 4 . . . .
Langmuir equation Freundlich equation
Y=X,C/(C+K,) Y =KC"
Heavy metal Soil
X, K, R? K n R?
o7 4%
13.83 £1.03  24.01 £6. 67 0.99 1.64 +0.26 0.41 £0.04 0.99
Red soil
" e ikt
2 /3
- 9.19 £0.23 588.9 £30. 1 1.00 0.06 £0. 02 0.68 0. 05 1. 00

Brown calcareous soil

TV W B 5 C W OAR BE 5 X, o KR BRHEE 3k kg 2 85 p <0..000 15 F ] Note:Y: Sorption rate (mg kg™

um solution (mg

18

16 414 Red soil

14

12 —O— 0.02mmol L™

—¥— (0.16mmol L'

10 —e— 1.48mmol L!

0% It B
Adsorption capacity (umol g™')

N s N

0 r Y r Y
0 200 400 600 800
fsf 18] Time (h)
18
c
16 413 Red soil
14 —
(=]
E 12 -
= —e— 0.02mmol L™
>
g g 10y —0—0.16mmol L™
= & 8t —¥—1.48mmol L'
=]
S 6}
e.
2 4t
=
<
ZI o o} o o I
0 ™ - o o
0 1 2 3 4 5

R B

Desorptiontimes

% o
Adsorption capacity (umol g™')

W o
Adsorption capacity (umol g™')

) ; C: Concentration in equilibri-

L") ;X : Maximal sorption rate (mg kg™') ;k,k,n:Constant; The same below

18
b
16l Btagi gkt
Brown calcareous soil
14 +
12 +
10

8
6
4
2 o
0 S e |
0 200 400 600 800
Fif 1] Time (h)
18
6} ¢ Fetagi ik
Brown calcareous soil
14
12+

10‘\1—\,*‘
y

+~ =)} o]
T

0 Y Y
0 1 2 3 4 5
FRR IR

Desorptiontimes

B2 ET RS €A R A Y W B 3 0 2 il 2 (a b)) R N2k (e . d)

Fig. 2 Kinetic adsorption curves (a,b) and desorption curves (c¢,d) of antimony in red soil and brown calcareous soil
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TCVE e AR e B 3t I i Wk 58, 0 338 o 6 114 i T
AW (& 2¢ FIE 2d) , 8 W 86 7 21 88 rb 1 W% 2
ANFTRY o ARG e R BR A K IR BB Y
itk W AN T 0 T A R A0 0 TR AR AR R AT A R
X5 Sh(V) 7 A1 JK 5t - v W B Az #% /9 F 5% 48
—HCY L RN FEARHE T B R AR
A R R BA 5 R e B4 AL s A ok R e I, —
OB A T I 58 RE 5 B AL, B TR . R R
B P R T g 1A R g R A7 b M B P, 5P
7 A5 F T W B e 2 S A AL, T S B 3 AR A (] A i
P 200 58 pH A HL ST & 5 A0 07 ) 1 5
W b pH B B AR 1K Bk AR
FRTE B, A7 HIL DD S5 ) 9 A e - 396 3 T R i 1) P 5T, )
T 7 T 4 i W 7 3ot e T R 2 SR T
2.3 HAOZEWRMFTEER

JS7 FH DU b P A S e 3l g 2 05 R (3R 4) At

* 4

T B P R A S 3 T A W BR A AR R DA L
TR X 25 Ak B R 1 W B O R R AT LA BLA S U
5. GAMNILGSHGER, W LUE % T 61w AS
Ab B () 2T 38 () B 4% e 2 0. 02 mmol L™ A1 0. 16
mmol L") [ B 8l Jy 2y B 2 e A Y, X T4
b Ak BB 2T HE (00 4R 6 W 2 1,48 mmol L7')
Elovich J5 FE & e LA, X AR A K L+, it
IR 3 A 2 v R, U RO R B R R AR, R
R E N KB A W S5 R R BE U 3h
SERL RS R e — o R LU B E £
SR 1 W B Sl 2 % OR [R] a AR S R VR 0 2 R
A 15 5 55 W BRF s or b AT R LA Ak A R g 5 Y 3l )
2t R L AT LU B sh 2 o B A . i TE
W T 3 FB AR X 452 559 A s 07 L, w32 L RIS R
el i 3h J2F i B 3, T LA Elovich J7 2 a0l 3 XL
WHOT R

iR T BRI KRB N ETE

Table 4 Reaction kinetics equations describing antimony adsorption in the soil

B )47 1

Reaction kinetics equation

[CewiEE

Differential equation

BT (ST, =0)

Analytical solution

Elovich J5 ds

dr

Elovich equation

XL B R is

Two-constant equation de

Pl— B 3h % 7 B us

First-order kinetics equation de

1L 3 2 us
m

Second-order kinetics equation

= ae”

kt

= k(S,, - S)

= k(S - 8)?

Bs S = %ln(aﬁ) +%ln(t)

n-1

e gl , S Oy o W1 P9 AW M i S O T R L o Bk B )2

2.4 UEEESSTH

TERMARE I LB 2 J5 1) 3 R R TR & B 5
Hor L ULIE 3, AN A 9] 46 Wk B2 R 2L b B B A oy
A5 43 50 R AR T 1 W B S (0.95% ~3.20% ) T
W25 (2.02% ~ 3.48 %) . Fe. Al A AL ¥y 245 & &
(52.0% ~ 54.7% ) , 5% 15 75 (39.8% ~ 43.6% ) . #i
(vl B ol e R OB 7 T | I I | o 1 S
(3.62%~3.96% ) . L Vg [ 25 (8.43% ~ 10. 7% ) .
Fe Al F ALY 45 G 4 (43.5% ~ 55.4% ) , R i &
(36.0%~44.4% ), ] UL, 213 h Fe Al A b ¥ 45
GARBMNA oK, RO FERIES . B L W
AL B A T Sh B E 43 L AR LB . X 1P,
BRAERRME LTI b R LSS SRR m 22 2 A R

SEAFAE , X 5 7 0% 52 0 45 55— B, A0 130 00 41 49 X 6
F % B2 AN T 6 B L 3 At A 6 TR B B 5 4
AR Y A R B TR 2S A A G AT 4
f SR ] (E R 86 ) 59 45 5 T8 25 (AR & g ) 25
FIE PR B 25 ) 10 T 43 LU W LG 4T 48 v, o
BFEAT — 5 0 T 396 1 36 2 Bl 0 2% S 8 Pk 6 4 UK
A E B B Sb R A A i D5

%

3 4
AHFE I i - 45 0% B . 30 7 2 0% I e % % 4
AR IR Sb (V) 76 21 HE AR (5 JK b 9 W 45

MEBEAT 1A A2 DUR FEZEER Sh(V) fE M F £

http : //pedologica. issas. ac. cn



2 38

2 B B 4 < v [ P A 2 i R

e X A B 1 R AT S A

283

xRS

TENRBARLINNZRMBEBESE

Table 5 Fitting parameters of kinetic adsorption of antimony in red soil ,brown calcareous soil

HaJE LM WIRAE Elovich J5 & KU BT W — Wi 3 )y 05 AR B3l A
Heavy Soil Initial Elovich equation Two-constant equation Psrudo-first order Psrudo-second order
melal concenltration kinetics equation kinetics equation

(mmol L") R o 8 R2 2 n R? S., k R2 S. k
Sb 21 0.02 0.54  4.91 x1047 625 0.53 0.19+0.00 0.01 £0.00 0.93 0.19 £0.00 5.24 +0.23 1 0.19 123.3
Red soil 0.16 0.7 3.00x1014  21.4 0.67 1.71 £0.05 0.02+0.01 0.81 1.8 +0.02 3.44+0.39 0.97 1.91 4.21
1.48 0.96 2955 1 0.93 8.34+0.37 0.09+0.01 0.44 11.67 +0.77 1.41 +0.64 0.71 12.33 0.14
aa Kkt 0.02 0.99 0.63 55.87  0.93 0.07=+0.01 0.14+0.02 0.72 0.14+0.01 0.26 £0.10 0.87 0.15 2.45
Brown 0.16 0.93 8.87 6.66 0.94 0.66+0.05 0.14+0.01 0.44 1.30+0.15 0.20+0.10 0.63 1.37 0.25
Calcareous soil ~ 1.48 0.91 1.74 0.8 0.96 1.35+0.22 0.31+0.03 0.83 7.98+0.99 0.03 +0.01 0.90 9.07 3.52x1073
95% ‘{5 IX.[A] 95% confidence interval
140 + a 140 b
s 413 Red soil < Browﬁc@;lﬁlfis soil
€120} e 1207
:
R & 100 28 100f
=z pags
5 80 m 2 80t
RE RE
B2 N L
= :5) 60 = 5 60
z r g
5 g 40 K2 4}
8 8
5 20 5 20}
0 R S 0
0.02 0.1 1.48 0.02 0.16 1.48
WIHRIK WIBR R

Initial concentration (mmol L")

(NH,),SO, EZ=R (NH,)H,PO,

& 3
Fig. 3

S b 5 B R I R O L B — o R B ) 2
FRAE , W B LAAS o] 6 3 8 o 3, IR A LS B BN
Fe Al G ALY 45 A 25 MR 577 B e Rl - e vp
Fb 35 PR R A 4 O B, £ X Sh (V) 4 Wi R 8 A i
MR R T ARG K L A B, b
AR EXF Sh (V) 1 W Bt 52 3h ) % i B il , 483 30
d A5 A 35 B i, AN A S v B A D R R, AR
PG 45 2 W, Freundlich Jy 72 Xt 45 TR W B 52 46 45
RO E M AF . e B A5 v sh 12 0y
TS0 W, o 45 SR 81 %5 4, i Elovich 75 i FiSLH 5 7
R D X W2 R e 8 A X 2 55 1) 245 SR P B A, AR
R AL R B B AL W S e Sh (V) 7F A+ HE SR
F1hy W B 21 3 2

C O SRR

Oxalata buffer+ascorbic acid

Initial concentration (mmol L)

Residual (HF,HNO,,HCIO,)

LS AR 0 A K O [ 2586 03 A

Distribution of different forms of Sb in red soil and brown calcareous soil

2 & X W

[1]

[2]

fof o # TELH . B A TR S R A
AR . fbae gk ,2004,16 (1) :131—135. He M C, Wan H
Y. Distribution , speciation , toxicity and bioavailability of antimony
in the environment ( In Chinese). Progress in Chemistry,2004,16
(1):131—135

JHAREL A o, PR, A L S (V) T i I e 3% AT AY W BR
pH B TOREE e ks 7 5B 052 e . b s R A
FAR : HARBF R ,2011,47 (1) :76—79. Xi J H,He M C,Lin
C Y, et al. Antimony (V) adsorption on kaolnite : Effect of pH,i-
onic strengh, competitive ions and humic acid ( In Chinese).
Journal of Beijing Normal University : Natural Science Edition,
2011,47 (1) :76—79

FrERFR B A I R i R X B B M R Ak B Y
Gt B B R K 2 5B RLE 5 TR 2010, Qi C

C. Environmental geochemistry of antimony in chinese coals and
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PENTAVALENT ANTIMONY ADSORPTION BEHAVIOR IN TWO
TYPES OF SOILS TYPICAL TO SOUTH CHINA

Li Lulu '*  Zhang Hua®® Zhou Shiwei’ Xu Shaohui'
(1 Department of Environmental Science ,Qingdao University , Qingdao ,Shandong 266071 , China)

(2 Key Laboratory of Coastal Zone Environmental Processes,Yantai Institute of Coastal Zone Research ,

Chinese Academy of Sciences ,Yantai ,Shandong 264003 , China )

Abstract Isothermal absorption, kinetic absorption and desorption process of antimony [ Sb( V) Jin red soil and cal-
careous soil typical to South China were studied. Commonly used adsorption kinetics equations were compared in fitting of
dynamic adsorption curves. Sh( V) binding forms in the soils were analyzed using the sequential extraction method. Results
show that the acid red soil was higher than the brown calcareous soil in hoth Sh( V) adsorption capacity ( being 13. 83
pmol g " and 9. 19 pmol g ', respectively) and Sh( V) adsorption rate (being 0.58 pwmol g 'h™" and 0.38 pmol g™
h ™', respectively) ;the Sh(V) adsorption on the surface of the red soil is a rapid and irreversible process; Antimony found
in the two soils was mainly in Fe-Al oxides bound form and residue form;the content of specific or non-specific adsorption
form of Sh(V) was quite low,which indicates that the adsorption of antimony in the soils is mainly irreversible. The com-
parison of the four adsoprtion kinetics equations in fitting of the experimental results shows that for red soil , high in Sh(V)
concentration , the Elovich equation (R* =0.96) fitted the best and for red soil,low in Sb( V) concentration, the pseudo-
second order kinetics equation did the best (R* =0.97,1.00) ,while for brown calcareous soil , regardless of Sh(V) con-
centration , the double constant equation (R> =0.96,0.94,0.93) fitted the best.

Key words Soil; Antimony ; Isothermal absorption;Kinetic absorption ; Desorption ; Sequential extraction
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