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Optimum Condition of Soil Dispersion for Remediating Heavy
Metal-Contaminated Soils using Wet Magnetic Separation

Chul-Min Chon!, Jeong Sik Park? SookHyun Park!, Jae Gon Kim'* and In-Hyun Nam

!Geologic Environment Division, Korea Institute of Geoscience and Mineral Resources
2Korea Mine Reclamation Corporation

Soil dispersion and heavy metal leaching with two heavy metal-contaminated soils were studied to derive the
optimal dispersion condition in the course of developing the remedial technology using magnetic separation. The
dispersion solutions of pyrophosphate, hexametaphosphate, orthophosphate and sodium dodecylsulfate (SDS) at 1 -
200 mM and the pH of solutions was adjusted to be 9 - 12 with NaOH. The clay content of suspension as an indi-
cator of dispersion rate and the heavy metal concentration of the solution were tested at the different pHs and con-
centrations of the dispersion solution during the experiment. The dispersion rate increased with increasing the pH
and dispersion agent concentration of the solution. The dispersion efficiency of the agents showed as follows:
pyrophosphate > hexametaphosphate > SDS > orthophosphate. Arsenic leaching was sharply increased at 50 mM of
phosphates and 100 mM of SDS. The adsorption of OH", phosphates and dodecysulfate on the surface of Fe- and
Mn-oxides and soil organic matter and the broken edge of clay mineral might decrease the surface charge and
might increase the repulsion force among soil particles. The competition between arsenic and OH", phosphates and
dodecylsulfate for the adsorption site of soil particles might induce the arsenic leaching. The dispersion and heavy
metal leaching data indicate that pH 11 and 10 mM pyrophosphate is the optimum dispersion solution for maximiz-
ing dispersion and minimizing heavy metal leaching.

Key words : soil dispersion, dispersant, heavy metal leaching, magnetic separation technology, soil remediation tech-
nology

2 Atere AEAE EE 3800 ATS BEYe] A 24 208 EE3] St EXol tE FF
& QYEY 2% ARUS, JIKNE tem EAEA ¥ FE% &5 548 Fekait. BiHEs 1Ak
(pyrophosphate, hexametaphosphate, orthophosphate), AITHE/d A (sodium dodecyl sulfate, SDS)7} AR&E$oH,
pH = 9~12¢} F=¥3}(1~200 mM)ell w2 EFPT] EA5A 2 55 T sofsla, 83 #Axde
EE3T B4HE Y] pHHSle] wE EQHRA 542 Jrdst A9E B8t #etd = e, 24 pH
7} 129 7HASE Ao HESER] s ol pHYEF Asdel wel PZC(point of zero charge)o]’de]
pH7F fAAIERA FEYAFEC] 4 AEHE fAE 3 i AAZIL, FEWste] wE EGE A48 49, w20t
F7Ke w22 HEFES Jeie), ole 48K, Atshiiie] PZCHY & #4Hg9lo] pHEAS #4F
Ao Fzte] 71613k Aoz dAgtEnt, EYRe] ”**Oﬂ w2 F3F<4 8§52 pyrophosphate, hexametaphosphate,
orthophosphate= 50 mM ©]/3¢] &%o)4, SDSe| 7% 100 mMo)4e] FEollA BlA fZko] A A vebdch
gk, kg e] pHIF Sl weEt Hl4 & QIS HlAoh fAKSE SRS AL glo]
EFYAEHAN SRS st vlae] g3s fuslal, AMSEAE EFYAEH F3ste] vt gatEe
Aoz moten, Eikgdo] w2 E4g = pyrophosphate > hexametaphosphate > SDS > orthophosphate®] =
o2 yewth AR g P HAEEFHS 1Ee HHY EYRAEd e pH 11, 10 mM
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wertmann, 1996; Bartoli et al, 1991).

EYS sk FEe 1 FEe FRe 44
Tzo| w2 P 5HPermanent charge)e} FH 3
7ol e} Wslsh= 7PHASHpH dependent charge)
2 L ke dEe] ¥4E o ATz
W APt e YAE Aol X|3ego2 veht
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2 2 994 (point of zero charge, PZC)Z}aL &F
t}. PZC= FE9] £ °ﬂ e} TEA Yep B4
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A A thHSpark, 2003; Heike and Bradl, 2004;
Lee et al, 2009).
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Table 1. Chemical characteristics and concentrations of DCB extractable cations and water soluble cations and anions of the

soil samples
ECo CECY LLO ex]t)rggile water soluble cation and anion
Sample  pH Fe Mn Ca Mg Na K F Cl NOj SO, PO,
uS ecm”!  cmol, kg wt. % mg kg!
us 5.5 10.4 7.6 51 106 0.16 85 30 148 20 =nd 7.0 21.0 210 3.0
JIK 3.9 765.5 7.1 21 6.6 034 1805 121 6.6 167 60.0 12.0 67.0 4450 2.0

YElectric conductivity;
P)Cation exchange capacity;
lgnition loss;
9Dithionite-citrate-bicarbonate

Table 2. Concentrations of heavy metal of the soil samples determined from various extraction methods

Extraction Fe Mn As Cd Cu Cr Pb Ni Zn
Sample method me ke!
g Kg
0.IN HCI 19.4 17.2 1.5 BDL 4.6 BDL 19.8 BDL 3.4
Us IN HCI 309 37.8 66.5 BDL 8.5 BDL 40.1 BDL 6.3
aqua regia 92344 1480 2689 57.1 236 307 164 159 321
0.IN HCI 1094 198 BDL BDL 60.6 BDL 54.6 BDL 127
JIK IN HCI 11000 1098 64.0 9.5 120 BDL 243 BDL 307
aqua regia 84728 3600 1131 60.0 295 BDL 638 BDL 978

*BDL = below detection limit



o
USAIE2] 744 7.6cmol, kg‘l, JIK /\]5%94 7
cmol. kg'2 FARE e YeERa 9o, 2
2 JIK7} 21%2 US 82 5.1%9] vls A ura}
sttt ole Fn7t F3kEo] AdE JIK7F US A8l
Hls {718 §ake] 7] gl Zo= wetEm,
49 NS 7H] FERAI Tt &
< ylefst 4= QItk US 2 JIKe] ksl ksl
el S AWRW, A2 106 %, 66 %

=

o}

o5

05 HH‘

s AU, 016 %, 034 %2 Jﬁ‘r
13] _r q_/ﬂ.d-gi 7(4;4/\4.% E@' ]_
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92,344 mg kg'¢} 87,728 mg kg'® FAVSH
ws 01 N HCl 2 1 N HCIZ 323 3 3hee
JIKS) 739 7247+ 1,093 mg kgl, 11,000 mg kg'=
US9] 194 mg kg!, 309 mg kg'®rh && u|go
BEEAh(Table 2). Fr-FZ0] B T2 USA=E
£ 1480 mg kg'Z YEA T JIK A5 AH$
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66.5 mg kgl, 64.0 mg kglo 2 EUQ At 7|E(15
mg kgh)e =Rk JIKE &7t 60.6 mg kg
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kgl)e ZFated vElgth JIKE o}ddo] 978 mg kg
log 2ok An)®7])Z800 mg kg X3l 1}
Bttt 7 AlE BT G5FEYHOR FEHE K
ts]— Zﬂ\;ﬂ,] Z:LA:. —cﬂ—ako] AH;HX%__E Ok/\].o] 01 N
HCl 2 1 N HCl =99 IL AdHet =& T
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o st Sl HE B WA 1 3
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=7k kel wet 2adt] 10 mMe] FEelN R
2 23%, VIAF 10%= JERTE 10mM ol de] s%
M= B, ulrh FE ko] 10mM fARE 9=
x5 Yeplilth JIKe S7T8 S8 oR AN
198wl eS| 2%= VERIAIRF pyrophosphate
T2t 71 10 mMolM HE o] 7%2
7¥etith. 10 mMellA o] Bl §HFRe 77%, mIAL
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A} 2290 W) mehe] FHS A% Z7sAR
Ale] RS 74519t 10 mM o] ERoA =
2, Al HE Sheko] 10 mMy fAE RS
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Table 3. Particle size fractions of the soil suspensions dispersed under different initial conditions, using different solutes and

concentrations

US sample JIK sample
Concentration
Dispersant Sand Silt Clay Sand Silt Clay
mM e e Ogmmmmmmm
Deionized water 0 50 50 0 77 22 2
33 20 47 75 23 2
2 33 11 56 73 25 2
5 23 15 62 76 20 4
Pyrophosphate 10 23 10 67 77 16 7
20 30 11 59 77 18 5
50 22 15 63 76 16 8
100 32 15 53 82 14 4
1 59 31 10 76 21 3
2 52 25 23 75 22 3
5 40 14 46 73 22 5
Hexameta- 10 27 8 65 75 20 5
phosphate 20 25 10 65 78 18 4
50 28 6 66 75 19 6
100 24 11 65 78 16 6
200 29 7 64 77 15 8
1 52 42 6 75 25 0
2 46 50 4 76 24 0
5 44 55 1 78 22 0
10 36 60 4 78 20 2
Orthophosphate 20 38 62 0 78 21 1
50 29 50 21 76 19 5
100 31 37 32 76 22 2
200 36 52 12 77 19 4
1 57 41 2 71 27 2
2 57 40 3 71 27 2
5 56 33 11 72 24 4
10 47 23 30 71 21 8
SDS* 20 40 11 49 72 21 7
50 29 10 61 77 17 6
100 38 10 52 78 18 4
200 37 15 48 76 18 6

*SDS=sodium dodecylsulfate

R 2ItK(Fig. 1). Pyrophosphate= %7| pH”7} 9.9~
1042 =7} 2RSS pHV} 7181993, sl w
2 ECE 403~16220 uS cm'e] W92 e BAkg
HETh WHelZo] A veRh US, JIK AR BF
10 mMollX =& HE ghfo] Jelyitt. ojuje] 4k
fado pH ¥ ECE USE pH 96, EC 2340 uS
cm'® veRta, JIK= pH 9.1, EC 2785 pS cm!
2 Yepsth US, JIK A8 25 Ak, Akt &
o) o} ks, Akslzie] Ak FAell A 7]
£ 39S Zo® dAnkEh wEpr Fakgdo] kst

A, A3lg7r PZC ¥t} %8 pHe phosphated] &
2] ofa) wAke] WAk 2o AekEr)
Hexametaphosphatedl] 9§ EY ¥4 : USe=
hexametaphosphate®] ¥%7} 715t wel HE &
Fe 7 718kl 10 mMe FEolM 65%2 HE
S UERATE T 10 mM sxolA 2
27%, WA} 8%2] Frko =z ZkAslgith 10 mM o4t
o] F&oME B, vlAl, HE ko] 10 mM}
Abet =827 YeRdtt. JIKE hexametaphosphate
o] F&rt SV HE FHel F7ste] 200 mM
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Table 4. Variations of pH and EC after the reaction of dispersion solution and soil samples

. Initial Reacted with US sample Reacted with JIK sample
. Concentration

Dispersant EC EC EC
mM pH uS cm’! pH uS cm! pH pS cm’!

Deionized water 0 6.6 0.5 7.5 11 39 766

1 9.9 403 7.9 22 5.8 916

2 10.0 706 8.6 447 6.2 906

5 10.2 1514 9.4 1140 8.2 1599

Pyrophosphate 10 10.3 2720 9.6 2340 9.1 2785
20 10.3 4780 9.8 4510 9.2 4920

50 10.4 9640 9.9 9550 9.4 9775

100 10.3 16220 10.0 16215 9.6 16460

1 6.5 75 6.8 72 3.7 767

6.6 132 6.9 61 3.7 832

5 6.9 287 7.0 245 3.7 910

Hexameta- 10 7.0 512 7.1 472 4.0 1069
phosphate 20 7.0 890 6.8 836 4.9 1439
50 6.7 1930 6.7 1915 5.7 2650

100 6.6 3420 6.6 3465 6.0 4395

200 6.5 6100 6.5 6225 6.1 7220

1 5.4 152 5.7 64 35 970

5.1 145 5.5 121 3.5 993

5 49 357 5.2 309 3.5 1180

10 4.8 662 52 621 3.5 1474

Orthophosphate 20 47 1368 49 1212 3.5 2040
50 4.5 2950 4.8 2880 3.8 3625

100 4.5 5480 4.7 5470 4.0 6155

200 44 9960 4.6 9905 4.1 10585

1 7.3 122 5.9 63 3.8 797

7.0 158 5.8 116 3.8 876

5 7.1 323 5.8 237 3.8 930

10 7.3 485 6.1 429 3.9 1078

SDS*

20 79 775 6.3 687 4.1 1461

50 8.3 1547 6.6 1413 4.5 2305

100 8.2 2660 73 2590 5.4 3295

200 8.0 5350 7.4 5325 5.9 6035

*SDS=sodium dodecylsulfate
o) FEolA 8%% 71 e HE §FS YeRidth  uS an'® uehiw, JIK AR whed Bagele)

10 mM ode] sxolxe FE el 6% WA=
A EE A4S HeltkFg 1). Zale 3% hexa-
metaphosphate®] =9} “J&Aglo] 76% ULl
< FA8HL, vARY] 3 hexametaphosphate®] &
=7b 200 mM o W 7P e 15%9] S e
Witk Hexametaphosphate®] %7] pHE hexameta-
phosphate?] F%7} Z71stl we}l 65~7.002 LiEr
Wt} ECE hexametaphosphate®] %7} Z7)5H
w2} 75~6100 pS cmE 271Kt 10 mMeollA
US Al=¢}t vkESE #4H8dle] pHE 7.1 ECe 472

pHE 4.0, ECE 1069 pS cm'=® uehgt}. US
10 mMollA Fakgolo] EGRIALE HAAA 1 o
o] FroME EC7H 4] %ot EFUAEo] thA
AEe o] WASHA] okl Bato] fxE Ho=w
=7, JIK A& A9 10 mMellA] pHZ|F Yo}
Hako] b3 wAISEA] Z3AAIRE, 200 mMe] =
X pH7} 6.1% dsste] Fate] AT Zlow 3
EE1Y

Orthophosphateo]] ]38+ EY 24} : US 2|89 &
E 32 orthophosphate?] =0l we} B3Z o]

oo ox fr

_l
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Fig. 1. Relationship between the concentration of dispersion
solution and clay content(A : US soil, B : JIK soil).

31100 mMelA 32%°] 71 E=A yEstTh 2
35 orthophosphate®] %7} 1 mMolA 52%=
HIATE 100 mMelM 31%=2 ZAasten, wAl g
Fe 1 mMellM 42%E R 20 mMellA 62%
o] g Yep 788t 20 mM ool e A
Edtero]l S7tstaA mAREo] Zasigith JIKe
orthophosphate?] ¥%7F 50 mM ¥ wj 5%= 7}
=2 AETHS YehiickFig 1). ZaTEFS 76%
Wj€]2 orthophosphate®] &=} FAIRle] LA 31,
WAFSFERS orthophosphate F%=7F 1 mMollA 25%
o] S YeERIL 50 mMelA 19%= ZAasith
Orthophosphate= %7} 571 & 4% %7] pHe
7Hassted 1 mMelA pHZE 5493417, 200 mMe] &
ZoAl pHZE 44F golxlth ECeE 152~9960 uS
cmtZ Uekstth USe JIK 25 pyrophosphate$}
hexametaphosphate®} TR A0 2 HEoM F&
o M2 Eite] B2 FE dgo] Mg AA o
Ebttl. 22U orthophosphate %7} 571 &2
Refo] §heF 7ol whEl wAe] FHge] Frisit). US
A 8¢} 33} orthophosphated] pHE #ARg-le] 3=

S = M

7t 27VE pH7L Yol 200 mM HES 3o
pHE 4602 YePty, JIKE 200 mM W3
pH7} 4.101%0t}, o] W& pHe| EAkgdom
kel FEo g EAEE AE YAEC] T
A=HA wALe] FEke] Zrhet Ao Ik 5
3] USellA Arkdl HE e Ayt S8 v
=, ole 74 HEZEQY 7M2¥o] ortho-
phosphate F-4Hg-ole] vke pH 2 A-eE 4
=2 wetE

SDSe] 98 E¥ B3} : USe SDSe| %71 50
mMY © HE o] 61%= 7FF =& e Ul
W, 2ae] ke 1 mMold 57%9] S B
o]A|9k 50 mMolA 29%= 7HAsIar, mIALe] Bheke
1 mMelA 41%2] 3R Ve, 50 mMelA 10%
2 72315tk JIK:= SDS7F 10 mM o o HE &
o] 8%= YERIL 10 mM ol de] Fol= 10 mM
olsle] shgal fARE YEREE HYthFg 1). PIAL
o] ke 1 mMollA 27%= VERHE 50 mMolA
17%= 72389tk SDSE %7] pH7F siel wel
73~8.002 e}, ECE 122~5350 pS cm'®
Uebgth 50 mMe] FxolA US Alg9} whssl &
Akgolle] pHE 6.6, ECE 1413 pS cm'& YepTh,
50 mM ©]4e] FEolME US| HES o] s}
3 2, nAghe] ksl Bt JIK Al8e] 73
% 10 mMeIX FEFZ] iz Yehtar, 10 mM
Hrp 2 FxoA 2, At o] Frkehs A
g Btk

]

[ oo & lo

3.3. 24tEYe| pH Hsto ME EF F4 ARt
e FHAet T /s EEES] PZC
ol3te] pHollX= 3kE JellaL, PZC ol%d<] pH
dXe dse verdh FAdspE S48k € A
T YA FHNNA FHE e s JREY Ato]
AYsHA Hck 2AREde] pHE Z2dsle] YJeristE
setslicH(Table 5, Table 6).
pH 9~12 NaOH €9 : USE pH 9~11¢ &4
SdA] HE Tgo] 0%= R, Eeje} vjALe
ol 50% HE FA=EIATE pH = 12914 HE
Shefo] 52%= S71eIAA Rajel gk 35%=
SR, FIAKY] SHES 13%= F43] 7+Ast]th(Fg.
2). E%5 pH = 12 ZAHE-A 3} 98- $9] pH7} 10.9
2 Uit 7hEde] F4 JERERE 74E US
= pH7F EYYARY] PZC oPdo = J53lHr ES
ARle] Fito] WAYSE Aoz ke, whde JIK=
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Table 5. Particle size fractions of the soil suspensions dispersed under different initial pH conditions, using different solutes

) US sample JIK sample
(c(]))n‘:ggtrf;?;n) Initial pH Sand silt Clay Sand silt Clay
________ LY S
9 44 56 0 73 25 2
Deionized water 10 50 30 0 76 22 2
11 48 52 0 76 22 2
12 35 13 52 72 26 2
Pyrophosphate 11 29 12 59 80 17 3
(10 mM) 12 27 11 62 80 17 3
9 27 11 62 75 20 5
‘;}‘:zzsﬁ; 10 33 10 57 74 20 6
(10 mM) 11 29 8 63 72 19 9
12 27 11 62 75 19 6
9 25 57 18 76 24 0
Orthophosphate 10 2 47 31 76 24 0
(10 mM) 11 24 48 28 71 29 0
12 22 12 66 68 26 6
9 41 10 49 80 18 2
SDS 10 33 12 55 80 18 2
(50 mM) 11 33 10 57 80 16 4
12 26 15 59 80 16 4
Table 6. Variation of pH and EC after the reaction of dispersion solutions and soil samples
. Initial solution After reaction with US sample After reaction with JIK sample
Dispersant
(concentration) pH EC pH EC pH EC
ps cm’! pS cm’! uS cm’!
9 5.8 5.4 13.6 3.8 879.0
L. 10 9.0 5.8 12.5 3.9 836.5
Deionized water 11 583 6.7 306 43 861.0
12 497.0 10.9 239.5 7.3 1020.0
Pyrophosphate 11 2710 9.7 2335 9.1 2700
(10 mM) 12 3330 10.9 2595 9.9 2915
9 524 7.9 466 4.9 1046
';Eg:l‘;::; 10 533 7.9 471 5.1 1044
(10 mM) 11 588 83 497 5.7 1085
12 1332 10.7 732 8.4 1297
9 1587 8.0 684 7.1 1685
Orthophosphate 10 1613 8.1 1386 7.2 1723
(10 mM) 11 1708 8.4 1429 7.4 1774
12 2860 11.4 1051 10.3 2290
9 1474 7.1 1392 4.9 2010
SDS 10 1479 7.2 1358 5.0 2000
(50 mM) 11 1625 8.5 1451 7.3 2075
12 3400 11.8 2265 10.9 2465
argole] pHslel e skt B384 9%t S Rakal] WEe sz pud,
th ols EY vk $o] AR89 pH7F 3.8~7.32 QA £9 : USe 10 mMollY FE o] =7
2 9 et EY FE9 PZC o] pHE #X YERd pyrophosphate ¥ hexametaphosphate®] pH
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Fig. 2. Relationships between the dispersion solution pH and fraction of sand, silt and clay (A, B : pyrophosphate, C, D :

hexametaphosphate, E, F : orthophosphate).

Hald] e HE dFe 60% e, = dF
30% W, vlake] gHEEe 10% W2 10 mMellA 2l
P xol FARE 743 YERiZ it} Orthophos-
phate®] 7-¢- pH7} S7kgel wel mefo] ke
23% W= 2 WPt JepdA] eFdARt, mate] §F
o 579004 12%% A Td HEsere
pH = IX= 18%% S| UebsAIet, pH = 12614
66%= F43] S7IstthFig. 2). JIKE pH w3l

£ pyrophosphateel] 23+ B A== = 80%,
HAF 17%, HE 3%= W37t f1ich. Hexametaph-
osphate®] 7-9- pH7F S713tel whet HE o] &
7¥sted pH = 11914 9%9] HE kg vepich
Orthophosphate= pH 117K Y94%=2] ®H3p7F A<
A, pH 12e14 HE ol 6%= S7Hth

(Fig. 2). US, JIK A& =% orthophosphate pH
12914 AE Fgo] F43] T8I ole it
F3ol] 9Js) Eato] WS HE YARFEC] EAkg-e]
WS pHZ <138 A& =Ach7t pH Y d5dte] E
WFF=o] PZC o2 pH7F §AEHA HE ¢
o] 4t HHE fXH ASR vtk

SDS : USe SDS ®%7F 50 mM ¢ uwj pH i
3lo W2 HE e pH=9 & o 49%°14 pH
129014 59%= S7VYsI9t). mAke] g#e pH = 117}
A 10% W] & A5 pH 12014 15%=2 5
71kt male] e pH=9d wl 42%, pH =
12 o of 26%= pH7} S7FsheA] ddo] ZHast 4
o7 yePdtiFig 2). JIKE SDS pH #3lo] w2
Qe =2l 80%, HIAL 16~18%, HE 2~4%=

o0

N
i



Foe oF EF 4SS A3 SN0 A A B R 20

ARet g YeERNSITH(Fg. 2). #4kedo] pHY &
g2 PZC oPde] FAEWA SDSS] micelleo]
S HHIE fAIE HE o] FUIeE A=

3.4,

AAkFe] FFel
pyrophosphate, hexametaphosphate, orthophosphate
o] FFAFE HAABIAL 5282 USRS
=% 39tk US, JIK AlEe| digt pyrophosphate,
hexametaphosphate, orthophosphate®] &2F&
Langmuir equation WZ2E L-typeg 7HAe 2oz
YERsttH(Sparks, 2003). Langmuir equatione %3
T7F 2e e 3435 Skt 33wt ok

A% gsiAE AOR 4 )Z tehd 5 ek US

=
55

av

off

US soil
60
= A
E
S 40 *
2 *
2 *
8 *
T 20 4
€
: {
£
<0
0 2 4 6 8 10

Equilibrium concentration (mM L")

160
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Amount adsorbed (mM kg")
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/

0
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ANFES JIK A5 9hg3k Qlabde] F2EA

Langmuir equation®] “JZ#AE kst 23 =2

2JABA (RS RN ATH(Fig. 3, Table 7).

kCbh

-2 1

1+kC @

c1,¢ .
q kb b

Amount adsorbed (mM kg") Amount adsorbed (mM kg'1)

Amount adsorbed (mM kg'1)

q=amount of adsorption per unit mass of
absorbent

b = maximum value of adsorption

C = equilibrium concentration of adsorbate in
solution

k=a concent relating bonding energy of the
adsorbent for the adsorbate

JIK soil

-
=]
o

150

-
w o © N
o O ©O o o
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Equilibrium concentration (mM L'1)

160
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Equilibrium concentration (mM L'1)

Fig. 3. Adsorption isotherm of phosphate adsorption by the soils. (A, B : pyrophosphate, C, D : hexametaphosphate, E, F :

orthophosphate)
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Table 7. Coefficient of correlation (R%) and amount of maximum adsorbed phosphate by the soil samples determined with

Langmuir equation

Sample Phosphate Coefficient of correlation (R?) Maximum amount of adsorbed adsorption (mM kg™
Pyrophosphate 0.9728 39.8
usS Hexametaphosphate 0.9894 1333
Orthophosphate 0.9584 27.7
Pyrophosphate 0.9657 138.9
JIK Hexametaphosphate 0.9909 137.0
Orthophosphate 0.9598 129.9

Langmuir equationg W3l 2 )= viepd
uew o] o Ce} Clgoll &gt EHEE x3g
ok 21 @l 98 718715
719] A= AdgAHges 3949 + Uk US
JIKS} pyrophosphate, hexametaphosphate, orthoph-
osphate®] ZHth&ZarS Table 700 AAlsIth.

US| FHth&2=-e pyrophosphate, hexametaphos-
phate, orthophosphateo] thale] z}zb 39.8 mM kg,
1333 mM kgl, 27.7 mM kg! =, JIKE 1389
mM kg?, 1370 mM kgl, 1299 mM kgt = A4t
= ¢ltl. USE hexametaphosphate®] 3 th & efo]
133.3 mM kg'2 €} <12kdol Hls) 3-4u) =A e}

wor, JIKS] HEFEe 129.9-138.9 mM kg! ¥
9)2 USE| hexametaphosphateol] thst ZHui-&-2tzk=}
AR ?J*JOS THE Wxpt 2A Uk 2
FrEPe tFE LtypeZA 2| (sorbent)e} 2+
Z (sorbate) 7F«1 745t 1ol EAYBIAL Y-S ov|st
w, 53] JIK Al59] A¢ BS 7192 Ltype 2%
__EH /\]—EHZJ_E xﬂ}r_t_‘ ]/ﬂ Eoto];}g} )\].oi 7].
9] F2F5o] B Avks A & & AUtk @A I
L8 FES FRAFGER Idslr e US A|29)
] Hexametaphosphate®] FH S22 of 2 Qb

A=

—~ 12
a A
= 10
E 3
7]
< 6
°
g 4
©
s 2
i
0
0 50 100 150 200
Dispersion solution conc. (mM)
—O— Pyrophosphate —{— Hexametaphosphate
—— Orthophsphate —O—-SDS

o vlste wl$- A Vel o]8d =8 s
o 23EF Fled FEO U 43 F5 £
& Zlo " yhEIth(Hazel, 1942; Castellini, 2005).

US AlElA] H]A9 % pyrophosphate-J

1 mMe| FxolA 23 mg Ll_é Yepty pyroph-
osphate F%=7} Z71e) wa} H|4o g =7}
&) 50 mMelM 7.5 mg L1 22 yelsith. Hexa-
metaphosphate= =719 03 mg L= pyrophos-
phate®t} 2 H|AEEFS BEUARE, 50 mMolA

105 mg L'l s pyrophosphatei‘i]- o HAGEY
< Yelfglth. Orthophosphate®] 7-$- H|A8ZTe

1 mMIA 06 mg L'913, 200 mMelA 82 mg
Lio® Z7teiglet. Qo] ol met 853 2}
o7k SIAE, 50 mM o3¢l FrX= kel 85
Fol AP derds & 4 lrh(Fig. 4). SDSe]
B ARG WagEEe] o S e

~8
- B
[=]
é6
7]
< 4
T
28
§2
=
X
w V. N\
0 7K 7K 7N
8 9 10 1 12 13

Dispersion solution pH
—O— Pyrophosphate (10mM) —{F Hexametaphosphate (10mM)
—&— Orthophsphate (10mM) —O—SDS (50mM)
—%—NaOH solution

Fig. 4. Extracted As concentrations from US soil with different concentrations of dispersion solution (A) and pH (B).
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Sk 1 mMoldE H&7E 8EEA 43ke, 200
mMellME 3.7 mg Lo 2 825900

US A]&914 10 mM pyrophosphate= pH”} 1191
A 122 F71gl we) HlA &3] 4.6 mg Lo
A 58 mg L'leg =71t E3F 10 mM hexa-
metaphosphatet pH 9~112 713 wje] H|A8S
2o 43 mg Log Wyt QiAW pHYt 128 2
7Vst] wet 6.8 mg L1o2 B8] Z7)81Th
10 mM orthophoshpater= pH 9~11°1A4& 1.7 mg
Lo H28&%S Wo|3 pH = 1294 3.8 mg L'
2 vAgEFo] S 50 mM SDS= pH7}
Z7}slHA] vAagEo] pH=9 o4 15 mg L&
e Y pH = 1201412 7 mg Lo g Z7}sigih.
JIK Al gelMe E4kgele] = 5 pH ¥sle] whe

TEE 52 ¥ A ot

3.6 E SMo| 2 £ Fite| 31 7 oo|

US AlEoA = 43EZ AXE 71} 34
58 FHAEke] Aolol 2J8) card-house FEW (edge-
face), band-like | (face-face) 52 2% Fej= =
Asch Eoke] EARS EoRGE HWo| 2ol&9l
phosphate®} SDS7} &2 3ol we} B e
suface charge®] SXsl7F S71gkl ulet 714 &
Hell ofsf] B YArEe] B4k AoE wdEn
3 2kskd | Akslzke] PZC ol&ke] pHelA 4kshA,
APk e Ha QoA SHsEE e #E
AolollA] Bl g sfo] FE] S H=rh
SR 2bskA | Aksiito] PZC o] pHOX e &
AsE YA o2 HA7|H Ho| oJste] FAto]
A ). & & TWdsle 4899 pH
<ol wig} PZC olAte] pHE w7 =9 FE9 edge
9} face B Ak, Al AT S4skE
=A HEA Ebe] Uehd Zo= Atk th(Lagaly,
1989; Papo et al, 2002).

olakde Y2 (inner sphere complex)ElZ 1]
FHAo] Y2 Hgde] Askd, A7k 9 alumi-
num silicate®] broken edges} WHs/go] ol F32 o]
Z dojuy, T3 Ca o] AFE] calcium
phosphateE ¥/Adste] k= Aol UrkSel et
al, 2002; Rhoton and Bigham, 2005; Borggaard et
al, 2005; Giesler et al, 2005). US A&} JIK Al
o] Aitde] HulSAES A EH pyrophosphate,
orthophosphate®] 7-¢- JIK A 84 B =& 214k

=
AogAEe el AT 7 AR 54 v

o

Rl

75 0 EY Asle A% FAAEAEY AR Al HA B

2

) 133

sl HH, USe d&5FE4 7 reducible(®| 8 4ks)
A, ASIHEEE 0%2 JYEREA] 29k ]RE JIK Al
59| 79 reducbleFEl7} 14%7F Yeht= Zo=
Hol, JIK Al=ol HIFA Akskd, Akshizlke] ghskol
US A8X &2 2 & F Uk &g 784 ]
25 AT EWA Caol2d o] 2 As & & 3
o} webA QI ¥ AkskE, Abshgke] vkg
2 Ca$} Wh&oll 913 calcium phosphate?] Aoz
JIK AEollx] Hoigatgo]l A Jehve Ze2 %
LRezi=

Pyrophosphate, hexametaphosphate, orthophosphate
o] Fko We BEAaAE Hlaste] ¥ 10 mM
pyrophosphatelA] 7P =& #4to] Uit 4] (3)]
w2 pyrophosphate 1 Me] &9 =2% orthoph-
osphate 2 Me] A4 %3, orthophosphate JElZ &
Zto] WAigtel| whet orthophosphate ®th O B2 &
s do7]|A ®r}. Pyrophosphates 10.39] H&
pHZ 213l PZC °]d¢] pHE #A57] 419 o =&
FAto] whAIEE Zlo g okEth, Hexametaphosphate
o] 73%- pyrophosphate®} f-AFet 4t @37t LR
t}. Hexametaphosphate®] 73-%- aluminum silicateol]
orthophosphate® T} &2 o] zo} Filo] WAzl 7
© 2 FdEti(Altundogan and Tumen, 2001).

¢

P,0;* + 3H,0 — 2P0, + 2H;0* 3)

AAFFL HA8} fAleh B18he 25 Z|Y AL §lo]
EY A 370N F2EAE o, EYURESEH
HAo] gaks fukehs 2o delA Urh(Lee et
al, 2007; Ladeira et al, 2004). web B A=b
o QM T SDS7F FESHA HW HlAeE '
It} US AlBOA F133E% 7hed 9 Akskd
QArAol Sl wet AtskE EHol| S3y
H| A7) g3Eo] BLkgdow §&9 Zlo=w
ot Bl 2k QAo <o o Hl& &
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Fig. 5. Relationships between the adsorbed phosphate and extrated arsenic of the US soil sample. (A : pyrophosphate, B :

hexametaphosphate, C : orthophosphate)

Table 8. Solubility product constant of phosphate compounds

Compound Formula Ky (25°C)
Aluminium phosphate AIPO, 9.84x10!
Cadmium phosphate Cd3(POy), 2.53x1033

Calcium phosphate Cay(POy), 2.07x107%
Copper(Il) phosphate Cu3(POy), 1.40x10°%7
Iron(IIT) phosphate FePO, 1.30x10%
Magnesium phosphate Mg;(PO,), 1.04x102*
Nickel(IT) phosphate Niy(PO,), 4.74x10732
Zinc phosphate Zn;(POy), 9.0x107

sk H]ib *Pﬁ}é, szt S Fejrt ofd
gsgE Sl
Zoz %%%E}.

US A2 2 JIK A8oE H& ¢ 7=k, 38,

T8, U, |, ol TE45S st UAIE o
£ das BEY TN S&EA @uth L o]
fre= A8 pHYF Eobd EFUA e ik 53

Z71e Zlog Fgkdn) Table 8ol HE uleh
go] <l S5 S3E A, duges
e 8w *g*éﬁ}a%—"— QA Wil SE4

2 o2 Ak

2agole srwsel ne & e
pyrophosphate, hexametaphosphate= 10 mMe] &=
M 714 ¥& ME Fe U, orthophos-
phate= 100 mM, SDSE 50 mMelA 7P && A
E 93¢ yehioicy. =g B2 pH sl me
& FAEA] o BAkgdlo]l pHY| 120 7P A=
o] ZohalE), ol BAge] A5,
S}7F PZCHT} 2 pH EAkE-oHo] Fato| <3|
o] WS Ao 2 Bk,

Pyrophosphate, hexametaphosphate, orthophosphate

=] = o
ook X __T/\é__

n?L'r-l

rE_\?LUZiPm
-

o SLFAFHS Laypeo 2, QAR Z-Trsz} =9
NE) Bgol wjel 2) EATe T
EFae Bk ©E FEE %% e

pyrophosphate, hexametaphosphate, orthophosphate

= 50 mM o]’de] FEOAME B4 &E%o] IF

SHAl YEeRdTh. SDSe] 74 100 mMel/de] sl A

£ a §EY0l s vehdeh Ealgals)

pH7} 5713l wet Hl&e] &%= S71siiith ol

=
Qg e A9 Qg

= 4, Sof QgL vlae} FARS 2

E AYIL o] EFUAREHANA F2RAAE s H

E'i“i olxkgo] FasHAl HW HlAe g3y Ao
, SDSE= E%F¥Ho| micelles FA5HA Ho2H

[e}
]_,_7} B2es Aoz
Bargol(el Ak

AR NAR = %

o= sherEr,
SDS) FR/d wWE
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S ) ito] S7Hslsir.

HaE AA §E2A71T, BAEEO] B Bkl

=] [e]
'\_':')1\_]_"‘1:

£ pH=11, 10 mM pyrophosphate A2 % Y€}
gt ol -2 kg9 TR mE B T

2ol A £, FEOIAE 10 mM o1l S
d, o, A=) 10 m v/\}f& ?JE—EE%
EC& 3eisio] pH = 11°] 3

4 0% e, ot AshEe l%ﬂH =
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