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QOoF ¥ A7) BAL J1y B EYtA 2H YetolE

£Z3aolA AAZ FEHE AFNY Fa5A40e] 88 Fao F5U47) ol FEO FAHE vy EN &
AL )= el olE 913kl pH 3.199) BAAFE 0.45 m BEE AE T FAAY ALgstg =], whgo] &
28 g0 st YAFTFEFENY] (AAS), F=dgEetzol (ICP), ¥ ol AZvtEDHAT FU49 vFY
AE Tgsbe] 27/ Ul 674 Fol&L EAFAU. AlE 0.2 gF S8 30 Mo vEE FHNSS AAo
o YRS AIZRE 108, 308, 1A, 12213, 24217, 48A1%F, 1Y, 25 992 39t WATEQ4F9F MINTEQA?2
E2 9L AL83le] uhggddd EXEte gerE XA FE Adte] BH B 7] S93 wrgFo] g
st 2H9 A HAES ¥idle vlg don giREe FHYLEL AfFfol 22 ENF. ditolEg
Tadnel wey AIZhe webs] ZF RS2 FEATYE s BAY 98 1A Fole vEYAke AL
As)PH)Ge)Se)CudZn)TidCd>Co)NI)Cs)LidCrols, 949 A% K)Fe)Na)ADMg)Si)Mn)Cad) o8 Fato] o
ojlytt wrg 23 %o mEdAe AE As)Ge)TidZn>Se)CAINIXCu)LidCo, Pb, Cr. Ba)Cs oi¥, Fd49 A$
= Fe)K)Na)Mn)ADMg)Ca)Sigl 2.2 Fato] dojutd & xojalo]lEg A 1417 Tl n2dis Cu)Pb)
Li)Ge)Cr)Zm)As)Ba)TirCd)Co, FEAE FeXK)Mn)Mg)Ca>AlPNa)Sigl 2.8 F3lo) ol 2FFd &= g
Wi CurAs)Zn)LidGe>Co)Ti>Ba>NDPL)CriCddSe, 949 4= Fe)KOMn>Al, Mg)Ca)Na, Siel o2 &
zto] dojyirt, g o2 AL diEE FAEALS Ao fHEx gon] wdH i wE F Melijo] 8l
&2 gtk 101 layer 7EYANE 750 BZojrtolEr} 2:1 layer & UgtolExt} FA5Hol S48 AL
g2olAlojEe] TxHe EAT WHs] BHE AR R FANs-g HAI% dalolEx Ao BEyi M u}
29 OH-stretching bond2l Wale= #AE A g}, &3 FZolxjolEe] A9+ 11 bond (3695 cm )7} Bt} 7
;AL welth wepd defolEE inner-sphere #3FES B3I, &2 olAlo]EE outer-sphere FTES I
Mete Zoz pelt) ¥ AFg 2o 7akd 2739 dAdE (multicomponent) A)ZBlo)Me) FAEA 0 golol
z}b o] 22] 5 uiel Yyl A dgE W

o A
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ABSTRACT : Adsorption of metal elements onto illite and halloysite was investigated at 25 T using
pollutant water collected from the gold-bearing metal mine. Incipient solution of pH 3.19 was reacted with
clay minerals as a function of time: 10 minute. 30 minute. 1 hour. 12 hour. 24 hour. 1 day. 2 day. | week.
and 2 week. Twenty-seven cations and six anions {rom solutions were anaylzed by AAS (atomic absorption
spectrometer), ICP (induced-coupled plasma), and IC (ion chromatography). Speciation and saturation index
of solutions were calculated by WATEQ4F and MINTEQA2 codes. indicating that most of metal ions exist as
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free ions and that there is little difference in chemical species and relative abundances between initial
soultion and reacted solutions. The adsorption results showed that the adsorption extent of elements varies
depending on mineral types and reaction time. As for illite, adsorption after 1 hour-reaction occurs in the
order of As)Pb)Ge)Se)Cu)Zn)Ti>Cd>Co)Ni)Cs)Li)Cr for trace elements and K)Fed)Na)ADMg)Si)Mn>Ca for
major elements, respectively. After 2 week-reaction. the adsorption occurs in the order of As)Ge)T)Zn>Se)Cd)
Nid)Cu)Li)Co, Pb, Cr. Ba)Cs for trace elements and Fe)K)Na)Mn)Al)Mg)Ca)Si for major elements, respectively.
As for halloysite. adsorption after 1 hour-reaction occurs in the order of Cu)Pb)Li)Ge)Cr)ZnyAs)Ba)Ti)Cd)Co
for trace elements and Fe)K)Mn>Mg)>Ca>Al)Na)Si for major elements, respectively. After 2 week-reaction. the
adsorption occurs in the order of CuwAs»Zn)Lid>Ge>Co)Ti)Ba)Ni)Pb)Cr)Cd)Se for trace elements and Fe)
K)Mn)Al, Mg)Ca>Na. Si for major elements, respectively. No significant adsorption as well as selectivity was
found for anions. Although halloysite has a 1:1 layer structure, its capacity of adsorption is greater than that

of illite with 2:1 structure. probably due to its peculiar mineralogical characteristics.

According to FTIR

(Fourier transform infrared spectroscopy) results. there was no shift in the OH-stretching bond for illite, but

the v1 bond at 3695 cm' for halloysite was found to be stronger.

In the viewpoint of adsorption. illite is

characterized by an inner-sphere complex, whereas halloysite by an outer-sphere complex. respectively. Initial
ion activity and dissociation constant of metal elements are regarded as the main factors that control the

adsorption bahaviors in a natural system containing multicomponents at the acidic condition.
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Fge - A5 - ARE - FAr
o] sgo|ato]ECIH 10 AdlA 7Zg A3 7 Table 1. Grain size of clay minerals used in
AdA ok sl AMe] EAAoIT #H 9 2 adsorption experiment.
719 QeREE F&5Yd 4%s F= T — :
wsle, Agel AHed FBE tgoR deold illite | halloysite
AP QAEEAI)E ALt JERMS AAFY mean (i) 7.60 8.16
t}, s A A= Table 1o Uehd vhe} 2o standard deviation (gm) | 2.07 2.67
g7 defo|Eg} HRo|rtolES] FetxAe WA}
dv)247] (EPMA)Z 242 kit Table 2. pH variations of solutions reacted with
THS Y3 TS 9282 A FEPLIA clay minerals.
FE251 JE FAAHFE AgEke] AT
Jurstd 2Z&YLEY FAALE E 949 duration illite | halloysite
Y4 289 AdA] T, pH. Eh 59 after 3.9 5 97
weha Aol dEtAly] el dniHoz AP mine water 30 minute
o)A uhe-golg Hzela ALgstE ASole 44 after 514 499
AAANHAY g d2E] HFAHQA A= 2 week
tha a}olE wolA 7] yEolth. FAAY - distilled | after 6.20 737
o-PM oz RE AHE FAHFE LI water 30 minute ' '
APz eugh ool 0.45 m ZHE AE F
Ado] Attt 99 st A, 20 ¥ 9
FAuSS AN Fo S o 7t ¢
o] 23 goj2 AL 3yt ol BAS fg s R0lo| EM
ANE pH 22 A Ed ohgel &4 wrtA $F
A aAu. 92RAe dAFFEFENT 3jetz 4
(AA), FEAZEYH 20 (ICP), B o] =T} B A8 AHgE FAe pHE 3.1984 2
Eadez Fdis vFdag s 27 Abetd], Ao HatstEo] ozF FAE o
Fol 23k 6748 FolLE FHIAL. o HHZ A2 & 248 o oo Hetrye
A& 0.2 g& vhs-49d 30 mot T3 5 94 By ger 2y FY4EE Si 16.1 ppm, Al
27} A4 7453 polyethylene bottle (50 mé 42.1 ppm, Fe 32.2 ppm. Mg 49.6 ppm, Ca
gol 4 FAWES Azlen] ofn WEo] AHAL 237.5 ppm. Mn 22.3 ppm, Na 9.6 ppm. Zn
2 # AP 52 Thermostatic ShakerZ % 9.4 ppm, K 3.17. Sr 0.45 ppm o9, vZ4
150 3d52 E5o FH WA 102, BozA= As 37 ppb, Ba 12.2 ppb, Cd 12.5
305, 1A1ZF, 12417y, 2447, 48412 159, ppb. Co 113 ppb, Cu 349 ppb. Ge 2.79 ppb,
279 292 A W] gRW AEE I% Li 82.8 ppb. Ni 289 ppb, Pb 6.93 ppb. Se
A 41%2]7)19 membrane HEIE AREsta]l w3 2.46 ppb. Ti 16.8 ppb, U 11.23 ppb, 718t &
oz Eesgch wgol Y e &9 oln], gol&e 7+ SO 1090 ppm. CI 4
o] pHE ZAston uAtd ARE pellets A ppm, F 72 ppm, POs 0.5¢ppm, NO; <0.1
A F AR FEA7] (Fourier Transform ppm S0t}
Infrared Spectrometer)2M¥ F&Yie F27H BB 2557 HYS o]FE pHE YeoE
o Agaelol 3 ARE AT 7} 6.20. @RoJAto|Ex 7.378 vepdt} 18|
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Table 3. Activity percentage of representative species calculated by WATEQ4F and MINTEQA2 (in
parenthesis), respectively.

element species mine water illite suspension halloysite suspension
Al ALY 0.10C 0.0 0.0 ( 0.0 0.08
AIF? 3.36( 9.7 2.26( 2.5) 8.86
AlF," 59.33( 67.6) 53.18( 50.4) 70.96
AIF; 36.18( 22.1) 42.91( 45.5) 19.44
AIF, 0.0 ( 0.0) 1.52( 1.5) 0.0
AISO,! 0.0 ¢ 0.0) 0.0 ( 0.0) 0.0
AL{(SOy)s 0.0 ( 0.00 0.0 ( 0.0) 0.0
As H2ASO, 91.26( 91.3) 90.26( 90.2) 98.66
HaAsO; 8.70( 8.7) 9.71( 9.8 0.0
Ba Ba 47.16(100) 47.39(100) 47.35
BaSO: 52.84( 0.0) 52.61( 0.0) 52.65
Ca Ca®" 68.41( 69.3) 68.63( 63.8) 68.70
CaS0, 31.42( 30.7) 31.19( 36.2) 31.27
cd cd** 58.49( 59.4) 58.85( 52.9) 58.84
CdSO; 31.42( 37.2) 37.60( 42.5) 37.65
Cd(S0.)," 3.44( 3.4) 3.28( 4.4) 3.27
Cu cu’ 68.62( 69.3) 68.81( 63.7) 68.80
CuSO; 31.32( 30.7) 31.12( 36.2) 31.17
Fe Fe®* 70.99( 0.0) 70.97( 0.0) 70.83
FeSOs 28.23( 0.0) 27.96( 0.0) 27.95
Fe** 0.0 (2.5 0.0 ( 0.0) 0.0
FeOH?* 0.0 (11.0) 0.0 ( 3.2 0.0
FeOH," 0.0 ( 3.4) 0.0 ( 0.0) 0.0
FeF*" 0.0 ( 36.4) 0.0 ( 32.6) 0.0
FeF," 0.0 ( 18.4) 0.0 ( 47.0) 0.0
FeF; 0.0 ( 0.0) 0.0 ( 3.6 0.0
FeSO4" 0.0 ( 23.8) 0.0 ( 9.8) 0.0
Fe(S04)2 0.0 ( 3.2 0.0 ( 1.6 0.0
K K' 97.07( 97.1) 97.15( 96.5) 97.15
KSO; 2.93( 2.9) 2.85( 3.5) 2.85
Li Li* 98.15( 98.2) 98.20( 97.8) 98.20
LiS04 1.85( 1.8) 1.80( 2.2) 1.80
Mg Mg** 68.48( 72.1) 64.71( 66.8) 64.77
MgSOs 35.36( 27.9) 35.08( 33.1) 35.16
Mn Mn?’ 71.53( 71.7) 71.72( 66.4) 71.69
MnS0;, 28.44( 28.3) 28.25( 33.6) 28.29
Na Na* 97.88( 97.9) 97.93( 97.5) 97.94
NaS0; 2120 2.1 2.06( 2.5) 2.06
Ni Ni? 69.59( 70.2) 69.78( 64.8) 69.77
NiSO; 30.34( 29.8) 30.14( 35.2) 30.18
Pb Pp! 43.19( 43.9) 43.48( 37.8) 43.45
PbSO; 54.31( 53.7) 54.15( 59.2) 54.21
Pb(S0,); 2.37( 2.4) 2.26( 2.9) 2.26
Se HzSe0;3 23.46( 0.0) 25.68( 0.0) 2.80
HSeOs 76.54( 0.0) 74.32( 0.0) 97.20
SeQ? 0.0 ( 95.0) 0.0 (94.9) 0.0
HSeO, 0.0 ( 3.00 0.0 ( 3.5 0.0
_ MnSe0; 0.0 ( 1.9 0.0 ( 1.5 0.0
Si H,Si0; 100 (100) 100 (100) 100
Sr sr?t 68.93(100) 69.16(100) 69.13
SrS0; 31.07(C 0.0 30.84( 0.0) 30.87
Zn Zn?' 64.09( 64.8) 64.37( 58.7) 64.35
ZnSO; 33.59( 33.0) 33.42( 38.3) 33.47
Zn(S04),° 2.27( 2.3) 2.16( 2.9) 2.16
pH 3.19 3.4 4.22
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Table 4. Saturation index of solutions with df 253 WA Fo AREAL EAEe
repect to some minerals after 2 week reaction; (1) HEAQ getEn o d3HES 247 Aig A
illite-reacted solution, (2) halloysite-reacted solution, ojt}, o] F FFHe T2aW 07 gpeciation A
respectively. Abgh Aato ad EAste geEe TR &
: : Gdnjgd T T2zl AR §A18 ARE
species mine water n (2) HaZT It BATEY 27] SaoA= Al
goethite 2.33 Lo 2.92 AIF,", AsE HwAsOs;. Ba® BaSOs Cde
ferrihydrite 456 480 297 CdSO.. 2213 Ca. Cu. Fe K. Li Me. Mn
Al(OH)s000 855  9.01  -4.70 _ . A -
gibbsite 5 86 632 20] Na, Ni, Sr. Zn & W7} zFo]24EE &4
quartz 0.41 0.42 056 drh. @l 270 deolE, BRojAolES e
SiOstaq -0.89 -0.85  -0.71 A BN setEed o ekl WstE Bd
chalcedony -0.02 -0.01 0.13 BAMH SR 27| EA] AEH HE Ao]E HoF
cristobalite 0.02 0.03 0.17 A o=t} o) 3etEE ol ok A al ol &
alunite -10.3 -12.08 -2.179 ol AAHo 2 Fodls FHEE9 speciation
barite -0.06 0.22 -0.26 W8} vos AL L}E}‘ﬁ]t} = o|g} o] we
gypsum -0.45 -0.47 -0.46
anhydrite 067  -0.69  -0.68 pHANS FHSE Fefga] ZAde A
celestite -1.45 -1.41 <085 getE g o] 2714} His vgE FAHT Q)
K-jarosite -5.27 -9.35  -7.51 +5 9t Aol
fluorite -0.55 0.32 -1.25
arsenolite -44.19 -51.08  -64.27 ¥3}x)4 (saturation index)
IAFE FEY L% (Ko o9 &F
HWEs ¢ 7 Qo dEsd 27 pHe =3 (IAP. ion activity product)7te] #AZ
3.1990d, FE 3087 WA £ pHE ¥ SI=log(IAP/Ky) 2 HAEh=H o]8 F3lo] &9
glolE7} 3.26, TRoJAIJEE 3975 Holy, 2 ol EAste sEE g e EAG BBe
F A7 3o pHE YEfelEV} 3,14, B2 23, By, % #xs deE & 5 o B3
oJAlolE= 4228 747} Wigtt} (Table 2) Aol 27] &8 2F FEF WSS A &
oMol A3t LA 5E HW Table 49 2t} vk
H259) speciation A, Fo} AA goethite, A9, cristobalit = o
AAFU By A9 F45 g0 AR FEYAAM AL 2dEE JeElgn gt 53
oj oy} tiarst AsigE 2 A Exgrt (Evans, detolESt wrgAIZl fodol HEE fluorite,

1989). 13id] FEAF EAsl= A 33t
Z9 73 EAn &L 2ol e HE D
BE o] spA ZzaYs ARge A ¢ &
At} 2 At e WATEQ4AF (Ball and Nor-
dstrom. 1991) ¢ MINTEQAQ (Allison et al..
1991) 2 AFgete] 2L ANEGT. 2
°] ‘? Zzage 493 fﬂ"]“ﬂ A 7E F2F Aol
A7) o] ANMATHE AR ztojrt
ME} ARkl g ﬁ}fﬂ&" Aot F5

ALt Table 32 #atslgo 271 &

E}% =
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glom, &zojrtoE s}

dej7t FE9 Aol

barite7} A2 sz
HE2-A| 71 o= 1

oy

-1

dojtg HolFu gk o3 AL ojF AR
o] &b zpA Yol A }Ei} P o] ERHES ofn)g)
T 2 olfEME 71FEe FEZHE L5
U2 AEse S5t $71867] g8 Ao
Bl FERdA F4o F5A4L &9 pH
AA FSEHAT 7 FEAhv 2 Az o
&g et 45 Yol f3xE pHF ¥

&5 Z7h3t (Basta and Tabatabai, 1992).
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Table 5. Adsorption percentage of elements onto minerals as a function of time.

illite halloysite
element
1 hour 2 day 1 week 2 week 1 hour 2 day 1 week 2 week
Al 3.33 5.94 -422.80 7.13 -9.98 -8.55 -89.79 4.04
As 73.78 47.57 59.73 98.65 51.98 68.11 78.38 98.92
Ba -6.56 -95.08 -95.08 -90.16 24.59 39.34 45.08 37.70
Ca -1.31 1.43 1.89 4.00 -5.14 -1.85 2.32 2.32
Cd 1.60 -0.80 14.40 8.80 7.20 9.60 16.80 14.40
Co -10.62 -11.50 -5.31 -2.30 -2.65 47.79 74.96 80.80
Cr -79.49 67.95 -137.18 -73.08 67.95 67.95 -34.62 16.67
Cs -14.71 -419.12 -429.41 -458.82 47.06 48.53 55.88 41.18
Cu 10.32 -10.89 63.01 0.29 96.56 97.42 99.34 98.97
Fe 41.93 59.94 85.40 91.93 73.29 77.02 99.07 99.69
Ge 41.22 52.69 74.91 82.08 63.80 73.84 82.08 82.08
K 69.09 69.72 68.45 68.45 87.07 88.33 90.54 87.38
Li -18.60 -16.30 -4.35 0.24 74.40 77.29 81.64 83.45
Mg 1.01 1.01 4.44 4.64 -1.61 0.40 4.44 4.03
Mn -0.45 0.90 8.07 8.07 0.45 3.59 9.42 10.76
Na 5.21 7.29 9.38 12.50 -11.46 -6.25 -1.04 -2.08
Ni -10.03 -5.54 -0.28 1.04 -2.08 3.11 16.51 26.19
Pb 48.05 -52.96 -8.23 -22.66 82.83 89.61 85.57 20.63
Se 13.82 19.51 18.70 18.70 47.97 47.97 18.70 18.70
Si 0.62 1.86 2.48 -1.86 -21.74 -37.27 -41.61 -40.99
Ti 3.57 1.79 -44.05 46.43 -1.19 -4.76 25.60 47.62
Zn 4.17 4.17 29.67 30.17 62.50 91.67 94.58 92.92
¥2d BH5Y
100
illite dejolE
] Fe 2 A% ALed LeolES EPMAZ 243
— =, g S BEUE A #2333 (Koo
3 —~ Nao.02Ca0.018r0.0:Bag.o1) (Al 9:Feq a1Mgo 0:Mno o)
£ (Sis0iAlose) Oo(OH)z01h, ol F7hefel el
Mn o] 0.962.24 F3tol| Aol ool & wmlo] ¥R o
. / o Be Aoz dxse sAolt Ydole
B - Mg o A% 329l Yol AN FFAGE wA
37] A

-25

10

I 1 |

100 1000 10000 100000
reaction time (minute)

Fig. 1. Adsorption of major elements onto illite
a function of time.
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Fig. 2. Adsorption of trace elements onto illite

as a function of time.
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Fig. 3. The exchange relationship between K and

Cs in illite as a function of time.

10HA]
A4S As>Pb>Ge>be>Cu>Zn>T1>Cd>C0>N1>Cs>Ll>
Crojn, % K)Fe)Na)ADMg)Si)Mn)
Cadl ’\Oi ‘*‘O] dojetr} BhE 230 = vl
20 B4 As)Ge)THZn)Se)Cd)NDHCuwLi)Co.

O

Pb, Cr. Ba)Csol, 949 A$= Fe)K)Nay
Mn)ADMg)Ca)Siel o2 F&o] dojdr}
H dgolEx ukgA|Tte] 23 °ﬂ upegh Z7izke

A4 K Ctl Aol oty
538 Kol 340 A W37} Gl el

*ﬂ‘*l oFzb ZHadt, ST G5 FrE 27)
B} o)¢ F7hskt} (Fig. 3). ol F+3Uld K&

33 ool dako] A e el £¥
e o o] AAYR o5& 78 F ¢/ o
B A)7be] A2 Cse= Zglo| €3 (desorp-

tion) E7] " Aoz wIT}

3 o)alo]E

gojrtolEE FHEEOlEYG FUT ek
A3 F2E 7R GPAshE APEA zkgdA

AlYol 8i'' 8 FRABF oA wAsA Hed
d7s AeolA AP 3 H'E 1@ o guol
Me] &z& uvlaith (Bolland et al.. 1976).
287 g 7Hed FEA U FHL =¥
Al Si € FoA F2 dojyed] FHAS Y 4
7 Wt o} Foll MY Si, Al 7He} 3L
oate] Fato] kS W €} (Bolland et al..
1976: Schulthess and Huang, 1990). 7}&¥
BB GTAE oj9dx Ho] AFE 7HxEd)
o] FollA WolAsle AAA pHZF F71ErE
723t} (Bolland et al., 1980).

Fig. 4%} Fig. 5% WAt & dEH A

e FF AAES HAEER U Aol
ZzoAtolES FAAT] mEY 1 AR Fele
vl Ad A9 CwPb)LGe)Cr)ZnyAs)Bay
Ti)Cd)Co, F949 A4+ Fe>K>Mn>Mg>Ca>
ADNa)Si 59 &9 Mg, Ca, Al. Na, Si&
Ao Fe7t o8]y Frheih £ 2 —7—01]

A2 FRAEAME Cu>As>Zn>L1>Ge>Co>T1>

Ba)Ni)Pb)Cr)Cd)Se olx, F¢49 %9+ Fe)
K>\4n>Al>Mg>Ca>Na>SH o8 53 01 ot
t} L0189 AL TAALLE AduWtHoZ pH7t
Z713 2 A=Y B Ade o= 70“1“_ Aolm
2 FAEAL Y BEHA gor w3 did
2 Fabe] Heide] FeistA] g Cuv ¥&
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Fig. 4. Adsorption of major elements onto halloy-
site a a function of time.
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Fig. 5. Adsorption of trace elements onto halloy-
site as a function of time.

o[Atol Eol] thal A Alzbel AGlO] FEgo] A
=4 Jehdt, 28g) s12euelEq) giat Cugl
FEL2 dRE @R E Ale] 2HFa 9]

Qo vjulaix|et o] Alo]l&S Hy0 -Na'
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