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A= Zbzb 7.852, 3.885, 7.0840|t}. A LelilolEL & Si WAty %9 = Al Eaxd =
£ 0.215¢} 0.148 mMo]H, stZo]Alo]|ES] A9+ 03574 0.246 mMo|t}, & ,04 RESixd
A 4% : Al ZEzkg] 22 1 0692 Hisslth A UolEe F Wzl Uk 3.774
sites/nm’ 2 B E o) Alo]E 9] 2292 sites/nm® FEE T} oF 168 HE =

%201 AL UolE, FRoAolE, WA A4, Y4 &% 2, FITEQL32

ABSTRACT : The surface chemical properties of aqueous kaolinite and halloysite were studied using
a potentiometric titration experiment and a computer program FITEQL3.2. Among the surface com-
plexation models a constant capacitance model was selected for this study. The 2 sites - 3 pK,s model,
in which the surfaces were assumed to have tetrahedral and octahedral sites, was reasonable for the
description of the experimental data. The surface charges of both minerals were negative above pH of
4. The higher the pH, the lower the proton surface charge densities of both minerals. The =SiO" site
played an important role in cation adsorption in acid and neutral pH range; whereas the = AlO" site
was in an alkaline pH range. The optimized intrinsic constants of kaolinite, pKa;(sni"', pKal(A.,“", and
pK‘,z(An""' were 4.436, 4.564, and 8.461, respectively, and those of halloysite were 7.852, 3.885, and
7.084, respectively. The total Si and Al surface sites concentrations of kaolinite were 0.215 and 0.148
mM, and those of halloysite were 0.357 and 0.246 mM. The ratio of Si and Al surface site densities
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([=SiOH] : [=AIOH]) of both minerals was 1:0.69. The total surface site density of kaolinite,
3.774 sites/nmz, was 1.6 times larger than that of halloysite, 2.292 sites/nm’.

Key words : kaolinite, halloysite, potentiometric titration, constant capacitance model, FITEQL3.2

M E

FE&Y HolM FE9f I S 24
49 £, o]F 3 ¥l 8% 4TS 5}
o g gz 72 % 245 5o o
o st HEFEL 589 YoM Hsts
93 wAdo] ol £& FAAZ LAA 4
on B8, T2} 4R e ALl E]
g9 BEAL Ad 300;]L:1 Zol wo o

il

7} o] FolF k. £&A f 7H9-3]‘4°]E 3£
’“1 3}8hak-g-o] dojib= HAAME (surface site)
aA F EFFE Vs & ded, 899

pHO]] we} oFH-akAl (amphoteric)S =i Si A}
wAl g Al A H] 712 (edge) st 71A

W(basal plane)e] ~&lo] EAjste A2 EH, F
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Fig. 1. X-ray diffraction patterns of kaolinite (a) and halloysite (b) after
various treatments. K = kaolinite, H7 = 7 A-halloysite, HI0 = 10 A- halloysite,

Q = quartz, F = feldspar.

Age AgUEtn ALEAneRe] s &
27} 225 Rigaku RAD 3-C XAl 3&E A7
(XRD)E Al-g-3te] d%lon, HFEAM L SIR-
OQUANT Z21#& o834t 24 24L
Ak 40 kV, AE 30 mA, 27 £EE 1%min,
£33 1-0.15-0.5°]1, Cu-Kad& 0] -85}
Ag 27 ez PAdgY. A% 24 4
7, AEE ALTYUolE 989 wt%, A9 1.1
wt.%Z FAAE 9o, s}L#rto] EE Hinckley
Z]—’,:(Hinckley, 1963)7} 09682 AA L7} =t}
(Fig. 1a). A9 X 3IH ddos B2y

£ 7.11 A (001) 3dAMo] 3027 formamides
A 2] (Churchman et al., 1984)5 3} Zo)|x W3}
7h AY fleEg 7 A-gRojAlo|EV) X
o] A e A& FAT 5 ATk A5
e Agdgn F5717199 yA R X
A4 71(EDS)7F §-21% JEOL JSM 840A =&
of FARAA AV B (SEM)S AME-ste] #3ate
. AgHvolEE AAo] 02~2 ymz AH
= 572t WY e E o], g
F& vAe E e Eo)y vy A B
#ZHA =rh(Fig 22). A5 HIEW
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Fig. 2. Scanning electron micrographs of kaolinite

(a) and halloysite (b).

AL Mgistal A58h4 78 9] Quantachrome
Monosorb MS-18% ©]&35te] =A3}9 =1, BET/
N, oz ZA43 AZolEY HEWH
1445 m’/go|c}h. Alg 9] 38 2L XL
o 257719 ¢ Shimadzu XRF-1799 X4 3
F EAVI(XRF)E AMEShe] 243t( =, A
FE gREE SiO; (48.69 wi%)9} ALO; (35.96
wt%)E A Jom, Fe0s TiO7} Wl
AEow ¥gxo] Qti(Table 1). AlUSie] EH
7} 08712 7L }olE] oA AlSI &
H] (1)ol) w13l Siz} F-3tx o] Qleul, ole mlF
FaEo] Qe Moo gstoz AlgHTh

rlo

Ol|

5t 0| ALO| E

SROAOlE AlgE g APE A GeA )
AP Aoz fuAS " AF XA JHE
A AR, A 8c TEo|AlOE 88.1 wt%, &
ZUolE 83 wt%, A 3.1 wi%, A 0.6

Table 1. Chemical analyses of kaolinite and halloysite
using X-ray fluorescence spectroscopy

Chemical composition

(W) Kaolinite Halloysite
Si0» 48.69 48.03
ALO; 35.96 34.55
Fe,05* 0.22 0.64
TiO 1.22 0.07
MnO 0.00 0.00
CaO 0.02 2.19
MgO 0.02 0.04
K20 0.08 0.25
Na,O 0.06 0.52
P,0s 0.05 0.01
L.O.l. 13.83 r 14.24
Total 100.13 100.54
Al/Si molar ratio 0.871 0.848

* total Fe as Fe,Os

wt%EZ FAE o] YciFig. 1b). YA 8¢ 7.24
A 3AMo] 3087 formamideZ g &
AZ ol5% Aow Hol olZo] YRy 7
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o 247 gzolAolE Ao WEH
& 3959 migolth. XA B EAI|E o &
@ AR B 2AL ALeto B} nhavl
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th_]_' Ca0, Fe0s, NayO, K0, Ti027]' U] %k*é—ﬁr
o2 ¥gno] QrKTable 1). AlSIe] Ew]7t
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A HY AP Du er al. (197)9] 34

S of 7t A AMREHY. ol2E JMAE
ZQAA oA EAE A FF4E 001

M2] NaCl €93}, 0.1 M2} HCl, NaOH &%-&
Zeld 0.2 g ALYUlE, TRelAe]E
AEZ 7}7} 50 mLe] 0.01 M NaCl u}73 &
o ¥ wR7IE olg3te] dEHAS =T
A5k Eo} o NefekdTt WS Foldh
| gatel ofz® slag A% F
ja=% %%J']' follo] HYL o|RELE 0]"1‘
Zol ueS A7l &, 0.1 M HCIE 0.1 mL¥
HospEA pHE 471%] BojmaAth. 71 & 01 M
NaOH<S 0.1 mL¥ #7}spH A pHE 1077}11

AR A3 4715 A4 doid JAE B

o Yol SUW pHE /1590 WY )
t} pH} ﬁsﬂoﬂ T & QEE 2105
T AZtE F9om, A9 @st 1 mvi o]

32 "oliE WY pHE #H3d pHE 3t
T HEFEY XYW &3S HAagsr] s
pH 4~10 B9 E YA A 4. £33 J&
o] o] & 3 BE& Fol7] il nFL )
73 &9(0.01 M NaCl)$ AH&3t3ith

29 Oole Ae

4913 99 29 298 2IW(Gran ploy)
(Gran, 1952)0.8 =A|&tn 371844 <)
A GG (Ver, V)& F3FHTHDu et al., 1997)
(Fig. 3). Va2 oﬂ&]ﬂﬁ(zero titration
point)ol 213 ahe ), JAA YR e Ao
A H7hE O olge] 89 U] 48 %3
N7 wew doluthh 9HYRe Arhd
A g muse wgol dojur) A,
ML ol E Y V& NaOH 0.412 mLo|H, &
BO|AOlE 9l V2 0475 mLolt}, o5 pHE
gatsld ztzh 4.503 4.200] 0k

AT E ARS8 Va o2 RE
el 2E U3 9gd F A
(TOTH, concentration of the total proton,
mol)E ofehe} 4 (Bq Doz AN 4
(Du er al. 1997).

53,
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TOTH = (Vo - Ve)Co / (Vo + Va + V) (Eq. 1)

A7)A, Vo ALY AA 28 A H7)e
HCIS % H3)(mL), Vo= 247}6¥ NaOH¢] %
B3(mL), Vo= FEZE A9 27 ¥
(mL), Cy= NaOH9| FE(mol/L)olth. 9=}
A AP A £33 pHulth A2k" TOTHE
To E mdygo] 48 W4 F holth

N&ejo]E9} TR oJAlo]E WO Si &
2)(=SiOmst Al Ae(=AIOH)ET 745 o]
Aok 7HAsHE, AR AA AE pH WA~
10)0) A AetE ge EWAE s =AIOH,,
SiOH,", =AlO, =Si07} EA)82 =, pH W3}
of W& kAl W AL L (0n, proton surface
charge density, ©$] Coulomb/m>): 7)'d 4
Eq. 22 YEd 4 JoHStumm and Morgan,
1996). 9714, F& F#do] 44(96,485 C/
mol), S& FHEZFE =AY FT= (g, Av
HEFZ9 v EHEAmYg)oly, [=AIOH,],
[=SiOH,], [=AI0], [=Si0]E FE WA
o] FE(mollyelth. HA A 49 A 2 pH
Adeith Eq. 2€ Eq. 322 yehd 5 glev
714, Gt Com H7FE AHHCHF d7]
(NaOH)9] FX(mol/L)ol, [H'1¢} [OH]&
49 Y H'$} OH'Y Fx(mol/L)o)t}. C,%t Ch
= grojlA] Al4t® TOTHS} 27) w & Eq. 4
2 FAA HH HEUEE AN 5 9dow,
AE Fig. 49 AT

ou = (F/SA) ([=AIOH,'] + [=SiOH,"] -
[=AlO0T] - [=Si0]) (Eq. 2)
= (FISA) (C, - Cy - [H'] + [OH])  (Eq. 3)
= (F/SA) (TOTH - [H'] + [OH]) (Eq. 4)

delgh 2o FHEgure
X d(constant capacitance
FAL FE-F AHAA
o o]} Hihg)
AE AL domel B A4 o152
(electrical double layer) TZE Y plate
capacitor2 &A1&t = 2 do|tl(Davis and Kent,
1990). o] Xd.g Mgt o]f= Edo] 7tets}
o 48 ¥Wgrt Ao, B Ao Zo] =
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Fig. 3. Gran plots of the hydroxide titration system. (a) kaolinite. (b)
halloysite. V.; = zero titration point, V, = total volume of HCl (mL),

Vb=

total volume of NaOH (mL), V, =

initial volume of the sus-

pension (mL), Points = experimental data.
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Si ZAE(=SiOH)$ Al 2E)(=AlIOH)Z
Si A= 4 sfg] §H3(Eq. 5)¥F 1L
Al Aele F4 H7F ¥-&(Eq. 6)7F 8
(Eq. 7y E5F 31#3F 2 sites-3 pKes

ol&ste] Aatiih
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=SiOH < =Si0" + H' Kuos"
=AIOH, — =AIOH + H" Kal(Al)mt_
=AIOH — =AlO + H

(Eq. 5)
(Eq. 6)
Kaan™ (Eq. 7)

Si Aol A pKp &% ZET o]F= Si A}
WA EHAA Y ek vFA Si0,9]
IR A (Schindler and Stumm, 1987),
814 A Si0,9] pHp.7} 2.90) 2 Z(Sposito, 1984)
2 2439 pH F9@~10)eX= Si A&7t oy
F& =8I0 Feh2 EAl8t7] wEo|t}. vhdHo
AUAEIE pKuth pKo & FE T2153E
olff& ATol FAS a-ALOs9 pHpe 8.6
(Spark ef al., 1995)0] 7] wjFo|c}.
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Table 2. Input parameters for a constant capacitance modeling

Parameter/Reaction

Value

Specific surface area (m/g)

Total surface site concentration (mol/l)
TOT(=SiOH)
TOT(=AIOH)

Mineral concentration (g/1)

Specific capacitance (C; : Fim’)

Aqueous phase_equilibra

H;0 — H' + OH

Surface_acidic_reaction
=SiOH — =Si0" + H’
=AIOH + H" — =AIOH,
=AIOH — =AIO + H’

14.45 (kaolinite), 39.59 (halloysite)
optimized
optimized
4
optimized

— 21 (kaolinite), 2.78 (halloysite)

logk = 14
logKasi™ = optimized
logKal(Al)im = optimized

logKaan™ = optimized

Table 3. Stoichiometry matrix of acid-base chemistry on aqueous kaolinite and halloysite surfaces

Components
Species H' =SiOH = AIOH P = exp(-F¥RT) log K
H 1 0 0 0 0
OH -1 0 0 0 -14
=SiOH 0 1 0 0 0
=Si0’ -1 1 0 -1 optimized
= AIOH;" 1 0 i 1 optimized
=AIOH 0 0 1 0 0
=AlO0 -1 0 1 -1 optimized
TOTH TOT(=SiOH) TOT(=AIOH) TOTP = oy(AS/F)
FITEQL3.2E 0|23t 2 (K.™, intrinsic constant)E3} ®hgo] Hodale

A8 d3g EdE ¢
7] 98 FITEQL3.2 #
and Westall, 1996)-5 A}&3}4th. maE
M FEY HEHA, FEY FE, 1 a}i )
AA AR 55 W Fddte FE XY
AejER oln] &zl %Eé*o E d4g9dd
(Table 2). FH, HolA A4 TOTH g3 L
) o] pHE ¢ H3}a specific capacitance (C))=
WA A 7FEA A3t FeE AA)Ee WSOS/
DF gto] 0.1014 20 ®Bjol] S0 W74 F
E UM dojue Fehibge EANS

Go H5ES A
B =R O9H erbeline
£

s 9

% ¥9HAg] EX(total surface site concentra-
tion)E AAF3F4Cl Table 3-& A% 33 (mass
balance)®} £ ¥ H(mole balance)S TE7] ¢
sl QP 2Eol7|erviED uE A(stoi-
chiometry matrix)o]t}.
21 3 E9

Fig. 4= &9 9] pH Hslo] @2 si&e
o|ES} FRo|Ao]E Q] <k W HIE=
O0E EAT IRolth A% 44 APge
dez JVehilal, FITEQL3.2E Rdds 2

T
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Fig. 4. The proton surface charge density (0u) of aqueous kaolinite and
halloysite as a function of pH. Dots = experimental data (square = kaolinite,
circle = halloysite), Lines = Modeling data.

e Aoz AT F HEREY FA
% AL EE pHY 9FE won, F FE
E¥ % pH 4 o) Fel M $HsE Hrh pHY}
oSS I EW ApLErt RopAR
2 FE EUS O B Fojs FHT 5+ 3
S Aoz odd. 43@d 2dyd A=

WSOS/ DF Zto] 10.05(7)&2 o] &)} 7.44(8
Zolalo]lE)gE # x| g}. &A¢k pH 5 ©]3}
A ddixe 5 #E BE
AEGES 37 Hojdh o=
ANE AHH T A4
g wkgo] Yol JheAS A A S
298 Ay AN FE ZHdM dojue
sehit-e-o] BANS(K")E S Table 49
Atk AL IolE Si 29 pKus) = 4.436
Qldl, o] e HAA Si09 k- 6.800(Xie
and Walther, 1992)3} 6.250(Riese, 1982) - 01] ]
3 e e vehdth Al 229 pKuwy"E
45642, pKowy"E 8A61Z AMHAEH o
s d=uFastEe ZE - pKuwy" = 7.890,

pKaxay™ = 9.050 (Huang and Stumm, 1973)$}
pKaan™ = 5.700, pKaxan™ = 11.40 (Davis and
Leckie, 1978) - o] ®l&] Yt} &gojrto]E Q)
A9E pKasi™, pKaany ' pKaan" 7t 242 7.852,
3.885, 7.084¢1d), Si A& ¥AA Si09) ¥
8 =& e 7HAH, Al AEE GFvEAE
2o Hl3] @& e Bt o] AF(ZHE A
SyolES TRo|Alo|E FHUHES o]
37] SaiA Bl A Sioy ¢FuFatslEd
2o BEY BAJFUES AL IS
ZAASE U8l Z(e.g. Zachara et al.,
1988; Singh and Mattigod, 1992; He et al,
1997)0] A7F Q&S ¢ & Ath

AL IolEe] A e An wrgo] F
osli= F Si xWAE FZ=(TOT(=SiOH)<=
0.215 mMojH, & Al ¥4x8 FE(TOT(=
AIOH))E 0.148 mMo]ti(Table 4). &2 o]}o]
E9] A9 TOT(=SiOH)E 0.357 mMo]d, TOT
(=AIOH)E= 0.246 mMo|t}h. Rdgoz A g
Z ¥9xe F=25H olgel 4 (Eq. 8) (He
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Table 4. Model fit parameters

Total surface site

Surface acidic constants .
concentration (mM)

Minerals —SiOH — AIOH TOT TOT WSOS/DF
pKasiy™ pKaian™ pKaan™ (=SiOH) (=AIOH)
Kaolinite 4436 4.564 8.461 0.215 0.148 10.05
Halloysite 7.852 3.885 7.084 0.357 0.246 7.44
References 6.800% 7.890** 9.050**
6.250" 5.700% 11.407

* Xie and Walther (1992), ** Huang and Stumm (1973),
# Riese (1982), ™ Davis and Leckie (1978)

Table 5. Surface site density calculated by Eq. 8

Surface site density (sites/nm’)

[=SiOH] : [=AIOH]

[=SiOH] [=AIOH] Total
Kaolinite 2237 1.537 3.774 1:0.687
Halloysite 1.357 0.935 2292 1 :0.689
% Brady et al. (1996) 1 :0.580

et al, 1997)% o]&3te] HEAy UWENs, 7} B2 olfe §74¥9 ok #o Ly
surface site density, T+$] sites/nm’)E FFk ClES BB FE o] Fo|xlo]|E Y 93 z}o)
(Table 5). MEd Ao FE5Ed. £899 pHA 4F
S wol J g HAEFE THA FEhbgol
dolue Agle F2 AldA BT FHA F]
7R e 714w ] 2Ele] &R 3h=l(Wieland

Ns = (Nr x Na) / (Sa x Cs x 10" (Eg. 8)

o 7]A, Nee Rdgo g Aag & Tzl
FE(mole/l), N B OlRIIEZ  45(6.022x
107 sites/mole), Sa= FE9] HEHH(mYg),
Cst &9 FE(gL)ol™ £A9] 10°e F3)
FE olfrE m*S nm’E ALY YA A
S olE ) A9 S HHAE Ux([=SiOH)
= 2237 sitesnm’e)®], Al EEAE] YE(=
AIOH]):= 1.537 sites/nm®0]t}. 85 0]A}o] E ¢
74$- [=SIOH]= 1.357 sites/nm’0] ™, [=AIOH]&=
0.935 sites/nm’e)t}. 5 FE TE [=SiOH] :
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Fig. 5. Concentration of surface species of aqueous kaolinite (a) and halloysite (b)
as a function of pH. Solid lines = Al sites, Dashed lines = Si sites.
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