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A consistent thermodynamic model is developed for metal sorp-
ion on expanding 2:1 layer clays such as montmorillonite. The
article of clay, including lamellae and interlayers, is represented
s a porous solid bearing a permanent negative charge (resulting
rom isomorphic substitution) with an infinite plane interface (i.e.,
dges) with the solution. Cation exchange occurs inside the clay
article as the result of the negative potential of the clay. Surface
omplexation reactions take place at the interface whose surface
harge and potential are pH dependent. The potential in the bulk
f the clay and near the interface, as well as the surface potential–
urface charge density relation, are calculated taking into account
he effect of the permanent negative charge. The results are dis-
ussed and compared with the classic Gouy–Chapman theory. A
ubroutine (Clayeql) with the new potential–charge relationships
s implemented in the thermodynamic equilibrium program

ineql 13.0 and is used to fit an extensive published experimental
ata set on adsorption of transition metals on montmorillonite.
he model is shown not only to fit satisfactorily all the data, but
lso to explain specific features of adsorption on clays compared to
xides. In particular, the increase in the surface concentration of
rotons with decreasing ionic strength is successfully reproduced
nd the weaker dependence of metal sorption on pH compared to
xides is correctly fitted. © 1999 Academic Press

Key Words: smectites; double-layer; proton adsorption; ion ex-
hange; surface complexation; Donnan equilibrium.

BACKGROUND

Ion sorption on smectites (expanding 2:1 layer clays w
ermanent charge arising from isomorphic substitution) is

rolled by two different mechanisms: (i) a pH-independ
dsorption, usually attributed to cation exchange in the i

ayers and resulting from electrostatic interaction between
ons and the permanent charge, and (ii) a pH-dependen
orption, thought to result from surface complexation reac
imilar to those on oxides (1). On smectites, which h
iloxane layers but no gibbsite layers exposed, surface
lexation groups are usually assumed to be confined t
dges (2, 3), in accord with spectroscopic evidence (4).

1 To whom correspondence should be addressed.
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Adsorption by cation exchange dominates at low io
trength or low pH. It can be successfully described by e
Donnan equilibrium model or accumulation of ions in

ouble layers that develop at the basal planes of the
amellae (1, 5). In one case—Donnan equilibrium—the
article is conceptualized as a separate homogeneous
earing a negative charge (arising from isomorphic subs

ion). In the other case—accumulation in the double lay
ach individual lamella in the clay particle and the dou

ayers that develop in the interlayers are considered. (N.
amella is defined here as an individual layer, i.e., one gib
heet sandwiched between two siloxane sheets; a clay p
s made of a certain number of lamellae and the interla
etween them.)
Independent from the description of cation exchang

esulting from coulombic interactions and quantified by
onnan or diffuse-layer models, the ion exchange reaction
xample between Na1 and H1) can always be written as

H1 1 NaX 5 Na1 1 HX; Ke

here X is the solid exchanger, H1 and Na1 represent the ion
n solution and Ke is the mass action law coefficient for t
eaction.

Following Fletcher and Sposito (6), it is possible to de
2 as a fictitious surface species and write hypothetical c
lexation reactions:

Na1 1 X2 5 NaX

H1 1 X2 5 HX

uch reactions are very similar to surface reactions writte
surface complexation models” (see below) and cation
hange reactions can thus be easily incorporated into
odels. As discussed by Dzombak and Hudson (1), the p

cal interpretation of the activity of X2 is model dependent an
ay, for example, be obtained from the Donnan potentia

he clay particle.
0021-9797/99 $30.00
Copyright © 1999 by Academic Press
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44 KRAEPIEL, KELLER, AND MOREL
The pH-dependent adsorption of metals on clays cann
ccounted for by a purely electrostatic model, but can eas
nderstood by analogy with the sorption properties of oxi
ecause the edges of clays are effectively the surfaces
ixture of oxides—gibbsite and silica—they should ads
etals as pure oxide phases do. It is generally assume
xygen surface groups have the potential to react with io
olution to yield surface complexes. These surface reac
ay be described with a “surface complexation model”

akes into account both the “intrinsic” affinity of surface s
or solutes and the coulombic interaction between the su
harge and the dissolved ions (7–9).
Adsorption models for clays based on surface complex
odels usually involve two distinct types of surface sites a

nterface between the solid and the solution: (i)'X2 groups
earing a permanent (i.e., pH-independent) charge whic
ount for the cation exchange part of adsorption; (ii) amp
eric'SOH groups. The'X2 groups are assumed to fo
ery strong surface complexes with the electrolyte cation (
a1) such that free X2 never exists and the surface charg
ontrolled by the protonation/deprotonation of the'SOH
roups (10–13).
There is one major disadvantage in describing ion exch

eactions, which are known to be chiefly electrostatic in na
y the way of specific chemical reactions. Namely, the pe
ent negative charge of the clay is completely neutra

hrough the formation of a fictitious surface complex with N1

f very high stability. Such models thus cannot account fo
nfluence of the permanent charge on the sorption propert
lays aside from the ion exchange itself. Yet, detailed stu
f the electrical double layer on montmorillonite lame
14–16) have shown that the negative electrostatic field
ating from the particle faces strongly influences the e
otential. The permanent charge of the clay may thus a
ignificantly surface complexation of ions on the edges.
ortunately, the numerical results derived from these stu
re too complex to be easily incorporated in a thermodyn
odel of adsorption.
Here, we present a general and self-consistent therm

amic model of cation sorption on montmorillonite where
ffect of a permanent negative charge inside the clay pa
due to isomorphic substitution) and the pH-dependent ch
n the edges (due to acid-base reactions of surface group
oth taken into account. After describing the conceptual m
e derive the fundamental equations that relate the elec
otentials in the bulk of the clay particle and on its surfac

he permanent internal charge and the variable surface ch
he new model is then used to fit the extensive data s
etal sorption on Na-montmorillonite recently published
aeyens and Bradbury (17) and discussed.
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THEORY

onceptual Model

The clay particle is represented as a semi-infinite hom
eous porous solid immersed in an aqueous solution of kn

onic strength I (see Fig. 1). The solid represents both
rystalline layers of the clay (i.e., the lamellae) and the aqu
nterlayers; it bears a permanent negative chargerclay, uni-
ormly distributed, resulting from isomorphic substitution
he structure; the negative potential inside the clay (cclay)
ttracts cations and is responsible for adsorption by c
xchange. This representation of the clay particle is very

lar to the “micro-Donnan” system containing a large num
f permanent charges homogeneously distributed describ
olt (5, p. 48); it is also clearly an approximation as
istribution of permanent charges is “smeared” over the la

ae and interlayers instead of being localized on the lamell
t is in reality. The interface between solid and solution (
nly the edges, for in this model, the faces and the interla
ffectively disappear) is taken to be an infinite plane of ch
ensityso and potentialco, which depends on bothrclay and

o. This interface contains reactive surface sites which und
cid-base and surface complexation reactions. The appro

ion of the clay particle as an infinite solid, both along the fa
nd the edges is reasonable since: (i) the edge length is

han the double-layer thickness ('3 nm atI 5 0.01M) in any
article with more than one lamella; (ii) the finite length of

aces need not be taken into account if, as is the case he
spect ratio is high (i.e., face/edge. 10 in one lamella) and th

onic strength is greater than 0.01M (14, 16).

otentials in the Clay, on the Surface and near the Interf

The potential in the bulk of the solid and near the so
olution interface may be calculated using the Poisson–B
ann equation which relates the variations with distance o
lectrical potentialc( x) to the distribution of charged speci
or simplicity, we assume a 1:1 electrolyte ([Na1] 5 [ClO4

2]
I ). The theory of the double double layer has been solv
number of different systems (18–24), but, to our knowle
ot in the case of a porous solid with both a uniform b
harge density,rp, and a surface charge density,so.
On the solution side, the electrical potential and ion con

ration vary accordingly to the Gouy–Chapman theory.

rom x 5 01 3 1`,

d2c

dx2 5 2
1000FI ~e2Fc/RT 2 eFc/RT!

eWeo
, [1]

herec is the potential in V,I is the electrolyte concentratio
n mol/L (the factor 1000 is included to reconcile the units

eters and liters).R is the gas constant (8.314 J.mol21.K21),
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45ADSORPTION ON MONTMORILLONITE
is the absolute temperature in K, andF is the Farada
onstant in C.eo is the vacuum permittivity (8.854.10212

21.C2.m21) and eW (78.5) is the relative permittivity of
ater.
In the clay, the charge density is the result of both

ermanent negative charge and the excess of Na1 over ClO4
2

ons.

rom x 5 2` 3 02,

d2c

dx2 5 21000
Frclay 1 FI ~e2Fc/RT 2 eFc/RT!

eceo (VP/VL)
, [2]

hererclay is the permanent charge per solution volume in
he clay particle in mol/l2 (rclay , 0), VP/VL is the ratio of the

2 The concentrations in moles per solution volume inside the clay pa
re denoted mol/l; the concentrations in moles per total solution volum

ndicated as mol/L.

FIG. 1. Schematic representation of the conceptual model for montm
onite. The clay particle (including lamellae and interlayers) is represent

porous solid bearing a permanent negative charge. This negative ch
xactly balanced by the presence of electrolyte counterions (in this case,1),
uch that the total net charge of the solid is equal to zero. The ne
otential of the clay particle attracts trace metal cations such as Zn21 and is
esponsible for the cation exchange component of adsorption. The clay
re represented as an infinite surface with sites for surface complexatio
egative potential of the clay influences the surface potential and therefo
urface complexation reactions at the edges.
e

e

otal volume of the clay particle to the solution volume ins
he clay and normalizes the charge concentration to the
olume;ec is the relative permittivity of the clay. Equation [
oes not include the negligible effect on the Boltzmann di
ution of ions of a possible high internal pressure in the
article.
The three boundary conditions are obtained as follows

(i) in the solution, at infinite distance from the surface,
otential is taken to be zero (as implied in Eq. [1]):

c 5 0ux51` [3]

(ii) the potential is continuous at the interface:

c~02! 5 c~01! 5 co [4]

(iii) in the clay, at infinite distance from the surface,
ystem is electrically neutral, which implies (see Eq. [2]):

d2c

dx2U x52` 5
dc

dx
U

x52`

5 0. [5]

Equations [1] and [2] are solved to obtain the potential
unction of the distancex from the surface for any give
urface potentialco (see Fig. 2a). In solution, the potentia
he same as in the Gouy–Chapman theory. In the bulk o
lay,cclay 5 c(2`) is obtained as a function ofrclay from Eqs.
2] and [5]:

cclay 5
RT

F
arc sinhSrclay

2I D . [6]

At high absolute value of the potential, the concentratio
o-ions (ClO4

2) can be neglected in the bulk of the solid aw
rom the surface. Equation [6] then reduces to

e2Fcclay/RT 5
2rclay

I
, [7]

hich is the Donnan expression for the clay potential

cclay 5 c2` 5 22.3
RT

F
logS2rclay

I D . [8]

As expected, the potential inside the clay (cclay) is negative
ike the permanent charge causing it, and depends direc
he ionic strength of the solution (see Fig. 2b). This potenti
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46 KRAEPIEL, KELLER, AND MOREL
f course unaffected by the surface potential or charge w
nfluence is limited to the near vicinity of the interface.

urface Charge and Surface Potential

In the case of the Gouy–Chapman theory (and of the su
omplexation models that are directly or indirectly based o
he surface potential vs surface charge density relation pro

measure of the coulombic interactions between the su
nd ionic solutes. In the clay model, the surface potentialc )

FIG. 2. rclay 5 21.15 mol/l,ec/eWVL/VP 5 1. (a) Potential as a functio
f distance in the clay for different surface potentialsco (I 5 0.1 M); (b)
otential as a function of distance for different ionic strengths, the su
otential is fixed atco 5 251 mV.
o

se

ce
),
es
ce

s a function of the charge density on the edges (so) and of the
ermanent charge density in the clay (rclay). The expression o
lectroneutrality, obtained by integrating Eqs. [1] and [2] fr
` to 1` yields

so 5 eoec

dc

dx
U

x502
2 eoeW

dc

dx
U

x501
5 soclay 1 soG–C, [9]

hereso (C/m2) is the surface charge density.
The second term in Eq. [9],soG–C, is that obtained in th
ouy–Chapman theory (to which the clay model simplifie
c/dxux502 5 0—not if cclay 5 0) and is calculated b
ultiplying both sides of Eq. [1] bydc/dx and integrating

rom 0 to 1`:

soG–C5 ~8RTeWeop1000!
1/2pI1/2psinh~Fco/ 2RT!. [10]

oclay is obtained in a similar way from Eq. [2] by integrati
rom 2` to 0 and by imposingc(2`) 5 cclay as a boundar
ondition,

oclay 5 signpS8RTeoec

2 D0.5SVL

VP
D0.5

pF1000IpScoshSFco

RTD
2 coshSFcclay

RT DD 1
21000rclay

2
p

F

RT
p ~co 2 cclay!G0.5

,

[11]

here sign5 11 if co . cclay, and sign5 21 otherwise.

orption of Trace Cations

A simple calculation shows that the variations in poten
ear the interface, both in solution and in the clay, can us
e neglected for the sorption of a divalent cation. A consis
odel thus needs only consider the potential in the bulk o

lay (cclay) and at the surface (co) and may ignore the vari
ions in potential near the surface. The sorption of a t
ation Mn1 can then be described by superposing reac
nside the solid (cation exchange) and on the surface (su
omplexation). Here, we shall consider that the interla
ave no chemical affinity for the cations—including H1. As

mplied by Eqs. [1] and [2], Na1 and ClO4
2 (i.e., the electrolyt

ons) are considered to be the dominant ions in the sys
learly, this assumption is verified over most of the pH

onic strength ranges considered in this study, but breaks
t very low pHs when the proton concentration in solutio
igher than the sodium concentration.

Cation exchange. Cation exchange results solely from
ttraction of cations by the negative potential created insid
lay particle by the permanent negative charge. The exte

e
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47ADSORPTION ON MONTMORILLONITE
dsorption by cation exchange for a particular cation Mn1 can
hus be calculated from the potential inside the solid and
oncentration of Mn1 in solution,

@Mn1#c

{M n1}
5 e2nFcclay/RT, [12]

n which [Mn1]c is the number of moles of Mn1 adsorbed b
ation exchange per volume solution inside the clay in m
neglecting the activity coefficient, see (5)) and {Mn1} is the
ctivity of Mn1 in solution in mol/L.
For convenience, the mass law [12] is written using con

ration per liter of total solution,

@Mn1#s

$Mn1%
5e2nFcclay/RT

m

V

1

d
5 ceK [13]

here [Mn1]s is the number of moles of Mn1 adsorbed b
ation exchange per total solution volume in mol/L, m/V is
ass of dry clay per total solution volume in Kg/L andd 5
/VL is the mass of dry clay per solution volume inside

lay in Kg/l.

Surface complexation.The reaction at the interface (s
ace complexation) of the cation Mn1 with a surface sit

SOH is described as

'SOH1 Mn1 5'SOM~n21!1 1 H1; KM

KM 5
@'SOM~n21!1#$H1%

['SOH]{Mn1}
5 KM

chemKM
coul, [14]

n which ['SOM(n21)1] and ['SOH] are the concentratio
f surface sites in mol/L (neglecting again activity coefficie
esides the explicit coulombic term; see 25); and {H1} and
M n1} are the activity of H1 and Mn1 in solution, respec
ively.

he acid-base reactions at the surface are written as

'SOH2
1 5'SOH1 H1; Ka1

Ka1 5
@'SOH#{H 1}

@'SOH2
1#

5 Ka1
chemKcoul [15]

'SOH5'SO2 1 H1; Ka2

Ka2 5
@'SO2#{H 1}

['SOH]
5 Ka2

chemKcoul. [16]

n this case, the coulombic term (KM
coul 5 e2(n21)Fco/RT or

coul 5 eFco/RT) is pH dependent and must be calcula
xplicitly in each equilibrium calculation.
e

/l

n-

s

he surface charge density is calculated from

so 5
F~@'SOH2

1# 2 @'SO2# 1 ¥M ~n 2 1!@'SOM~n21!1#!

m

V
S

,

[17]

n which S is the specific surface area of the clay (m2/Kg).
The complete mathematical model for metal adsorptio
ontmorillonite thus includes for each sorbate a mass
quation for the reaction in the clay particle correspondin

on exchange and a mass law equation for each surface s
onsidered. In addition, mole balance equations mus
beyed for each component.cclay is calculated from Eq. [6
he surface charge density is obtained from Eq. [17] and
urface potential is calculated according to Eqs. [9]–[11].

APPLICATION TO EXPERIMENTAL DATA

A subroutine, Clayeql, with the charge–potential relat
escribed previously (cclay(rclay) and so(co, cclay), see Eqs

6], [9]–[11)]) is implemented in the thermodynamic equil
ium program Mineql13.0 and used to fit the set of adsorpt
ata published by Baeyens and Bradbury (17). The sor
dges and isotherms of trace metals (mostly Zn and Ni)
easured on the,0.5 mm fraction of a conditioned SWy-
a-montmorillonite (Crook County, Wyoming). All expe
ents were conducted in NaClO4 electrolyte.
The chemical reactions considered, and their constant

escribed in Table 1, while the model parameters are desc
n Table 2. There are some uncertainties on the value o
atio VL/VP and the relative permittivity of the clayec. VL/VP

s likely to vary from 0.5 at high ionic strength to almost 1
ow I (26). The permittivity of the interlayer water may
maller than the permittivity of bulk water (27) by a factor
wo to four, but most solids have a higher permittivity th
ater. It appears, however, that the model calculations

elatively insensitive to the exact value of the parame

L/VP andec; in the absence of more precise information,
ave thus imposedecVL/VP 5 eW. The value ofd 5 m/VL is
stimated from the Zn sorption edge by assuming that a
n adsorption at low pH is due to cation exchange (see T
). The specific surface areaS of the interface (i.e., the edge

s taken to be equal to the surface measured by BET
aeyens and Bradbury (17, 28) and the concentration of
anent charge is fixed equal to the cation exchange cap

17).
The data were fitted assuming two types of reac

urface sites: the so-called “strong sites,” which have a
ffinity for metals, and are responsible for adsorption at
etal concentrations, and the “weak sites,” which pla

ole only at high pH or high metal concentrations, when
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48 KRAEPIEL, KELLER, AND MOREL
trong sites are saturated. Because the montmorillonite
ed has high intrinsic concentrations of Zn (1023 mol/Kg)
nd Mn (4.1024 mol/Kg) compared to the number of stro
ites (2.1023 mol/Kg), Zn and Mn inventories have to

ncluded in all model simulations. Although the consta

TAB
Chemical Reactions at the

'SWOH2
1 5 'SWOH 1 H1

'SWOH 5 'SWO2 1 H1

'SSOH2
1 5 'SSOH 1 H1

'SSOH 5 'SSO2 1 H1

'SSOH 1 Ni21 5 'SSONi1 1 H1

'SSOH 1 Zn21 5 'SSOZn1 1 H1

'SSOH 1 Mn21 5 'SSOMn1 1 H1

'SWOH 1 Ni21 5 'SWONi1 1 H1

'SWOH 1 Zn21 5 'SWOZn1 1 H1

Note.The soluble hydrolysis complexes of the metal ions at high pH
e found in Baes and Mesmer (31). The calculated curves shown in
n in this table. The reactions with Ni are included only for the Ni s

nformation, NiT 5 3.1027 M, which is the upper limit of the Ni added in
n the system was not taken into account to calculate the Gouy–Chap
ignificantly.

TABLE 2
Model Parameters

Model parameters Value Source

urface area (edges) (m2/g) 35 Measured by BET (17)

c

VL

VP
78.5 Fixed equal toeW

oncentration of weak sites
(mol/Kg)

0.08 Potentiometric data

oncentration of strong sites
(mol/Kg)

2.1023 Sorption isotherms

oncentration of permanent
charge (eq/Kg)

0.87 Fixed equal to CEC (17

atio of dry solid mass to
solution volume inside the
solid d 5 m/VL (Kg/l)

1.32 Zinc sorption edgea

a d is calculated according to

@Na1#c

$Na1%
5

rclay

I
5

CECp d

I
[T1]

S@Na1#c

$Na1%D
2

5
@Zn21#c

$Zn21%
5 d.Rd

CE. [T2]

d
CE 5 (moles of Zn adsorbed by cation exchange/mass of dry clay)/(mo
n in solution).

@T1# 1 @T2#f : d 5
Rd

CE p I 2

CEC2 .
d-

s

or the chemical reactions detailed in Table 1 are
nterdependent, a first set of adsorption constants ma
btained as follows: (i) the cation exchange parameters

ootnote of Table 2) are obtained from the Zn sorption e
t low pH; (ii) fitting of the titration data atI 5 0.5M yields

he acid-base constants for the weak sites; (iii) the c
lexation constants for H1, Zn21, Mn21, and Ni21 with the
trong sites result from fitting the sorption edges of Zn (I 5
.1 M), Mn (I 5 0.5 M) and, Ni (I 5 0.1 M). The complex
tion constants for the weak sites with Zn and Ni
btained by fitting the sorption isotherms of Zn and Ni

ation Exchange

For the same ionic strength (I 5 0.1 M), Zn and Ni show
he same extent of adsorption at low pH, even if their sorp
dges are clearly different at higher pH (see Figs. 3 and 4)
H-independent regions of the Ni and Zn sorption edges a
H (attributed to cation exchange) are well predicted by
odel for both Zn and Ni at all ionic strengths. It should
oted that adsorption of metals by ion exchange is calcu
y the model from the ionic strength and the permanent ch
ensity in the clay particle, which is a classic treatment of
xchange in a Donnan system but is unusual in the conte
surface complexation model. As expected from a sim

onnan equilibrium, the ratio of adsorbed metal to meta
olution is multiplied by 100 when the ionic strength is divid
y 10 (see Eqs. [7] and [13]), and the percentage of adso
i at low pH increases from 10% atI 5 0.1 M to 90% atI 5
.01 M. The success of the model is ana posteriori justifica-

ion of the treatment of cation exchange as a purely ele
tatic process in this system.

1
id Surface and in Solution

Clay model Gouy–Chapman model

Ka1
chem 5 25.6 log K 5 26.2

Ka2
chem 5 28.7 log K 5 28.3

Ka1
chem 5 24.5

Ka2
chem 5 25.5

Kchem 5 0.40
Kchem 5 2.30
Kchem 5 0.60
Kchem 5 24.5
Kchem 5 23.2

re included in all the model calculations; the complexes and their con
figures are obtained by systematically including the reactions involv

tion edges and the Ni isotherms. In that case, in the absence of mo
e experiments (see Baeyens and Bradbury (17)). The presence of Zn

curves in Fig. 6. Including them in the calculations would not change
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otentiometric Data

As expected, the proton concentration of the clay e
ecreases as pH increases, with a pHzsc (pH of zero surfac
harge) around 7 (see Fig. 5). In spite of some noise in the
t low and high pH, the surface charge density seems to
saturation value that can be used to estimate the total nu
f surface sites: ['SwOH]T 5 0.08 mol/Kg. The two pKa’s

or the surface sites obey the equation

pHzsc5
1

2
~ pKa1 1 pKa2! 2

1

2.3

Fczsc

RT
, [18]

hereczscis the surface potential such asso 5 0. The best fit
f the titration data atI 5 0.5 M andI 5 0.1 M were obtaine

or log Ka1 5 25.6 and log Ka2 5 28.7 (see Table 1).
Except at very low pH, the surface charge density is hi

t I 5 0.1 M than atI 5 0.5 M for a given pH. This featur
annot be reproduced by a classic Gouy–Chapman mode
s correctly described by the clay model. This is because, i
lay model, the pH range whereco increases withI (pH .
Hcrit) is wider than in the Gouy–Chapman model (pH.
Hzsc) (see Fig. 6). In the clay model, decreasingI increase

he absolute value of the (negative) internal clay potentia
ell as decreasing the shielding of the surface charges. Th
ffect of changingI on the surface potential (at a given surf
harge density) thus depends on the relative sign and m

FIG. 3. Zn sorption edge atI 5 0.1 M. The diamonds are from Baeye
nd Bradbury (17). The full line is calculated with Clayeql with m/V5 mass
f dry clay/volume solution5 1.24 g/L. The fitting parameters are given
ables 1 and 2. The inset shows the same data on a different scale.Rd

Zn 5
moles of Zn adsorbed/mass of dry clay)/(moles of Zn in solution).
s

ta
ch
ber

r

but
e

s
net

ni-

ude of these two factors. At high absolute surface ch
ensities (and potentials), when the net effect of the neg
ermanent charge inside the clay is relatively unimportant
ffect of decreasing ionic strength is to increase the abs
alue of the surface potential, as in the Gouy–Chapman m
see Fig. 6). At high absolute surface charge density
ncrease inco associated with decreasingI is in fact about th
ame in the clay and the Gouy–Chapman models. At s
ositive potentials, however, decreasing the ionic strengt
ults in a decrease in the surface potential of the clay be
he decrease in potential inside the clay (which becomes
egative) is dominant over the decreased shielding in solu

i and Zn Isotherms

Ni and Zn isotherms were measured by Baeyens and B
ury (17) at different pH’s (see Figs. 7 and 8). No isothe
ere obtained for Mn. As expected, for a given concentra

n the dissolved phase, the concentration of adsorbed
ncreases as the pH increases. The Zn and Ni isotherms
he same features, although data at low concentration
dsorbed Zn are not available. Ni isotherms show two li
egions, where the slope of the log(Niads) vs log (Nid) curve is
lose to 1. If Ni , 2.1023 mol/Kg, the strong sites a

FIG. 4. Ni sorption edges atI 5 0.1 M, I 5 0.03 M and I 5 0.01 M.
he diamonds (I 5 0.1 M), the squares (I 5 0.03 M) and the circles (I 5
.01 M) are from Baeyens and Bradbury (17). The full line (—,I 5 0.1 M,
/V 5 1.5 g/L), the semi-dotted line (– - – - –, I 5 0.03M, m/V 5 1.1 g/L),
nd the dotted line (----------,I 5 0.01M, m/V 5 1.1 g/L) are calculated wit
layeql. The fitting parameters are the same as in Fig. 3. The inset sho
ame data on a different scale.Rd

Ni 5 (moles of Ni adsorbed/mass of d
lay)/(moles of Ni in solution).
ads
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50 KRAEPIEL, KELLER, AND MOREL
ndersaturated and control the adsorption of Ni. When Niads.
.1023 mol/Kg, the strong sites are saturated and the ad

ion is controlled by the weak sites.

FIG. 5. Surface charge density versus pH curves, referred to as titrat
otentiometric curves in the text. The squares (I 5 0.1M) and the diamonds (I 5
.5 M) are data points determined by Baeyens and Bradbury (17). The

ine (I 5 0.1 M) and the full line (I 5 0.5 M) are calculated by Clayeql wi
/V 5 6.12 g/L. The fitting parameters are the same as in Fig. 3.

FIG. 6. Potential as function of pH atI 5 0.1 M and I 5 0.5 M as
alculated by the clay model and the Gouy–Chapman models (m/V5 6.12
/L). The fitting parameters are the same as in Fig. 3.
p-

orption Edges of Zinc, Nickel, and Manganese

The sorption edges of Zn and Ni atI 5 0. 1 M show three
ain regions (see Figs. 3 and 4). The sorption is consta

ow pH; it increases at intermediate pH until it reache
aximum; it then decreases, presumably due to the form
f soluble hydrolysis complexes of Zn and Ni. For Ni, sorp
dges were also measured atI 5 0.03M andI 5 0.01M. As

he ionic strength decreases, the pH-independent compon
dsorption becomes increasingly important, until atI 5 0.01
, the pH-dependent region of the sorption edge has a

isappeared (see Fig. 4). At the total metal concentrations
n the sorption edge experiments, the adsorption is domin
y the strong surface sites, except at high pH where the s
ites begin to be saturated and adsorption on the weak
omes into play.
Unlike those of Zn and Ni, the sorption of Mn was n

tudied by Baeyens and Bradbury in a separate set of e
ents and there are relatively few data for Mn. The gen

eatures of these data (not shown) are, however, similar t
n and Ni sorption edges and can be fitted with reason
odel parameters (see Tables 1 and 2).
In the region where adsorption increases with pH, the s

f log(Rd) vs pH is lower than 1, which is both unusual a
ifficult to describe (see insets to Figs. 3 and 4;Rd 5 (moles
f metal adsorbed/mass of dry clay)/(moles of metal in s

ion)). To fit the data, we thus choose to uncouple the acid-
onstants of the weak and strong sites. (It should be ke
ind that acid-base constants for the strong sites cann

or

ed

FIG. 7. Zn isotherms at two different pHs andI 5 0.1 M. The triangles
pH 7) and the circles (pH 5.6) are from Baeyens and Bradbury (17)
ull line (pH 7, m/V 5 0.325 g/L) and the dotted line (pH 5.6, m/V5 1.16
/L) are calculated with Clayeql. The fitting parameters are the same
ig. 3.
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51ADSORPTION ON MONTMORILLONITE
etermined experimentally and are thus largely fitting pa
ters.) If the strong sites are very acidic,'SSO2 is the majo
urface species in most of the pH range of interest and
ominant surface complexation reaction (for example
n21) becomes

'SSO2 1 Zn21 5'SSOZn1

KZn
chem5

@'SSOZn1#

['SSO2][Zn21]
e2Fc/RT. [19]

ifferentiation of the mass law [19] with respect to pH res
n

d~log Rd
Zn!

d~pH!
5 2

2

2.3

F

RT

dco

d~pH!
5 22d. [20]

As seen in Fig. 6,co decreases as the pH increases andd, the
econd term of Eq. [20], is negative. In the Gouy–Chap
odel, the absolute value ofd varies from near unity at lo

onic strengths and pHs near the pHzsc to low values at hig
onic strengths and pHs far from the pHzsc (25). In the clay

FIG. 8. Ni isotherms at three different pHs andI 5 0.1 M. The circles
pH 5.9), the triangles (pH 7) and the squares (pH 8.2) are from Baeyen
radbury (17). The semi-dotted line (– - – - –, pH5.9, m/V 5 0.24 g/L), the
otted line (----------, pH 7, m/V5 0.24 g/L), and the full line (—, pH 8.2
/V 5 0.24 g/L) are calculated with Clayeql. The fitting parameters are

ame as in Fig. 3.
-

he
h

n

odel, because of the influence of the internal potential
urface potential is less sensitive to the surface charged
which is directly proportional to the slope on Fig. 6) is n

1
2
. The clay model thus helps to account for the relativ

eak increase in metal adsorption with pH.
The fitting of Ni sorption edges at low ionic strength (I 5

.03 M and I 5 0.01 M) is completely constrained for a
arameters and constants have been determined from the
orption data and are now fixed. As seen in Fig. 4, the m
ts the data satisfactorily on the usual % adsorbed vs pH g
lthough, as discussed below, there are significant discr
ies on a log(Rd) vs pH graph (see inset).

DISCUSSION

The model for the adsorption of trace cations on clays
ave presented is a logical extension of the usual su
omplexation model. In this sense, it is certainly parsimoni
f we considerec and VL/VP as given, only one parameter,
ermanent charge per water volume in the clay particle
een added to the parameters generally used in the s
omplexation model as applied to oxides.
Also, while the representation of the clay particle a

omogeneous porous solid is clearly an approximation
lay model is reasonable, both in its physical and chem
escription of the clay and in the values of the parameters
t the data. In particular, the variations in the surface pote
ith ionic strength (I 5 1021 M to I 5 1024 M) obtained

rom the clay model and from the more elaborate electros
odel presented by Secor and Radke (14) are similar
xample, for a montmorillonite with a cation exchange ca

ty of 0.8 eq/Kg and a surface (edge) charge density of
/m2, the clay model predicts that the surface potential sh
ecrease by 60 mV whenI decreases from 0.01 to 0.001M; for

he same system, the model of Secor and Radke pred
ecrease in the surface potential of 52 mV. Clearly, the
odel has the advantage of mathematical simplicity as it y
closed form solution for the surface charge–surface pote

elation which can be easily incorporated into a surface c
lexation model and used to model a wide variety of adsorp
ata on clays. Whether one model or the other is more a
riate depends on whether the lamellae are best conside

solation (the interlayers are wider than the double-layer th
ess) or as an ensemble constituting a particle. The che
arameters obtained from fitting the experimental data wit
lay model are also consistent with our knowledge of
ystem. The pKa’s obtained for the acid-base groups at
urface (5.6 and 8.7) are well within the range of typical va
or the intrinsic acidity constants of'AlOH groups of alumi
um oxides (5.2–7.9 and 8.1–10; 29). This might be an
ation that only the'AlOH groups at the edges of the mo
orillonite are reactive; the same conclusion was reache
ieland and Stumm in their work on kaolinite (30). Also

nd

e
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52 KRAEPIEL, KELLER, AND MOREL
elative values of the intrinsic complexation constants Kchem

btained for Zn, Mn, and Ni are consistent with the order o
rst hydrolysis constants: KZnOH . KNiOH . KMnOH (31). The
odel yields to KZn

chem . KNi
chem ; KMn

chem (see Table 1). Th
inding constants for Ni and Mn obtained by the model
imilar, but the Mn constant is poorly constrained by
vailable sorption edge data.
To fully account for the relatively weak dependence of m

dsorption on pH, we uncoupled the acid-base constan
he weak and strong sites and imposed highly acidic st
ites; this is hardly consistent with the rules of coordina
hemistry. Another option yielding a good fit of the me
orption edges is to include in the model an unusual su
pecies such as'SOHZn21. (Indeed,'SOHMe21 surface
pecies have been used before to model metal sorptio
ydrous ferric oxide and clays; 12, 25). It allows the mode
t the data with fewer parameters, because the acid-base
tants are kept the same for the weak and strong sites. E
mental evidence for the existence of surface complexes
s'SOHZn21 is lacking, however. The answer to this puz
ay lie in the two distinct types of surface sites,'SiOH and
AlOH, that coexist on the clay edge; both would have to

aken into account in a chemically realistic model. We m
ome computer simulations with a model such that'SiOH
roups deprotonate to give'SiO2 at pHs below those whe
AlOH2

1 sites lose their protons to yield'AlOH (32), neither
SiOH2

1 nor'AlO2 being ever significant. We found th
his model, using reasonable constants for'SiOH and

AlOH surface groups (29), could provide an acceptable
oth the titration and sorption edge data. This model is m
matically very similar to the one we have presented her
hich we chose instead, in keeping with the tradition
urface complexation models, the formalism of only
iprotic surface group.
To decide whether our clay model provides a truly ap

riate description of adsorption on clays, it is not sufficient
t be parsimonious and reasonable, however; it must also
s to model features of the experimental data that are sp

o clays and be difficult or impossible to model otherw
here are three such features: the adsorption of cations a
Hs, the low slope of log(Rd) vs pH graph, and the variatio

n pHzsc with I .
First, a characteristic of clays is the sizable adsorptio

race cations at low pHs and its variations with ionic stren
reviously, cation exchange reactions were accounted f
urface complexation models by assuming the formatio
ighly stable complexes between the permanently cha
urface groups and the cations. Clearly, the formation of
table complexes is an ad-hoc assumption which lacks c
cal or structural justification. Further, as pointed out befor
s problematic to describe cation exchange, which results
he electrostatic attraction of the cations by the perma
e

e
e

l
of
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n
l
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o
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er-
ch

e
e

f
h-
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e
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nt

harge of the clay, by way of a specific chemical reaction
ontrast, the clay model is able to describe cation exchan
purely electrostatic process as the cations are attracted
egative potential inside the clay particle.
Second, the clay model correctly predicts the weaker (c

ared to oxides) pH dependence of metal adsorption on
i.e., the low slopes of the log(Rd) vs pH graphs). These lo
lopes may be reproduced by ad-hoc means such as sett
oulombic term to zero (10). As discussed earlier, the suc
f the clay model in describing the appropriate dependen

d on pH reflects the lesser dependency ofco on pH tha
esults from the built-in charge-potential relation (E
9]–[11]), compared to what is predicted by the Gouy–Ch
an model. The internal negative charge results in a decr

ensitivity of the surface potential to the variations in
urface charge density.
Finally, and probably most important, is the ability of

lay model to reproduce the variations in pHzsc with ionic
trength and the increase in H1 adsorption with decreasin
onic strength that are seen in the potentiometric data (33)
ouy–Chapman model (or its variations) always predicts
ll the acid-base titration curves should intercept at a fi
Hzsc, independent ofI and that, at a given pH, the absol
alue of the surface charge should always decrease wit
reasingI . In surface complexation models applied to cla
he increase in the pHzsc is usually accounted for by introdu
ng a competition between the electrolyte cation (e.g., N1)
nd H1 for the permanently charged groups (34–36). To fit
ata, however, the constant for the reaction is fixed at va

hat vary widely depending on the study and are mark
ifferent from 1—which is in direct contradiction with ind
endent measurements of ion exchange on montmorilloni
7). The clay model, in contrast, predicts that the change i

nternal potential of the clay particle due to variationsI
hould be reflected in variations in the pHzsc. More precisely
he increase in (negative) internal potential resulting fro
ecrease in the ionic strength is predicted to sometimes

nate over other electrostatic effects and to result in an
reased positive surface charge.
There is one feature of the Baeyens and Bradbury’s dat

s not well reproduced by the model: the constant maximum
dsorption (ca. pH 9–10) with decreasing ionic strength f
.1 to 0.01M. Although on a % Niadsorbed vs pH graph t
ts look satisfactory, a log(Rd

Ni) vs pH graph clarifies th
iscrepancy between the data and the model at high pH

nset to Fig. 4). The data show a constant adsorption at hig
hen I decreases, while the model predicts an increase i
dsorption at high pH, mainly due to the decreased shieldi

he negative surface charge whenI decreases. For the sa
easons, a classic Gouy–Chapman model would likewise f
eproduce the data.

It may be that this discrepancy is due to the swelling
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53ADSORPTION ON MONTMORILLONITE
ontmorillonite with decreasing ionic strength, which is w
ocumented (38–40) but is not taken into account in
odel. It is likely that the clay has undergone at least s
smotic (“extensive”) swelling betweenI 5 0.1 M and I 5
.01 M. Such swelling should have two effects: (1) exp
entally it would make the separation of the clay from

olution by centrifugation increasingly difficult; and (2)
ould decrease the internal charge density and increas
urface area of the edges (both effects tending to balanc
he increased attraction of the metal by the surface du
ecreased shielding). It should be kept in mind that at
Hs, where the discrepancy between model and data i
erved, more than 95% of the metal is adsorbed on the
articles. At this stage, any contamination of the solution p
where the metal concentration is measured) with the pa
ate phase is critical. In a few model simulations we t
welling into account by decreasing the internal charge de

clay, by a factor of three and increasing the specific sur
rea by the same factor when decreasing the ionic str

rom I 5 0.1 M to I 5 0.01 M. The discrepancy betwe
odel and data was reduced significantly, but the mode
redicted an increase in log(Rd) whenI decreases at high p

CONCLUSION

Overall, the clay model provides a reasonable and pars
ious description of the acid-base and cation sorption pro

ies of Na-montmorillonite. Moreover, the differences in
urface charge-surface potential relation of the clay m
ompared to the Gouy–Chapman model appear importa
odeling some specific aspects of experimental adsor
ata on clays. Besides data fitting, the clay model is usef
roviding an insight into the effects of the permanent charg

he reactivity of surface sites as a function of ionic stren
learly, the simple clay adsorption model we have prese
ay need to be modified to account for the particularitie

arious smectites. For example, reactive sites in the interl
ay undergo proton exchange reactions or exhibit spe

hemical affinity for some sorbates. Or swelling may ind
ave to be described quantitatively. Nonetheless we hop

he general model we have presented will provide a temp
“metamodel,” from which other models of sorption on mo
orillonite may be patterned. Besides its apparent applica

o at least one particular data set, the strength of this ge
odel rests with its self-consistency. Since ion exchange i

lay is primarily a coulombic process, it is satisfying that
uantitative description be made consistent and interdepe
ith the coulombic effects on the edge surfaces. In a
eneral way, what the clay model does is simply to extend
ouy–Chapman model on the other side of the interface

he interior of the hydrated clay particle, by solving the P
l
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on–Boltzmann equation in the whole instead of half of sp
his would seem a useful approach to describe the interac
f solutes with any penetrable solid.
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