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Abstract: Based on numerous latest references, the current developments in surface complexation, surface precipitation and the comesponding
models (SCMs aral SPMs), were reviewed. The contents imvolved comparison on surface charge composition and layer-siructure of solid-solution
interface for the classical 1-pK and 2-pK models. In addition, the fundamental concept and relations of the new models, i, e., multi-site
complexation (MUSIC) and charge- distribution (CD) MUSIC models were described as well, To avoid misuse or abuse, it must be emphasized
that the applicahility and limitation for each model shoukl be considercd carclully when selecting the concerned nxxlel (s) . In addition, some
new powerlul techniques for surface characlerization and spalysis applied to mode! estublishment and madificalion were also briefly introduced.
Keywords: surface complexation models: environmental aquatic chemistry ; genchemiral circulation

1 Background

In geachemical circulation, various pollutants with adverse impacts {e.g., toxicity., mulagenicity and lethality) are
usually associsted with heterogeneous particles, predominantly clay minerals. Generally, the propetties of these complex
particles should be described using distribution functions based on related conceplual and mathiematical models, rather than
using physicochemical variables with a single well-defined value. Since most impurlaul resctions, e.g. , acid/base chemistry ,
sorption /desorption and  dissolution/precipitation, mainly occur in the region ol solid-aqueous interfaces, the behavior,
transport and altimate fate of many contaminants are largely dependent un lhe vorresponding interfacial processes ( Buffle,
1993) .

Acidity-bosicity is of dircct concern in many chemival processes, and il determines the prisiine charging, and then the
binding behavior of priority environmental comewinants, &. ., heavy metals and persistent organic vompounds. Afler acid
activation, some natural particles can act as cheup and efficient catalysts. Consequemly. a quantitative understanding of the
acid-base properties of the solid matrix is essential to further study the invelved rmechanisms and kinetics of many
physiochomical processes, such as surplivaf/desorption, photecatalysis, photoredex or photodegradation. In addition, using
batch adsorption experiments and the vurresponding model description, we can investigate the conditions cavsing partitioning of
potlutants between sediments and inlerstilial water. The reaction constants can then be derived ( Du, [997; 1999; Wen,
1998]) and used to estimate the svtual equilibrium partitioning cuefficients, K o %, which are critical for defining the numencal
sediment quality eriteria (S3QC)} in a specific region. The SQU are useful for indicating the distribution and extent of pellution ,
and for assessing potential ecological risks (Liu, 1999a; 1999b}. Numerous studies have been devoted to different particle
surfaces, such a3 (hydr)oxides (Ludwig, 1995; Koopal, 1996; Laiti, 1996; Au, 1998), clay minerals ( Angove, 1997;
Avena, 1998; Kraepiel, 1998; Ikhsan, 1999} and soils { Andersen, 1992). In addition, advances in simulaticn models
(Hiemstra, 1996a; Charmas, 1999; Liitzenkirchen, 1998a; 1998b; 1999a; 1999h ), together with medification of
experimentel techniques (Tumer, 1998; McGuire, 1999), have greatly expanded our knowledge of reaction kinetics and
mechanisms during recent decades. However, it is still insufficient with respect to the complexity of the real world.

2 Surface charge of aqueous clay minerals

The chemical process of charge development on colloidal particles is generally determined by an excess of complex
physicochemical properties of the particles’ surfaces exposed to the aquesns envitonment, and the amount and strength of
charged surface sites can be corrzlated with solid surface properties, such as catalvtic efficiency { Schwarta, 1999).
Composition and distribution of surface charge are both closely assoriated with the corresponding mechanisme of inleractions
between the solid surfuace sites and “xenobiotic” compounds, as well as the pathways of the weathering process.

Particle surfaces acquire electrical charge mainly by two means: permanently from isomorphic substitutions of component
ions in the bulk structure of the solid, or conditionally from the reactions of surface functional groups with adsorptive ions in
aqueous solution. e.g., surface hydroxyls at the basal planes or edge faces {Sposito, 1992; 1998; Stumm, 1992). The
concerned surface charge balance ran be expressed as follows:

6r = oy + 0,, (1)
Fo = Gy + Oy, (2)
U5 = Cp + Ops s (3)
dp + 9, =0, (4)

Ag = g+ o+ 0,008 = g,- ¢, (5)
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where 0., o, and o, are the net ttal Taple 1  Definition and approach to the ement of surface charge density
particle-, the intrinsic- and the Stern layer-

surface charge densities, respectively, ¢, and Symbol Name Description
¢, denote the net permanent structural- and PZNPC Paint of zero net proton charge ay =0

the net pmton- surface charge densities, PZNC Point of zero net charge oy, =0
respectively. the latter being proportional to PIC Peint of zcro charge 5p =0

the difference in the number of models Sur tree. density

between protons and  hydroxide jons oo e CUeTES ensity er b o oH
complexed by surface functional growps. o Method of Microscopic: Schofield  Alkylammonium  Fleatromatrie
and g are inner- and outer-sphere complex delermination electrophoresis method cation exchange  titration

surface charge densities, respectively. The
diffuse-later surface charge density, represented by o, . is required to batance o, for maintaining elecirical neutrality. Finally
¢_ and g, are the total relative amounts of adsorbed anions and cations, respectively.

Some definitions and routine methods for determining the particle surface charge density are listed m Table 1.

By scanning force microscopy (SFM), Brady et al. {Brady, 1996) studied the specific control of paticle surface
charge based on caleulation of molecular electrostatic potential (MEP) . Other reports have also offered the following valuable
information: {1} theoretical prediction of the pH at the point of zero charge, pHpy (Sverjensky, 1994; Eggleston, 1998) 5
{?Y evaluation of surface ionization parameters using atomic furce microscopy { AFM) data (Zhmud, 1998}; (3) molecular
mechanical calculations of the relative proton binding energies for specific sites on oxide sudaces { Rustad, 1996); and (4)
equilibrium coenstants for single-site surface protonation based on Born sclvation theory, electrostatic interaction and intrinsic
binding. in which the surface equilibrium constants for a series of complex silicates were considered to be determined by the
underlying bulk erystal structure, instead of estimation from linear correlation with agqueous equilibrium constants { Sverjensky ,
1996) . In addition, the disk madel containing spatial differentiation of permanent and pH-dependent charges, compared to the
conventional infinite-plane model, may he more realistic in describing the electrical double layer (FEDL) on 2:1 clay minerals

{Chang, 1996) .

3 Surface complexation and precipitation
3.1 Outline

The interfacial reactions of clay minerals can be separated into jon exchange and surface complexation. The former
commonly occurs at the permanenty-charged surface sites, resulling from isomorphous substitution leading to unspecified
adsorption or outer-sphere complexation; whereas the laiter is usually gererated by jons binding to vanably-charged surface
sites, based on interactions with surface hydroxyl groups leading to specific adsorption, i.e., the formation of inner-sphere
complexes (Sposito, 1992; Stadler, 1993). The surface complexation activity chiefly originates from the physicochemical
behavior of the surface sites described above, their relative contribution depending on the system characteristics, such as pH
and background electrolyte concentration { Davis, 1990).

As the ratio of adsorbate (e.g., cations) to sorbent gradually increases, the corresponding surface reactions probably
undergo & smooth transition, from Langmuirian behavior with a saturated isotherm, to a Freundlich isotherm without apparent
saturation in sorptive capacitance. Since it is difficult to strictly distinguish surface complexation from surface precipitation in
many circumstances, a continuum has been suggested, from monenuclear adsorption to multinuclear complex formation, and
finally to surface precipitation { Farley, 1985; Dzombak, 1986). The term of surface complexation is also extended to
incorporate various hypothesized surface species or mechanisms, e.g. , surface clusters, polymers and multinuclear complexes
being the precursors to surface precipitates (Fendarf, 1992) .

3.2 Surface complexation and precipitation models

Great developments in SCMs have been achieved since the initial form was introduced by Stumm and Schindler for
interpreling heavy metal adsurptiﬂn in simplf‘ Suspension systems { Sturnm, 1970; Schindler, 1972; 1981). Analogous to the
formation of conrdinated complexes in solution except for consideration of surface charge, the model formulation treats the solid
surface s a polyelectrolyte camying many charged surface hydroxyl groups, which can perform proten transition, and
incorporate cations/anions or other ligands from solution phﬂse . Consequently, the apparent surface reaction constant { K™ ) is
theoretically predicted as a product of the intrinsic surface reaction constant at zero surface charge (K i"l) and an electrostatic
(coulombic} term, which is in fact a surface activity coefficient for the long-range electrical effects of charged surface groups
and caleulated from the Gouy-Chapman theory of EDL:

K = K™ « exp(- AzF¥/RT). (6)
where ¥ is the surface potential (V}, Az denotes the change in the charge of the surface species for the considered reaction
(C), F represents the Faraday constant (Cmol '), R is the molar gas constant (J/(mol-K)}) and T is the absclute
temperature (K) .

Several fundamental steps should be adopted in developing a surface complexation model (Davis, 1998): (1) the total
number of surface sites should be determined experimentally or a value should be sssigned on the basis of other studies; (2)
an approach should be developed to describe surface site heterogeneity or the number of specific types of surface functional
groups; (3) the mass action and mass balance equations that elucidate the equilibrium of surface reactions should be
formulated, and the apparent stability constants for surface species should be measured; {4} a method should be developed or
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assumed to quantify coulombic correction factors or rational activity coefficients to correct the equilibrium constants for surface
acidity and complexation reactions .

The primary perceptions for various surface complexation models (SCMs} so far remain the same: {1) sorption on
(hydr ) oxides occurs at specific coordination sites; (2) sorption reactions on (hydr)oxides can be described guantitatively via
mass law equations, and the K®°s determined for the mass law equations are empinical parameters related 1o thermodynamic
constants via the rational activity coefficients, 7, or the surface species; (3] surface charge arises from the sorption reactions
themselves; and {4) the effect of surface charge on sorption can be considered by embudying a correction factor from EDL
theory into the mass law constants { Dzombak, 1990: Davis, 1992} .

In mechanistic approach built on the knowledge of the underlying molecular hinding mechanism, the binding models
should at least account for the structures of the surface and adsorbate, and for the electrostatic outline and location of the ions
in it. The advantage of electrostatic SCMs chamacterized by mechanistically oriented hinding, is that they can, in ponciple,
use the same formalism in all systems of interest, and enable the prediction of properties of the individual binding sites and
complexes { Cernic, 1996) . On the other hand, the application of SCMs is currently restricted by the uncertainty in the choice
of the electrostatic peometry at the interface and the locations of the ions. Improvement of SCMs is often obstructed by the
limited freedom of choice i the amount of involved surface sites and the number of different adsorbed species (Rietra, 1999),

Some frequently used SCMs include the constant capacitance model (CCM; Manning, 1997; Angove, 1998), the
diffuse-layer model {DLM; Tessier, 19963 Bradbury, 1997; Avena, 1998), the triple-layer model {TLM; Righctio, 1995;
He, 1997), as well as the four-layer model (FLM; Charmos, 1995; 1996; 1999} . Theac models are based on the so-called
2-pX approach characteristic of a diprotic acid rcaction ( Liitzenkirchen, 1998b) :

=SOH; «»=SOH + H; , K™, n

=S0H-~=S80" + H; , K3, (8)
where ==S0H represents a solid surface site, and the subscript 3 denotes the proton near the surface. One can differentiate
the models depending on their treatment of the electrostatic profile at the solid-aquevus interface, in particular the lecations
and hydrated state of sorbed ions and the spatial distribution of solution counter ions {Fig. 1) . However, ail the SCMs would
reduce to a set of simultaneous equations that can be resolved numerically. These equations include: {1) mass law equations
for all surface reactions under consideration; (2} a mole balance equation for surface species; (3) an equation for

computation of surface charge, and {4) 4 set of equations representing the constraints imposed by the model of interfacial
structure { Davis, 1992).
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Fig.1 Presentations of the etectrical double layer (EDL) in verious surface complexation models,  and
¢ denote surface potential and surface charge, respectively, and C is the specific capacitance . Subscripts
indicate inner-sphere (0), outer-sphere (#), anion-(A), cation-(C) and diffuse (d) layers. IHP and
OHP are inner- and cuter- helmholtz planes, respectively

In the CCM, the thin EDL resembles a parallel plate capacitor, with only one plane in the interfacial region being
considered. All surface complexes are regarded as inner-sphere complexes, while the background electrolyte ions are assumed
to be inert. Although physically equivalent to the TLM near the PZC (Righetio, 1995}, the ordinary CCM is not able to
predict the variation of the isoelectric points {TEPs) with ionic strength in the opposite direction (Liitzenkirchen, 1998b),
because theoretical considerations presume the interfacial potential to be independent of ionic strength (I). However, the 2-
pK CCM has been substantiated as a good choice for the high 7 and/or low surface potential cases, when experimental data
allow a determination of unique parameters and if only the goodness-of-fit criterion is considered (Liltzenkirehen, 1998h) . In
addition, the extended CCM (ECCM) has also been proposed to imbike the contributions from electrostatic forces,i.e., the
outer-sphere complexation reactions { Persson, 1996; 1998) . An intrnduced total capacitance ( £, ) can be distributed over
two specific capacitances, C, and C, {(Eq. {9)), characterizing the inner- and outer-sphere complexation planes,
respectively. To some extent, the ECCM is similar to the typical TLM with the exception that the diffuse layer is neglected.
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C_m = 'C—I + 'E; . (9}

The high ionic strength normally used in the corresponding potentiometric titration makes the CCM a physically realistic
choice as an interfacial model (Liltzenkirchen, 1999a) . This succinct approach with fewer adjustable parameters is valid for
constant ionic medium conditions ( Litzenkirchen, 1998b. 199%a). Manipulation of multiple ionic strength data with ore
eomprehensive parameter set is thus avoided. It allows data treatment on the concentration scale, and in principle involves
strictly conditional parameters. The conditional character of the CCM with respect to ionic strength, in turn, avoids the
quantification of electrolyte binding. More recently, however, liitzenkirchen ( Liitzenkirchen, 1999b} presented a critical
evaluation of possible applications and applicability of the CCM . Some examples were listed, in which this model was misused
or abused through its parameterization, especially for low ionic strengths, aseribed to the presence of 2 diffuse layer revealed
by published surface force measurements and the interplay between low capacitance values and high ApK. In addition,
although the BSM or the TLM generally includes electrolyte binding constants, they are, in many cases, additional fitting
parameters and difficult to corroborate experimentally. Furthermore, the goodness-of-fit is frequently utilized as a decision
eriterion in the modeling process, and in this respect, the 2-pK CCM has been shown to be superior to the 1-pK variant
(Liitzenkirchen, 1999a). On the whole, the 2-pK CCM can be validated as a model for acid-base properties of a defined
solid sample or for & defined medium, and applying the model in such a consequent way can avoid inconsistency
(Litizenkirchen, 1998L; 1999a}.

In a sense, the CCM is a special form of the DLM. The differences between the DLM and the CCM are that the former
takes into account the dissociated counter-ions in the diffuse layer and surface capacitence is fixed by theary rather than a
filling purameter, therefore, the influence of buckground electrolyte on protolysis equilibria can be interpreted by the
relationship between diffuse layer charge and ionic strength. The DIM is usually restricted to simulating low ionic strength
conditions, attributable to an over-prediction of the diffuse-layer potentivl at high 7 (Hayes, 1991) . More recently, the DLM
has been shown to be inferior to the CCM in the description of acid-base pruperlies using the chusen experimental data and
optimized procedure, though it would be the simplest model in 2-pX formalism { Luwzenkirchen, 1999a}.

The EDL is divided into three planes in the TLM, that is, iwo constant capacitance layers and one diffuse layer. The
potential-determining ions, i.e., H', OH . and stongly-adsorbed ions, are assumed to form the inner Helmholitz plane
(1HP), while the outer Helmhoitz plane (OHP} is composed of the weakly-adsorbed ions, such as beckground electrolytes.
The TLM can accommodate both inner- and outer-sphere complexes, and be applicable to systems with various ionic strengths.
Nevertheless, the TLM requires the greatest number of adjustable paramelers relative to the CCM and DLM. In contrast to
some conventional means for the determination of the TLM parameters, such as linear/double graphic extrapclation and
numerical methods, a possible alternative approach has been suggested on the basis of a simple equation for the 1EP, in which
the inner layer capacitance and the pristine point of zero charge { PPZC) were ascertained. and no knowledge of site density
was required ( Liitzenkirchen, 1998a). In addition, the author indicated several shortcomings in previous work about TLM
parameter estimation using solvation and electrostatic theory { Sahai, 1997a; 1997b), e.g., the demanded calibration
involved high site density that was unable to explain the experimentally ohserved saturation phenomena. In Table 2, the main
characters of the SCMs mentioned above are summarized .

Since the presumption that anions and cations are located within the same layer is toc coarse in many cases due to their
different dimensions and electrostatic fields, some workers further put forward the four layer model (FLM)} as a medification,
in which anions are situated within the layer of potential ¢, , whereas cations are gathered within the layer of potential ¢ .
This medel develops the relationship between PZC and IEP. Obviously, more adjustable parameters are needed for the
complex model description. A major stimulus for multiple-layer models is that the surface potentials calculated from the EDL
theory are typically higher than the zeta potentials on particles measured by electrophoresis. However, fundamental difficulties
gre associated with the interpretation of electrophoresis experiments. furthermore, it is doubtful whether the average potential
affecting the microscopic sorption of jons at the surface, should be eqnal or even simply related 1o the zeta potential affecting
the macreoscopic interaction of a particle with its viscous medium {Dzombak, 1990) .

On the other hand, another concept of surface complexation madeling is currently referred to as the 1-pK model based on
the following reaction:

=SOH " + H «»==SOH;'? , K=10"", (10)

The presented charge in Eq.{10) should be considered as formal, atiributed to the individual surface groups for a proper
bookkeeping of charge in the model description. Compared o the 2-pK models, a reduction in adjustable parameters is
present, since the stability constant in Eq.{10) can be experimentally obtained as the PPZC of u solid and it will not rest on
the electrostatic model (Liitzenkirchen, 1998L) . Both sufficient knowledge of the temperature dependence of PPZC and some
available theories of PPZC prediction are in favor of the 1-pK model.

Moreover, Borkovee (Borkovec, 1997) has studied the origin of 1-pK and 2-pX meodel based on siatistical mechanics,
and noted that an incorrect interpretation of consecutive surface protenation is presented in classical 2-pK SCMs; that is, only
one type of surface oxygen is reactive, two protons are assumed to bind sequentially to & single oxygen atom, heing indicative
of the large difference between the successive pK values { ApK > 10), as indicated in Fig.2. Alternatively, an adequate
expression of the given 2-pK model should consider a pair of neighboring ionizable groups:

[=S(OH,); ]* -»+[=5(0H,) [OH + H; , ()
[=S(0H, ) JOH« [=$(0H,)]0" + H; . (12)
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Such & mechanism can explain the small splitting of the consecutive pK values, which were mostly derived from
Tahle 2 Comparison of basic properties between the different SCMs”
Minimum Relation hetween surface charge (&)
Type Parameters number of PN
and surface potential [ ¢}
parameters
CCM  Capacitance ( € ), site density { Ns ), 5 cem
K 3 as o= C™" %
specific area ( Sper ). sshility constanis S A
(KD nra:(CxL)ng
F
DLM  Site density ( Ag) , specific area { Syer ), 4 syt adg=0
stability constants { K;) o = ¥y
Sger % A YT . 2Fdy
Gi=—p X o Beey RTT X sinh TRT
BSM  Capacitance ( C, }, site demsity ( Ng), 7 op+ o +oy=0
specific surface ares ( Sgpy ), stability _ SerxA ¢ x )
constants { K;) To= F ® €%l = o
Sgrr % 4 ., wFg,
o = Br;‘ % C; % (4 = o) + SeeORT!xsmeR;,
Sper X A P
o= —pT— XY 8eey RTT x sinh IRT
&=
TIM  Capacitance ( €, ) and { €.}, site density 8 g+ o+ oy =05
( N¢ ), specific smface area { Spgr ). Sgrrx 4
stability constants { K;) Fo=- TR 4’") 4
Sger x 4
gd:%x Gy % {fy — )
Sper x A
”ﬂ=%x[clx(¢ﬁ_¢ﬂ)+ CZX(V'J,B_‘/H)}
op
==
_gptos _du
Wy = oy = o o

Netes; € is the capacitance density {F/m" ) ; Sagy is the specific surface area {m’/g) s A is the suspension concentration of solid (g/L)s ¢
is the surface potential { V) ; o is the surface charge (mol,/L, I is the ionic strength (mol/L); & is the dielectric constant; &g is the
permittivity of free space (8.85% 107 % C*/{N*m®); F is the Faraday constant {96487 C/mol}; T is the absolute temperature (K) | and

R is the ideal gas constam

experimental oxide data { ApK == 2—4). In most cases, the 1-pK
model can provide a sufficiently accurate illustration of the titration
behavior of the sclid-water interface. In some particular situations
where the 1-pK simulation fails, e¢.g., when the surface is composed
of small groups of sites which mutually interact to a greater extent than
with all other neighboring sites within the latice (DBorkovec, 1997),
the application of 2-pK, or even 3-pK or 4-pK models, may become
essential . Similar conclusions were drawn in another comparative study
as well, in which the 1-pK basic Stern model {BSM) and the 2-pK
CCM were recommended with respect to the fitting efficiency and the
uniqueness of estimated parameters. The 2-pK BSM and the TLM, as
well as the more complex FLM, were subordinate due to the large
number of adjustable parameters invelved (Liitzenkirchen, 1998b).

In view of chemical thermodynamics, however, there aseems to be
no difference in nsluce between the two types of models, and in this
sense, an appropriate choice of different standard states (i. e.,
hypothetical states) is at the hearl of the comparison {Tac, 1998). On
the other hand, since the different crystal planes may have different
PPZCs, and the significance of the individual planes will decide the

logk —
!
p —=

3 10

Fig.2 The schemalic inlerposition of the logX
values of consecutive protonation reactions of one
surface group with respect to the pH range of
titration {pH=3-10)

Pasition A: one of the logK values of a ceriain
surface group in or near the pH renge (for
example, A,: SIOH, A;: AIOH); Pasition R:
both values are mure or less symmetricel around,
but outside the pH range of titration {for example ,
Fe;OH); Position G: both logK values are far
outside the pH range of titration like in the case of
Si0, or Tiy O sudface groups
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overall PPZC of & certain sample, Sverjensky’s prediction (Sverjensky, 1994) appears to be adopted only in specific cases
where actual measurements are not possible (Llitzenkirchen, 1998b) . Based on the situations mentioned above, it should be
emphasized that uny simplified spproach, e.g., 1-pK and 2-pK models, necessarily introduces some kinds of approximation
or simplification, the quality of which has seldom been properly tested { Borkovee, 1997) .

Furthermore, both the classical 1-pK and the 2-pK models can be treated as special cases of the multisite complexation
{MUSIC) model, proposed according 1o the crystallographic principle and physicochemical considerations, e.g., Pauling’s
concept of bond valence (Hiemstra, 1989), The model deems that protonation reactions involve different types of surface
groups . One of the main differences in intrinsic proton affinity of surface groups is due to the number of metal-coordinated oxo
groups, and the difference in affinity between 1wo consecutive protons binding o the swne type of uxygen is very large (ApK
>14; Hiemstra, 1996b). Consequently, the MUSIC model relies on detailed crystallographic characterization of solid
samples, such as in terms of the contribution of different crystal planes, to calculate the proton affinity constants for individual
types of surface groups.

In this model, including multiple surface groups with singly, doubly and triply metal-coordinated oxygen atoms,
exhibiting different prowon affinities, the concemed surface charge can be described by one proton adsorption and one discrete
K for each type of surface group (Hiemstra, 1989; Venema, 1998; Nagashima, 1999). The basic concept and relationship
cen be briefly described as follows:

v = z/CN, (13}
logK, = function{nv}, (14}
where, the Pauling bond valence {#) is defined as the charge {z) of the central cation divided by its coordination number
{CN), Ky represents the proton effinity of a surface group, n denotes the coordination number of the surface (hydr) oxide
group . The overall chemical formula for simple { hydr)oxides and the typical protonation reactions of metal{ hydr)oxide surface
groups are expressed respectively by:

MeO:)_ peoveny OHgp anrey (15)
Me, 0""% + 2HI «»Me, OH"*"' + H{ «»Me, OH* . (16)

Here, f is the fraction of anions in the structure, present as OH ions.

The framework of the MUSIC modecl is, however, still rclatively simple, since it is based primanly on electrostatic
considerations and assumes that the same site types have the same pK values independent of the surface face or structure . The
conventional MUSIC model contains some drawbacks as well: (1) it does not yet predict any actually ohserved saturation in
proton adscrption; (2) since provision of surface protonation equilibrium constants must take into account the difference in
both the Pauling bond strengths per A and the dielectric constants of the solids, forecasting solely from the former is inherently
defective { Sverjensky, 1996); and (3) for some environmentally important sorbents, an accurate estimation of the
crystallographic representation is virtually impossible and, therefore, surfuce complexation modeling will rather be based on the
simple approaches, though it can not be expected to provide & mechanically realistic interpretation in such situations
{ Litzenkirchen, 1998h) .

Recently, as & consistent extension of the MUSIC approach, a model combined with Pauling’ s concept of charge
distribution { CD-MUSIC) has been forwerded, and applied to the formation of surface complexes { Hiemstre, 1996a), such as
protons ( Hiemstra, 1996b; Venema, 1996; 1998} and other ions { Hiemstra, 1999a; 1999b; Rictru, 1999}, In this new
model, surface complexes are regarded as having a spatial distribution of charge in the interfacial regions, rather than point
charges, and surface oxygen atoms are neutralized by both Me ions belonging to the solid and a variable number of adsorbed
protons. In the case of inner-sphere complex formation, only part of the complex is incorporated into the surface by a ligand
exchange reaction, while the other part is located in the Stern layer { Hiemstra, 1996a). The model can depict, within a
single conceptual scope, all significant experimenial adsvrption provedures, by censidering the chemical compositions of the
crystal surface. Some important properties are given in Fig.3.

Since the charge distribution and neutralization are actually relsted to Me-O bond length which is unequal due to
electrostatic Me-Me repulsion, a smaller length/distance will contribute more 10 the neutralization of charge than a bond with a
larger Me-O distance (Hiemstra, 1996b). Accordingly, a refinement has also been developed using an alierstive actual bond
valence(s) related 1o the bond length { Hiemsira, 1996b; Venema, 1998). I is different from the conventional Pauling’s
bond valence rule based on equal charge distribution and can be interpreted with the Me-O distance ( B3 Eq. (17)). Fig.4
illustrates an example of charge distribution and its factor (f).

RfRD

s=e b | (n
In this relation, R and R, are bond distance and element-specific distance, respectively, and b is a constart (usually
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0.37 A).

These advances partially address the deficiency in the conventional MUSIC maodel, i.e., p& values independent of
surface faces and structures (Felmy, 1998).

in their Lreatise, Dzombak and Morel { Dzombak, 1990} have indicated that, the proof of the model adequacy is found e
posteriori in its ability to account for all available sorption data, and in coherence of the resulting parameters, additicnal
complexity can be added when required and justified by new data. The authors alse emphasized that a clesr understanding of

what the constraining data are, is necessary to evaluate the validity of the model. Different assumptions regarding the data that
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a sorption model must be capable of fitting, have been in part responsible for the multitude of SCMs that have been proposed.
However, in many cases, it seems punticularly difficult to find a reasonable solution with respect to the number of adjustable
parameters, in term of the choice of the actual imerfacial model (basic charging) and in terms of the surlace species {ion
adsorption ) . The quality of the different models is not the same when they are applied to different sorbent data, and general
conclusions are at present impossible (Littzenkirchen, 1998b) . If the goal is to find an accurate physical-chemical description
of the surface reactions, not confined to a successful mathematical fitting, the foundational assumption of the SCMs must be
tested for validity over a variety of conditions. Otherwise, it is unavoidable that methodologies not equipped to explore
melecular structure will produce ambiguous results in the study of surface speciation {Sposito, 1995). The method of choice
for investigating molecular structure is spectroscopy. Some authors advocate that there is generally a guiding criterion for the
selection of scientific methods, referred as to Ockham’™s Razor (or the rule of parsimony ). This states that, of all the
possibilities to explain the observed facts, the simplest ene is preferred (McRride, 1997) . 1t has been argued that simpler
hypotheses are more likely to be correct a priori and tend 10 provide better defincd, more testable predictions.

During the simulation using 3CMs, the surface site density undoubtedly plays as a critical role. The main problem with
the site density is the discrepancy between experimental measurements and crystallographic estimation. Whenever densities of
proton active sites are determined by titration with excess acid, it is chserved that the measured saturation values are far below
the crystallographically calculated ones or the numbers acquired by tritium exchange. Even the advanced MUSIC model does
not explain the actual values {Liftzenkirchen, 1998b). For this reason, another new ides has been given for portraying the
saturation phenomena on the basis of crystallography, in which the concept of site includes one proton and one hydroxyl ion
exchange group, the sile densities for each being equal, and the maximum adsorption corresponds to half of the number of
water molecules physically adsorbed in the first monolayer (Eq. (18)). Both protenation and depotonation occur in the first
hydration layer surrounding the particles, rather than on surface hydroxyls. Meanwhile., it still allows the use of current SCMs
with more complicated forms to delineate the acid-base behavior of oxides ( Pivovarov, 1997) .

D, (site density} = d/(2aV), (18)
where d is the lattice spacing or average lattice spacing, V is the volume per cation {the volume of the elementary cell,
divided by the number of cations), 2 is a coefficient, in which the doubling of the surface area of the crystallographic plane by
its two faces is taken into account, and n is the number of cations per site.
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Other derived SCMs have been also suggested, such as a two-phase model for interpreting proton and metal ion
intersetions with charged polyelectrolyte pels and their linear analog ( Maringky, 1987), the component additivity approach
and the generalized composite approach for complex mineral assemblage {Davis, 1998), a hybrid surface complexation and
the Scheutjens-Fleer model { Au, 1998) .

Since the sorption of cations at high sorbate/sorbent ratios follows a Freundlich, rather than a Langmuir isotherm,
experimental results for the adsorptive capacity do mot demonsirate an achievement of saturation. Therefore, a gradual
transition of cation sorption has been proposed to oceur from menonuclear adsorption to multinuclear sdsorption, and finally to
surface precipitation. Two categories of thermodynamic model, for explaining the phenomenon of surfuce precipitation., have
been proposed corresponding to the changes in solution pruperties in the vicinity of the interface and in the precipitating selid
(Towle, 1957). In contrast to the conventional adsorption isotherms where the adsorption density I was regarded as a siale
vadable, a new metastable-equilibrium adsorption (MEA) theory was proposed recently and provided a possible way to modify
some existing theories into MEA model. In this theory, an equilibrium inequality revealed 4 simple relationship between the
real metastable-equilibrium constant and the ideal equilibrium constant, and indicated that T' did net represent a definite state
of adsorbate on the sulid suclave (Pan, 1998a; 1998b).

An important challenge in SCMs/SPMs is to combine the molecular, or even atomic, microscopic reality with macroscopic
complexation phenomena, because SCMs/SPMs alone provide insufficient insight into the surface binding mechanisms
{ Hiemstra, 1999) . In contrast, modern surface spectroscopic methods, both optical and magnetic ( Johnston, 993}, can
afford more diseriminative results to scrutinize and confim the assumed chemical reactions on surface (2,g. . the occurrence
of surface precipitates), tugether with model illustration. These powerful iools contain X-ray absorption spectroscopy (XAS;
Papelis, 1996}, extended X-ray absorption fine structure (FXAFS; O Day, 1994; Bargar, 1997: Munning, 1998;
Korshin, 1998), X-ray absorption near edge structure (XANES), polarized EXAFS (Schlegel, 1999) and grazing-incidence
EXAFS (Towle, 1999). Accordingly, the SCMs accounting for the related processes have been extended to the surface
precipitation models, SPMs ( Farley, 1985; Dzombak, 1986; Towle. 1997). The strategy for different types of SPM for
modeling polymerization and precipitation was also propesed, such as solid solution-, polymer-and continunm-models { Katz,
1995) . In addition, several distinct steps of surface precipitate formation were suggested in kinetic studies ( Comans, 1987;
Wersin, 1089), i.e., rapid initial adsorption, followed by slower kinetics, which could be regarded as (1) diffusion into a
hydrated surface layer; {2) dehydration and formation of surface complexation konds; or {3) nucleation, and eventually final
precipitation of a solid solution layer or of a pure phase.

During the past decade, the SCMs/SPMs have been applicd to not only pure metal ( hydr) oxides ( Lovgren, 1990;
Robertson, 1998) and sulfides (Sun, 1991} , but also 1o clay minerals (Bradbury, 1999: Wung, 1998, Angove, 1998),
amorphous aluminesilicate (Avena, 1996), municipal solid waste incinerator ashes { Meima, 1998), natural soils { Chorover,
1995), sedimenms ( Wang, 1997; Wen, 1998; Westall, 1999), humic acids { Westall, 1995 } and bacterial surfaces
{Daughney, 1998; Fowle, 1999) . The studied sorhates include metal cations {Lofts, 1998) . anions (loannou. 1997; He,
1997; Rietra, 1999) as well as organic compounds (Stonc, 1993; Evanko, 1999). polymers ( Furrer, 1992) and natural
organic matter { Au, 1999)}. Moreover, many computer simulatior programs have been developed, €. g., FITEQL,
HYDRAQL, MINTEQ), MINEQL, MICROQL and SOLGASWATER. Generally, the specific surface area of sorbent (Ager)
and the total surface site concentration ( $SC), are assigned as the fixed parameters, since both can be obtained by
corresponding experimental measurements. The specific capacitance (€) and the intrinsie surface reaction constants {(K™s)
may sct as adjustable parameters in the compuler-assisted model calculations. It should be noted that the eoherence of the
parameters is mote important than their absolute values. The computation is often implemented by tuning the mput of € s as
to optimize the K™ values. In some cases, one should take caution to justify some of the parameters to aveid ¢o-oplimizing site
concentrations and equilibrium constants, due to the presence of high correlation between adiustable parameters, and thus it is
preferable to use an alternative estimation of site concentration {Luiizenkirchen, 1999a) .

3.3 Model Atting of surface reactions

In general, a comprehensive description of clay-metal intersctions should take both ion exchange and surfuce
complexation into account (Stadler, 1993; Lu, 19965 Angove, 1998; Avena, 1998 ). In Table 3, some surface processes
frequently involved are listed.

For instance, in a typical system of squeous clay minerals, ion exchange at permanently-charged surface sites
( ==XH )} may occur in the following way:

=XNa + H' «+=XH + Na',
_[=IH][Na’ ] (19)

K= =l 1
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2=FKNa + Me"* =X, Me + 2Na",
[=X,MellNa®]?
where Na* and Me'' denote the specific hackground electrolyte ions and adsorptive cations, respectively; []in

K, = {z0)

formulae is designated as species concentration. In formulating the relevant equilibria, the presence of a constant ionic
medium would permit the replacement of activities by concentrations for dissolved species. In addition, activity coefficients of

surface species and species involved an ion exchange equilibrie are neglected (Stadier, 1993).

Table 3 Swmmary of major surface reactions at the solld-solution interface

Reaction type Reaction equation

Ton exchange =XNa + H* «=YH + Na*, K;
Z=JXNa + Mc?* =0, Me 3 2No* K,

Surface complexation of proton =S60H; «+=S0H + HJ , K5
=SQH~+=—50"+ H§ . K%

Surface complexation of cation =S0H + M —=SOM* " 4 He . Ky
Z=S0H + ME°-20==50),M* "2 4 2H! , B3y
=S0H + M{® + H,0=S0MOH"*"? . 2H: , Kiy

Surface complexation of ligands [ anions and ==80H + L7"=SL-"*! + OH; ,K§,
weak acids) 2=m80H + L™" =5,L"""? + 20H; , f3,
Ternary surface =50H + M¢* + L "==SLM~****! 1 OH;, Ky

==S0H + M{" + L "==S0LM """~ 4+ Hf, Ky,

General forme of surface coordination” a(=SOH} + pM™ + gL' + xH' + yOH = {= S0) .M, {OH) H, L] + aH"
b(==SO0H) + gL' + zH" HESbH,‘LE + HOH"

* f=pm+x-a—gl—yand {=x+b- gl ae vlacnceos of the suiface complexes formed (whole numbers)

On the other hand, the complexation gl amphoteric surface hydroxyl sites (=SOH) can be modeled by a classical 2-pK
SCM -

=S0H; —~==S0H + H* , (21)
o  [=SOHIIH'T .
Ko = s T pl - Fy/RT),
=S0H~=—S80" + H", (22}
~inl == 0- H+
o TR W 2
n=S0H + mMe** = {p - )B,0 H(ESO)ﬂMBm(OH)(m ey pH',
(p-n)
[(ESO),,Mem(OH)§zm ";) * ] [H*}"
k= -2 exp{ (am — p)} F/ RT). (23)

fmnp [=SOH " [Me* 1"
Where K™ is the intrinsic sudface reaction constant; n, m and p represent, respectively, lhe quantities of surfuce sites,
adsorptive cations and protons. The introduced Bolizmann distribution factor {i.e., the exponential term) relates the surface
concentration to the concentration in the bulk solution.
Moreover, several SPMs have introduced some additional complex procedures for describing the discrepancies in
distribution and hinding affinity, details pertaining to these can be found elsewhere (Farley, 1985; Katz, 1995} .
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