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Adsorption of aqueous anions, such as sulfate, arsenite,
and oxalate, to oxide surfaces is important in the retardation
of toxic species in the environment, but predicting the
surface speciation as a function of environmental parameters
is a major challenge. Recent laboratory spectroscopic
studies defining surface speciation must be integrated with
surface complexation models. However, the latter have
neglected the electrostatic work of desorption of water
dipoles in treating anion adsorption by ligand exchange.
Taking this effect into account permits close quantitative
description of anion adsorption and the prediction of anion
surface speciation as a function of pH, ionic strength,
and surface coverage in agreement with spectroscopic
results.

Introduction
Aqueous anions, from sulfate and arsenite to anionic
functional groups on biomolecules, adsorb on the electrically
charged surfaces of oxides, influencing the mobilities of toxic
species in the environment (1), weathering of minerals in
the soil zone (2), interactions of microbes, plants, and fungi
with mineral surfaces (3), binding of medical implants in the
human body (4), and theories about the origin of life (5).
Recently, increasing numbers of in situ infrared and X-ray
spectroscopic studies have definitively established how some
aqueous anions bind to oxides, including information on
the structure and number of surface species, their protonation
states, and even the proportion of inner- to outer-sphere
surface complexes (6-10). However, the integration of these
experimental results with long-standing theoretical surface
complexation models used for the description of bulk
adsorption and electrokinetic data has become a major
challenge (11-14). With the increasing interest in the use of
surface complexation models in a predictive mode to facilitate
analysis of the migration of nuclear and other toxic wastes
in the environment (15, 16), it is imperative that the identity
of the surface chemical species in the models reflect the
spectroscopic results (12, 17, 18).

Model predictions of adsorption as a function of pH, ionic
strength, and surface coverage are strongly influenced by
how the electrostatic work of adsorption is specified (12, 17,
19-22). Typically the electrostatic work in adsorption reac-
tions is specified by some form of the relationship δw )
-F∆ψr, where F ) 96 485 C‚mol-1 represents the Faraday
constant and ∆ψr(V) represents the change in potential
associated with the rth reaction. For over 30 years, ∆ψr has

been formulated in surface complexation models by taking
account only of the ions moving to or from the surface (19,
23-28). But the movement of dipolar molecules to or from
a charged surface also involves electrostatic work (29);
however, this work has never been included in surface
complexation models. In particular, inner-sphere anion
adsorption proceeds by a ligand-exchange mechanism, which
involves desorption of water dipoles (28, 30, 31), but the
electrostatic work of water dipole desorption has not been
investigated.

We report a new theoretical modification of the triple-
layer model (TLM) of surface complexation that takes account
of the electrostatic work associated with desorption of water
dipoles during anion adsorption by ligand-exchange reac-
tions. It will be shown below that the magnitude of the
electrostatic work associated with this dipole modification
is substantial and depends only on the stoichiometry of the
surface reaction. No additional fitting parameters are in-
volved. As a result, the sensitivity of the triple-layer model
to predicting alternate speciation schemes is enhanced,
enabling integration of the number and protonation states
of the adsorbed anions established in spectroscopic studies
with models of adsorption data. Furthermore, the models
permit prediction of the proportions of inner- to outer-sphere
surface complexes which compare favorably with spectro-
scopic results and prediction of ú-potentials in qualitative
agreement with electrokinetic data. We illustrate the model
capabilities by application to three environmentally impor-
tant anions, sulfate (SO4

2-), arsenite (AsO3
3-), and oxalate

(C2O4
2-), for which spectroscopic results have defined the

surface species, and for which there are adsorption data
extending over wide ranges of pH, ionic strength, and surface
coverage.

Theory
Anion adsorption by a ligand-exchange mechanism involves
the release of a water dipole from the adsorption site (28, 30,
31). A diagrammatic representation of such a water dipole
before its desorption is shown in Figure 1. The two principal
planes of adsorption in the triple-layer model are the 0-plane
and the â-plane, where protons and electrolyte ions adsorb,
respectively. In Figure 1, it is assumed that proton adsorption
has resulted in the water dipole located on the 0-plane. The
magnitude of the electrostatic work associated with desorp-
tion of a mole of such water dipoles from the 0-plane (29)
is given by

where pH2O(C‚m) represents the dipole moment of water at
the site, X(V‚m-1) represents the magnitude of the electric
field, R represents the angle between the dipole unit vector
and the electric field vector (R ) 0 in Figure 1), σ0 (C‚m-2)
represents the charge on the 0-plane, εH2O represents the
dielectric constant of water at the surface site, ε0 ) 8.854 ×
10-12C2‚J-1‚m-1, and NA ) 6.023 × 1023mol-1

In the triple-layer model, the surface charge at the 0-plane
(σ0) and the potentials at the 0- and â-planes (ψ0 and
ψâ, respectively) are related by the integral capacitance
C1(F‚m-2), where σ0 ) C1(ψ0 - ψâ). Substituting for σ0 in eq
1 results in
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δw ) pH2O(X cos R)NA ) pH2O( σ0

εH2Oε0)NA (1)

δw ) kH2O(ψ0 - ψâ) (2)
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where

It can be seen in eq 2 that kH2O relates the electrostatic work
of desorption of water dipoles to the difference in potentials
between the 0- and the â-planes. The units of kH2O are C‚mol-1.
Equation 2 closely parallels the corresponding relationship
traditionally used for the electrostatic work of adsorption/
desorption of ions, i.e., δw ) -F∆ψr. It is therefore of interest
to evaluate kH2O relative to F. Considerable uncertainty is
associated with evaluating kH2O because specific values for
the interfacial properties of water, such as εH2O and pH2O, are
not well known. As a first approximation, we have evaluated
kH2O using estimates of εH2O ) 6 (29), pH2O ) 2.9 D, the dipole
moment of bulk water (32), and a typical value for C1 ) 1.0
F‚m-2 (33). These approximations result in kH2O ≈ 109 000
C‚mol-1, which is within 13% of the Faraday constant (F )
96 485 C‚mol-1). Given the uncertainties in the interfacial
properties of water, we propose setting kH2O ≈ F, thereby
evaluating the dipole contribution to the electrostatic work
of ligand exchange by

per mole of water in the reaction. Although eq 4 represents
an extreme simplification of the expression in eq 1, it has
widespread applicability, as will be demonstrated with the
examples below. It follows from eq 4 that if n moles of water
are desorbed during an inner-sphere ligand-exchange reac-
tion, the electrostatic work resulting solely from the dipole
desorption can be expressed in equilibrium constant form
by

The overall change in potential for the rth anion adsorption
reaction by ligand exchange, ∆ψr, traditionally formulated
based only on the ions in the reaction, can thus be corrected
very simply by adding -n(ψ0 - ψâ) to take into account the
contribution from desorption of water dipoles.

Application and Discussion
As a first example of the application of the dipole modification
to the TLM, we consider sulfate adsorption on goethite, of
which many studies have been made (34). In situ attenuated
total reflection-Fourier-transform IR spectroscopy (ATR-
FTIR) measurements (7, 35) have established that sulfate
forms a mononuclear, monodentate inner-sphere complex
and an outer-sphere complex on goethite. We used this
information to construct a surface complexation model
constrained by adsorption data referring to wide ranges of
pH, ionic strength, and surface coverage (36) shown in Figure
2a. The solid curves in Figure 2a were generated by regression
of the experimental data shown using two sulfate surface
complexes. First, the reaction forming a mononuclear,
monodentate inner-sphere complex is represented by

and

where 10F(∆ψr)/2.303RT represents the equilibrium constant
expression of the electrostatic work done in an electric field
when species in the reaction move on or off the charged

surface. In the present study, ∆ψr is evaluated using both
ions and dipoles: the ions experience changes in potential
relative to the bulk solution depending on which plane they
are placed, and the water dipole experiences an additional
change in potential equal to -n(ψ0 - ψâ) from eq 5. For the
reaction in eq 6, the modified TLM results in

In eq 8, the three terms in the middle correspond to
changes in the potentials experienced by the H+ ion adsorbing
to the 0-plane, the SO4

2- ion adsorbing to the â-plane, and
the H2O desorbing from the 0-plane, respectively.

Second, the reaction forming an outer-sphere complex is
represented by

and

Here, ∆ψr is expressed solely in terms of the ions in the
reaction. It can be seen in Figure 2a that the combination
of reactions 6 and 9 results in a close description of the
experimental adsorption data. An independent test of the
model can be made by comparison of predictions of the
relative contributions of the inner- and outer-sphere com-
plexes with spectroscopic results. It can be seen in Figure
2b-d that the proportion of the outer-sphere complex is
predicted to increase as a function of pH and decrease with
ionic strength and surface coverage. All three of these
predicted model variations have been detected spectro-
scopically (7, 35), providing strong support to the dipole
model.

Without the dipole modification to ∆ψr in eq 8, the model
fit and predictions are quite different. In a TLM that takes
into account ions only, eq 8 would give ∆ψr ) ψ0 - 2ψâ for

FIGURE 1. Diagrammatic representation of a water dipole adsorbed
at a surface site in the triple-layer model of surface complexation.
For simplicity, no other species are depicted. It is assumed that the
surface site is positively charged. Consequently, the water molecule
is depicted in the “flip up” position (29) and the water dipole unit
vector points toward the solution, as does the electric field vector.
The two surface adsorption planes in the triple-layer model are the
0-plane and the â-plane, where protons and electrolyte ions adsorb,
respectively. These planes are associated with the charges and
potentials σ0, ψ0 and σâ, ψâ, respectively.

kH2O )
pH2OC1NA

εH2Oε0
(3)

δw ≈ F(ψ0 - ψâ) (4)

Kdipole ) 10-nF(ψ0-ψâ)/2.303RT (5)

>FeOH + H+ + SO4
2- ) >FeOSO3

- + H2O (6)

K )
a>FeOSO3

- aH2O

a>FeOHaH+ aSO4
2-

10F(∆ψr)/2.303RT (7)

∆ψr ) ψ0 - 2ψâ - (ψ0 - ψâ) ) -ψâ (8)

2 >FeOH + 2H+ + SO4
2- ) (>FeOH2

+)2-SO4
2- (9)

K )
a(>FeOH2

+)2•SO4
2-

a>FeOH
2aH+

2aSO4
2-

102F(ψ0-ψâ)/2.303RT (10)
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FIGURE 2. Sulfate adsorption on goethite. The curves in a-d were calculated with the dipole modification of the TLM using sulfate surface
species given in eqs 6-10 and log *K>FeOSO3

-
0 ) 9.1 (∆ψr ) -ψâ), log *K(>FeOH2

+)2•SO4
2-

0 ) 21.6 (∆ψr ) 2ψ0 - 2ψâ), log *K1
0 ) 4.9, log

*K2
0 ) 11.1, log *KNa+

0 ) -7.8, log *K0
Cl- ) 8.0, and C1 ) 1.15 F‚m-2. The curves in e and f were calculated with the traditional TLM using

log *K(>FeOH2
+)2•SO4

2-
0 ) 12.5 (∆ψr ) ψ0 - 2ψâ) and log *K0

(>FeOH2
+)2_SO4

2- ) 21.6 (see text). The surface protonation and electrolyte adsorption
parameters were calculated from a previous analysis of surface titration data (45) to be consistent with the site density of 2.5 sites‚nm-2

(based on preliminary fits as a function of suface coverage). (a) Sulfate adsorption as a function of pH, ionic strength, and surface coverage.
The curves represent regression fits of the experimental data plotted as symbols (46). (b-d) Predicted model sulfate surface and aqueous
speciation as functions of pH, ionic strength, and surface coverage. The outer- and inner-sphere sulfate surface complexes are approximately
equal in abundance only at low pH. The proportion of outer-sphere complex increases with pH, but decreases with increasing ionic strength
and surface coverage consistent with ATR-FTIR results (7, 35). (e,f) The curves represent traditional TLM calculations which differ from
those in a-d solely through the use of a different electrostatic factor for the mononuclear sulfates complex and different magnitudes
of log K values (as noted above).
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a mononuclear, monodentate complex on the â-plane. The
resulting adsorption model curves and predicted speciation
are shown in Figure 2e,f. It can be seen in Figure 2e that the
model curves do not fit the data adequately. In Figure 2f, the
relative abundances of the predicted species are inconsistent
with spectroscopic results. The large differences between
panels e and f in Figure 2, compared to panels a and b, are
due solely to the use of a different electrostatic factor and
log K value for eq 7: ∆ψr ) ψ0 - 2ψâ for a TLM with no dipole
contribution compared to ∆ψr ) -ψâ with a dipole contri-
bution. It is clear that taking into account the electrostatics
of water dipole desorption has a large effect on the
performance of the surface complexation model.

It should be noted that in the regression calculations,
which generated the curves shown in Figure 2a, the two
surface complexes of sulfate discussed above are necessary
when using the dipole modification of the TLM. One complex
alone is not sufficient to fit the data. This result is independent
of the spectroscopic constraints. It contrasts with the charge
distribution (CD) model of sulfate adsorption on goethite
which can fit adsorption data equally well with either an
inner-sphere complex or both inner- and outer-sphere
complexes (37). The relative insensitivity of the CD approach
to using either one or two sulfate surface species is likely a
consequence of splitting the surface charge between two
planes when the splitting factor becomes a fit parameter in
addition to the equilibrium constant of adsorption. Even
when both inner- and outer-sphere sulfate species are used,
the CD model does not predict the relative ionic strength
dependence of the two species established in the spectro-
scopic studies (37). As noted above, the dipole modification
of the TLM does predict the correct relative ionic strength
dependence for the inner- and outer-sphere sulfate species
(Figure 2c,d). Additionally, we have found that eqs 6-10 are
closely consistent with many other sets of sulfate/goethite
data, including proton surface charge in sulfate solutions
(38, 39) and proton uptake as a function of sulfate adsorption
(37). Finally, dipole model predictions of the ú potential for
goethite in sulfate solutions (assuming ú ) ψd) show little
displacement of the isoelectric point, consistent with ex-
trapolation of trends in electrophoretic mobility data with
pH (40).

As a second example of the application of the dipole
modification to the TLM, we consider arsenite adsorption
on â-Al(OH)3 (bayerite). XAFS and XANES measurements (6)
have established that arsenite forms a binuclear, bidentate
inner-sphere complex and an outer-sphere complex on this
alumina. We used this information to construct a surface
complexation model consistent with adsorption data as a
function of pH and ionic strength. The solid curves in Figure
3a were generated by regression of the experimental data
shown using two arsenite surface complexes. The first
complex used was represented by

and

where

In eq 13, the three terms in the middle correspond to changes
in the potentials experienced by the 2H+ ions adsorbing to
the 0-plane, the AsO2(OH)2- ion adsorbing to the â-plane,
and the 2H2O desorbing from the 0-plane, respectively. The

second complex used was an outer-sphere complex repre-
sented by

and

It can be seen in Figure 3a that the combination of
reactions 11 and 14 results in a close description of the
experimental adsorption data. Furthermore, it can be seen
in Figure 3b,c that the predicted proportion of the outer-
sphere complex increases with pH and decreases with ionic
strength, which agrees with the variations reported in the
X-ray study. In addition, it can be seen in Figure 3d that the
predicted ratio of outer- to inner-sphere complexes is in close
agreement with the XANES result (6). Finally, model predic-
tions of the ú potential for alumina in arsenite solutions
(assuming ú ) ψd) show a very small displacement of the
isoelectric point, consistent with extrapolation of trends in
electrophoretic mobility data with pH (6, 14).

Without the dipole modification to ∆ψr in eq 13, the model
fit and predictions are quite different. In a TLM that takes
account of ions only, eq 13 would give ∆ψr ) 2ψ0 - 2ψâ for
a binuclear, bidentate complex on the â-plane. The resulting
adsorption model curves and predicted speciation are shown
in Figure 3e,f. It can be seen in Figure 3e that the model
curves are grossly inconsistent with the adsorption data. In
Figure 3f, the relative abundances of the predicted species
are also inconsistent with spectroscopic results. The large
differences between panels e and f in Figure 3 compared
with panels a and b are due solely to the use of ∆ψr ) 2ψ0

- 2ψâ (no dipole contribution) versus ∆ψr ) 0 (with dipole
contribution) as well as to the use of different log K values.
Again it is clear that taking into account the electrostatics of
water dipole desorption has a very large effect on the
performance of the surface complexation model.

As a third example of the application of the dipole
modification to the TLM, we consider oxalate adsorption on
goethite (8). ATR-FTIR measurements have established that
oxalate forms a mononuclear, bidentate inner-sphere com-
plex and an unprotonated outer-sphere complex on goethite
(8). We used this information to construct a surface com-
plexation model consistent with the adsorption data as a
function of pH and ionic strength. In principle, mononuclear
bidentate complexes can be represented with the TLM in
two ways:

and

In eq 16, two surface hydroxyl groups bonded to one iron
protonate to form two waters, which are then released as the
surface iron bonds with two oxygens of the oxalate. In
contrast, in eq 17, only one surface hydroxyl group bonded
to the surface iron protonates, and only one water is released.
The different reaction stoichiometries in eq 16 and 17 result
in very different model predictions of adsorption. It should
also be noted that the reaction stoichiometry in eq 17 is
identical to that in eq 6. With the dipole model, the
electrostatic work factors for the reactions in eqs 16 and 17
are ∆ψr ) 0 and ∆ψr ) - ψâ, respectively. Together with the
differences in reaction stoichiometry, it becomes possible to
use adsorption data to distinguish between eq 16 and 17.

2 >AlOH + As(OH)3
0 ) (>AlO)2As(OH)0 + 2H2O (11)

K )
a(>AlO)2As(OH)0aH2O

2

a>AlOH
2aAs(OH)3

0

10F(∆ψr)/2.303RT (12)

∆ψr ) 2ψ0 - 2ψâ - 2(ψ0 - ψâ) ) 0 (13)

>AlOH + As(OH)3
0 ) >AlOH2

+ _AsO(OH)2
- (14)

K )
a>AlOH2

+•AsO(OH)2
-

a>AlOHaAs(OH)3
0

10F(ψ0-ψâ)/2.303RT (15)

>Fe(OH)2 + 2H+ + C2O4
2- ) >FeO2C2O2

0 + 2H2O (16)

>FeOH + H+ + C2O4
2- ) >FeO2C2O2

- + H2O (17)
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FIGURE 3. Arsenite adsorption on alumina. The curves in a-d were calculated with the dipole modification of the TLM and arsenite surface
species given in eqs 11-15, log *K0

(> AlO)2As(OH)0 ) 5.0 (∆ψr ) 0), log *K0
>AlOH2

+_AsO(OH)2
- ) 3.1 (∆ψr ) ψ0 - ψâ), Ns ) 5.0 sites‚nm-2

, log
*K1

0 ) 5.8, log *K2
0 ) 12.8, log *K0

Na+ ) -9.9, log *K0
NO3

- ) 8.5, and C1 ) 0.60 F‚m-2. The curves in e and f were calculated with the traditional
TLM using log *K0

(>AlO)2As(OH)0 ) 9.5 (∆ψr ) 2ψ0 - 2ψâ) and log *K0
>AlOH2

+ _AsO(OH)2
- ) 5.0 (see text). The surface protonation and electrolyte

adsorption parameters were calculated from predicted values for gibbsite (45) using the experimental isoelectric point (6). Aqueous
arsenite protonation equilibria were taken from a recent summary (47). We also included in the aqueous speciation model a value of log
K ) 8.6 for the reaction NaAsO(OH)2 + H+ ) As(OH)3 + Na+ retrieved from high ionic strength adsorption studies (in progress). (a) Arsenite
adsorption as a function of pH and ionic strength. The curves represent regression fits of the experimental data plotted as symbols (6).
(b,c) Predicted model arsenite surface and aqueous speciation. The outer- and inner-sphere arsenite surface complexes are approximately
equal in abundance only at high pH. The proportion of outer-sphere complex increases with pH, but decreases with increasing ionic
strength consistent with XAFS results (6). (d) Predicted proportions of outer- to inner-sphere arsenite surface complexes at 0.01 and 0.8
M NaNO3. The solid curve for 0.01 M agrees with the experimental XANES result at pH ) 8. (e,f) The curves represent traditional TLM
calculations which differ from those in a-d. solely through the use of a different electrostatic factor for the binuclear complex and different
magnitudes of log K values (as noted above).
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The solid curves in Figure 4a were generated by regression
of the experimental data shown using the inner-sphere
complex represented by eq 17 for which

and an unprotonated outer-sphere complex represented by

and

Equation 16 is not consistent with the adsorption data shown
in Figure 4a. As an independent test of the model, the
predicted abundances of the inner- and outer-sphere com-
plexes as functions of pH and surface loading can be
compared in Figure 4b,c with the speciation obtained
experimentally by ATR-FTIR spectroscopy (8). The latter
results are the most detailed experimental surface speciation
results obtained to date for anion adsorption. They afford a
far more rigorous test of predicted model speciation than
the cases of sulfate and arsenite discussed above. Uncertain-
ties in the experimental surface speciation data are not shown
explicitly in Figure 4b,c but must be about (5% below pH
) 6 and about (20% at pH > 6 (8). Uncertainties in the
model curves result from the fact that all the electrolyte model
parameters for this goethite in NaCl solutions are predicted.
Additional model uncertainty arises from the regression fit
to the adsorption data in Figure 4a, which may be of the
order of (0.2 log K unit in the surface oxalate equilibrium
constants. The overall uncertainties in the model curves must
be at least (20%. It can be seen in Figure 4b,c that the model
curves for the more abundant (inner-sphere) complex agree
with the datapoints within the overall experimental and
model uncertainties at all pH values. The agreement of the
model curves for the less abundant (outer-sphere) complex
with the datapoints is not as good at pH < 5, where the
model would be most sensitive to the underlying electrolyte
parameters (i.e. farthest from the pHZPC). It is also possible
that an additional surface species may be applicable under
these conditions. Considering all the uncertainties in both
model predictions and the experimental data, the overall
predictions of the model are in reasonable agreement with
the datapoints, which strongly supports the dipole modifica-
tion of the TLM. On the strength of the agreements shown
in Figure 4a-c, we have made additional predictions of
surface oxalate speciation on goethite at lower ionic strength
(Figure 4d), where it can be seen that the outer-sphere
complex can, by far, account for the bulk of oxalate adsorption
at pH values of 7-8. We have also found that eqs 17-20 are
nearly consistent with other oxalate/goethite bulk adsorption
data referring to much wider ranges of pH, ionic strength,
and surface coverage (41, 42), as well as adsorption data for
oxalate on alumina (43). In the latter case, a study of infrared
spectra coupled with quantum mechanical models of atomic
clusters (10) led to the conclusion that the surface Al has
increased its coordination number from 4 to 5 as it bonds
with oxalate. It is interesting to note that a similar inference
could be made for the surface Fe in the reaction stoichiometry
of eq 17 above. Finally, model predictions of the ú potential
of goethite in oxalate solutions (assuming ú ) ψd) show an
extremely large charge-reversal effect with increasing oxalate
concentration. Qualitatively, this is consistent with the
direction of displacement of electrophoretic mobility data
with increasing oxalate concentration (44).

Without the dipole modification to ∆ψr in eq 18, the model
fit and predictions are quite different. In a TLM that takes
account of ions only, eq 18 would give ∆ψr ) ψ0 - 2ψâ for
a mononuclear, bidentate complex on the â-plane. The
resulting adsorption model curves and predicted speciation
are shown in Figure 4e,f. It can be seen in Figure 4e that the
model curves are strongly inconsistent with the adsorption
data. In Figure 4f, the relative abundances of the predicted
surface species are inconsistent with spectroscopic results.
The large differences between panels e and f in Figure 4
compared with panels a and b are due solely to the use of
∆ψr ) ψ0 - 2ψâ (no dipole contribution) versus ∆ψr ) -ψâ

(with dipole contribution) as well as different log K values.
It is clear in this third example that taking into account the
electrostatics of water dipole desorption also has a very large
effect on the performance of the surface complexation model.

The analyses of sulfate, arsenite, and oxalate adsorption
using surface species established by spectroscopic studies,
and the independent prediction of speciation behavior as
functions of pH, ionic strength and surface coverage in
agreement with spectroscopic results, strongly support the
dipole modification of the TLM. The physical basis of the
dipole modification is the inclusion of the electrostatic
consequences of water dipole desorption during ligand-
exchange reactions. In implementing the dipole modification,
inner-sphere anion complexes are placed on the â-plane of
the TLM and the electrostatic factor for the reaction (∆ψr)
is changed according to the number of moles of water released
by desorption from sites on the 0-plane. Outer-sphere anion
complexes are also placed on the â-plane, but the electrostatic
factor for the reaction (∆ψr) is not altered from the tradional
approach because no water dipoles are released from the
0-plane. From a modeling standpoint, the advantage of this
approach is its simplicity. No additional fit parameters are
involved, yet an important role for the water dipole is included
in the model and the model predictions are consistent with
spectroscopic results.

Alternate formulations of the TLM for anion adsorption
reactions are, of course, possible for the anions treated in
this paper (i.e. without including the electrostatics of water
dipole desorption). For example, an inner-sphere sulfate ion
can be placed on the 0-plane and an outer-sphere on the
â-plane yielding results almost the same as those shown in
Figure 2a-d. This is a consequence of the relative un-
importance of the inner-sphere sulfate species compared to
the outer-sphere species in Figure 2a-d. Such a model,
however, does not describe all other sets of sulfate data. For
arsenite, it can be recognized that using an inner-sphere
complex on the 0-plane and the same outer-sphere complex
on the â-plane used above results in the same formal
reactions. The electrostatic factors and results are shown in
Figure 3a-d. This is a consequence of ∆ψr being equal to
zero in the latter model as well as in the dipole model. In
contrast, for oxalate, an inner-sphere complex on the 0-plane
and the same outer-sphere complex on the â-plane used
above results in a poorer description of the adsorption data
in Figure 4a-c. Overall, the dipole modification of the TLM
used here gives the best fit to the largest body of adsorption
data, consistent with spectroscopic results. Its predictions
can be expected to differ the most from those implementa-
tions of the TLM without considerations of a dipole con-
tribution when an inner-sphere surface species with ∆ψr not
equal to zero is the most abundant species. For example,
TLM studies of inner-sphere binuclear bidentate arsenate
on hematite without a dipole contribution (e.g. ∆ψr ) -ψ0)
are not consistent with the adsorption data (17). However,
the same study demonstrated that ∆ψr ) -ψâ is consistent
with the adsorption data. Although this result was interpreted
in terms of a charge distribution, it could also be interpreted
as a consequence of the electrostatic contribution from the

K )
a>FeO2C2O2

-aH2O

a>FeOHaH+aC2O4
2-

10-Fψâ/2.303RT (18)

2 > FeOH + 2H+ + C2O4
2- ) (>FeOH2

+)2_C2O4
2- (19)

K )
a(>FeOH2

+)2•C2O4
2-

a>FeOH
2aH+

2aC2O4
2-

102F(ψ0-ψâ)/2.303RT (20)
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FIGURE 4. Oxalate adsorption on goethite. The curves in a-d were calculated with the dipole modification of the TLM using oxalate
surface species given in eq 17-20, log *K0

>FeO2C2O2
- ) 10.7 (∆ψr ) -ψâ), log *K0

(>FeOH2
+)2_C2O4

2- ) 23.1 (∆ψr ) 2ψ0 - 2ψâ), log *K1
0 ) 6.1,

log *K2
0 ) 12.3, log *K0

Na+ ) - 8.9, log *K0
Cl- ) 9.3, and C1 ) 0.72 F‚m-2. The curves in e and f were calculated with the traditional TLM

using log *K0
>FeO2C2O2

- ) 14.3 (∆ψr ) ψ0 - 2ψâ) and log *K0
(>FeOH2

+)2_C2O4
2- ) 24.3 (see text). The surface protonation and electrolyte adsorption

parameters were calculated from predicted values (45) consistent with the site density of 2.5 sites‚nm-2 (based on preliminary fits as
a function of suface coverage). Aqueous oxalate protonation constants and a Na-oxalate ion-pair constant were taken from a recent report
(48). (a) Oxalate adsorption as a function of pH and surface coverage at 0.1 M NaCl. The curves represent regression fits of the experimental
data plotted as symbols (8). (b,c) Predicted model oxalate surface speciation at 0.1 M NaCl. The outer- and inner-sphere oxalate surface
complexes are approximately equal in abundance at pH ≈ 7-8. At both surface coverages, within the overall experimental and model
uncertainties, the predicted relative abundances of the inner- and outer-sphere complexes compare favorably with the ATR-FTIR results
(8). (d) Predicted model oxalate surface speciation at 0.01 M NaCl. The outer-sphere complex is predicted to predominate at pH values
of 7-8. (e,f) The curves represent traditional TLM calculations which differ from those in a-d. solely through the use of a different
electrostatic factor for the mononuclear complex and different magnitudes of log K values (as noted above).
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desorption of two moles of water dipoles, i.e., ∆ψr ) 2ψ0 -
3ψâ - 2(ψ0 - ψâ) ) -ψâ.

The predictions of the dipole modification of the TLM
agree with the spectroscopic results because including the
water dipole in ∆ψr apparently produces the appropriate
electrostatic potential changes for inner-sphere surface
complexation. In addition, the dipole modification results
in increased sensitivity to alternate possible surface speciation
schemes because no additional fit parameters are involved.
These features make it possible to establish additional details
of the stoichiometry of adsorption reactions. For example,
the protonation states of the surface species can be estab-
lished when these are not known from infrared (or X-ray)
spectroscopy. In this way, the modified triple-layer surface
complexation model becomes a useful tool, not only for the
integration of spectroscopic and bulk adsorption data, but
also for making predictions of surface speciation over wide
ranges of conditions of relevence to the migration of toxic
species in the environment.
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