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Quantum chemical calculations were performed to
estimate relative Gibbs free energies of sulfate adsorption
on variably charged Al- and Fe-(hydr)oxide clusters. Inner-
sphere bidentate bridging and monodentate adsorption were
predicted to be exergonic on positively charged Al- and Fe-
(hydr)oxides (ranging from -19 to -124 kJ mol-1).
However, inner-sphere and H-bonded adsorption on
neutral Al- and Fe-(hydr)oxides was predicted to be
endergonic (ranging from +5 to +61 kJ mol-1). At the highest
positive surface charge, bidentate bridging adsorption
was most thermodynamically favorable. At intermediate
positive surface charge, bidentate bridging and monodentate
adsorption energies were equivalent on Al-(hydr)oxides;
monodentate adsorption was more thermodynamically
favorable on Fe-(hydr)oxides as compared with bidentate
bridging adsorption. The predicted thermodynamic favorability
of sulfate adsorption on Al- and Fe-(hydr)oxides was
directly related to positive surface charge and indirectly
related to the HO-/SO4

2- exchange stoichiometry, ø. Predicted
Gibbs free energies of bidentate bridging and monodentate
sulfate adsorption on an Fe-(hydr)oxide cluster (charge
) +1, ø ) 1) agreed reasonably well with published
experimental estimates of sulfate adsorption on geothite
(predicted values -34 and -52 kJ mol-1, respectively, and
experimental range -36 to -30 kJ mol-1).

Introduction
The fate and transport of sulfate in soil and aquatic
environments is predominantly regulated by sorption reac-
tions with Al- and Fe-(hydr)oxides and clay minerals. Sulfur
is an essential plant nutrient, but its availability depends on
the extent of sulfate interaction with soil minerals. Sulfate
leaching from forest soils enhances base cation transport.
Leached base cations such as Ca2+ and Mg2+ are often
replaced by Al3+ in regions affected by acid rain (1). In acid
mine drainage (AMD), high concentrations of sulfate are

regulated by sorption on Fe-(hydr)oxides (and sulfate mineral
formation). Treatment of toxic metals in AMD typically
involves pH regulation using alkaline agents (precipitate and
immobilize metals). Unfortunately, alkaline treatment may
promote leaching and transport of high concentrations of
sulfate to aquatic resources (2). In excess of 250 mg L-1, sulfate
is a potential contaminant, and controlling its concentration
post-treatment is crucial (3). Hence, understanding the
mechanisms of sulfate sorption is of fundamental impor-
tance.

Sposito (4) suggested that sulfate exhibits intermediate
ligand exchange behavior forming both outer- and inner-
sphere adsorption complexes on Al- and Fe-(hydr)oxides.
Sulfate adsorption is influenced, to a varying extent, by pH,
ionic strength, hydration state, and mineral surface structure
and charge. Numerous investigations using infrared spec-
troscopy have attempted to identify equilibrium sulfate
adsorption complexes on variably hydrated Al- and Fe-(hydr)-
oxides (5-19). Interpretations of experimental results vary
widely, possibly a reflection of the intermediate adsorption
behavior of sulfate. Monodentate, bidentate bridging, and
tridentate complexes have been suggested. Results have
shown the coexistence of outer- and inner-sphere sulfate
and suggest that sulfate and bisulfate complexes coexist at
low pH or under dehydrated conditions.

Despite the wealth of research describing equilibrium
sulfate adsorption on Al- and Fe-(hydr)oxides, the literature
is lacking in reaction mechanisms. Elucidation of reaction
pathways, determination of activation barriers, identification
of potential intermediates, and estimates of adsorption
(desorption) energies are scant. This is due to sub-millisecond
sorption reactions reaching steady-state before most spec-
troscopic measurements can be performed and to the many
possible ligand exchange pathways (20). For example, a
minimum of three reaction pathways exist for bidentate
bridging sulfate adsorption as a function of pH (20). Thorough
understanding of these reaction mechanisms helps improve
predictive surface complexation models, oftentimes used to
assess fate and transport of chemical species in the environ-
ment.

The objective of this investigation was to predict the
thermodynamic favorability of potential reaction pathways
for sulfate adsorption on variably charged Al- and Fe-(hydr)-
oxides before modeling the reaction pathways themselves.
To address this objective, quantum chemical calculations
were performed to estimate relative Gibbs free energies of
adsorption corresponding to potential reaction pathways
suggested from experimental data. The overall goal is to
subsequently elucidate activation barriers and rate constants
of favorable reaction pathways. Theoretical predictions of
the reaction kinetics will be particularly useful when collection
of experimental data may not be feasible.

Materials and Methods
Calculations were performed with Gaussian 03 (21). Hybrid
molecular orbital/density functional theory (MO/DFT) was
employed using the Becke 3-parameter nonlocal exchange
(22, 23) and the Lee et al. (24) gradient-corrected correlation
functionals (i.e., B3LYP). Calculations involving Al- and
Fe-(hydr)oxide clusters were performed using restricted
closed-shell and unrestricted open-shell formalisms, re-
spectively. The high-spin state of Fe(III) (s ) 5/2 for each Fe
atom) was specified for Fe-containing clusters.

Selected stoichiometrically balanced equations were
modeled to estimate relative Gibbs free energies of sulfate
adsorption on variably charged Al- and Fe-(hydr)oxide
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clusters. Charges on each Al- and Fe-(hydr)oxide reactant
were varied by adjusting the ratio of HO-/H2O functional
groups terminating the models (i.e., changing the number
of H+ in the model). Charges on Al- and Fe-(hydr)oxide
reactants ranged from +2 to 0. Sulfate adsorption was
modeled for reactions occurring on surfaces at or below their
pHpzc (i.e., pH e pHpzc, where pHpzc is defined as the pH at
which the net surface charge density equals zero (25)).
Relative Gibbs free energies of sulfate adsorption were esti-
mated for inner-sphere monodentate and bidentate bridging
geometries and an outer-sphere H-bonded geometry.

To estimate relative Gibbs free energies of sulfate adsorp-
tion, model reactants and products were first geometry
optimized without symmetry or geometrical constraints in
the gas phase (e.g., Figure 1). Potential energy minima were
verified by frequency calculations on the model structures
(i.e., no imaginary frequencies). However, only one minimum
was determined for each configuration, and the minima may
not be global minima for these configurations (i.e., confor-
mational analysis of potential energy surfaces not performed).
Frequency calculations also determined the thermal cor-
rections to Gibbs free energy (scaling not taken into account).
Thermal correction to Gibbs free energy includes effects of
molecular translation, rotation, and vibration at 298.15 K
and 1.0 atm., as well as the zero-point vibrational energy
(26).

For adsorption reactions involving Al-(hydr)oxide clusters,
the all-electron 6-31+G(d,p) basis set was used to minimize
the total electronic energy. Adsorption reactions involving
Fe-(hydr)oxide clusters used a relativistic effective core
potential (ECP) for the Fe atoms and the all-electron 6-31+G-
(d,p) basis set for S, O, and H atoms to minimize the total
electronic energy. The relativistic ECP used was the CEP-
121G basis set (27). A comparison of the ECP and all-electron

methods was conducted for one reaction to ensure consistent
results. Use of relativistic ECPs with Hartree-Fock theory
on Fe(III)-aquo ions has been shown to reduce basis set
superposition error (28) and improves computational ef-
ficiency. The B3LYP/6-31+G(d) method was recently used
to calculate (bi)sulfate infrared frequencies for adsorption
complexes on similar Fe-(hydr)oxide clusters and was
successfully compared with spectroscopic data (11). Several
recent DFT investigations related to oxyanion adsorption on
Al- and Fe-(hydr)oxides have also used similar (or identical)
methods to successfully compare with experimental data
(29-34). Hence, the B3LYP functional in combination with
the 6-31+G(d,p) (and CEP-121G for clusters containing Fe)
basis set was used in this investigation.

Single-point energy calculations were performed on each
geometry optimized gas-phase species using the 6-311++G-
(df,pd) basis set in combination with the Integral Equation
Formalism Polarized Continuum Model (IEFPCM) (35). Use
of the larger basis set provided more accurate estimation
of model reaction energies (26). IEFPCM calculations
provided an estimate of the total free energy in solution
(including nonelectrostatic terms) for each geometry opti-
mized model species. The dielectric constant of bulk water
(ε ) 78.4) was used. Thus, both short-range explicit hydration
(gas-phase calculation) and long-range implicit hydration
(IEFPCM calculation) were considered to account for sol-
vation.

Results and Discussion
Inner-sphere sulfate complexation occurs via ligand exchange
with mineral surface functional groups (H2O and HO-) and
is primarily a function of pH, surface charge, and structure.
He et al. (20) and Rajan (36) proposed a bidentate bridging
mechanism for sulfate adsorption whereby the type of

FIGURE 1. Example of a stoichiometrically balanced (mass and charge) reaction equation to estimate the Gibbs free energy of bidentate
bridging adsorption for sulfate on a +1 charged Al-(hydr)oxide cluster. The ligand exchange reaction is characterized by sulfate replacing
one H2O and HO- group (ø ) 1). (A) SO4

2-(H2O)9 reactant. (B) [Al2(OH)5(OH2)5‚(H2O)6]+ reactant. (C) Al2(OH)4(OH2)4SO4‚(H2O)6 product. (D).
OH-(H2O)10 product. Oxygen (red); hydrogen (off-white); sulfur (yellow); and aluminum (pink).
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exchanged surface functional groups depended on pH. A
simplified view of the ligand exchange mechanism suggests
that at low pH, reactive surface groups are primarily
protonated, and sulfate exchanges with two H2O. At inter-
mediate pH, a mixture of reactive surface groups coexist
(H2O and HO-), and sulfate exchanges with one HO- and
one H2O. At higher pH near pHpzc, sulfate exchanges only
with surface HO- (20). The HO-/SO4

2- stoichiometry, ø, which
ranges from 0 (low pH) to 2 (high pH), provides straight-
forward bookkeeping of possible ligand exchange pathways.
The challenge to identify the most likely reaction pathways
without knowledge of their thermodynamic favorability is
clearly noted. Furthermore, these arguments neglect potential
exchange of sulfate with surface H2O at pHpzc.

For many years, macroscopic measurements of ø > 0 (at
intermediate to high pH) were thought to provide evidence
of inner-sphere sulfate adsorption, in contrast to outer-sphere
adsorption (20). It was assumed that outer-sphere adsorption
was an electrostatic attraction between positively charged
surface site(s) and the negatively charged sulfate anion,
without release of HO- to solution. However, He et al. (20)
demonstrated that HO- release is not unequivocal evidence
for inner-sphere adsorption. Outer-sphere adsorption may
also result in HO- release, measured as an increase in pH.
At low pH, the outer-sphere sulfate may be described as an
electrostatically bound ion pair, sulfate being attracted to
one or more positively charged H2O functional groups (20).
At intermediate to high pH, H2O near the mineral surface
may dissociatively adsorb and protonate uncharged surface
sites (H+ consumption at surface and HO- release into
solution) in concert with outer-sphere complexation of
sulfate. In this scenario, ø would be nonzero at intermediate
to high pH and complicate interpretation of macroscopic
pH measurements.

The dependence of sulfate adsorption on pH and surface
charge alone creates a complicated network of potential
reaction pathways (excluding effects of ionic strength, min-
eral surface structure, and competing ions). These complexi-
ties motivated this investigation to evaluate the thermody-
namic favorability of potential sulfate adsorption pathways
on variably charged Al- and Fe-(hydr)oxides. The objective
was to compare the thermodynamic favorability of indi-
vidual reaction pathways, ultimately leading to prediction
of activation barriers and rate constants. Energies calculated
for potential reactants and products permit estimation of
relative Gibbs free energies for sulfate adsorption pathways
on variably charged Al- and Fe-(hydr)oxides. Sulfate adsorp-
tion on variably charged Al-(hydr)oxides will be examined
first.

Table 1 lists the reactants and products used to calculate
the adsorption energies (Table 2). Although this methodology
includes enthalpy and entropy terms, the calculated Gibbs
free energies of adsorption (Tables 2 and 4) neglect con-
figurational entropy (i.e., the position of the solute within
the polarized continuum solvent cavity, expected to largely
cancel out between similar species). The calculated ∆Gads

values are appropriately viewed relative to one another, rather
than individually on an absolute scale. These quantum
chemical calculations do not explicitly account for pH, but
pH-dependent surface charge is modeled by changing the
number of H+ in model clusters to generate an approximate
charge at a given pH. In this investigation, several combina-
tions of cluster charge and ø were chosen to approximate
real systems (20, 36). Al- and Fe-(hydr)oxide reactants with
charges greater than +2 were not modeled because they are
considered unrealistic.

Four adsorption reactions were modeled for bidentate
bridging sulfate on Al-(hydr)oxides, two corresponding to ø
) 0 (+2 and +1 Al-(hydr)oxide reactants) (Table 2). By way
of an example, Figure 1 illustrates each reactant and product

for bidentate bridging adsorption (ø ) 1; reactant surface
charge ) +1), corresponding to an adsorption energy of -47
kJ mol-1 (Table 2). Bidentate bridging reactions were
predicted to be exergonic (-124 to -47 kJ mol-1) on positively
charged Al-(hydr)oxides (+2 and +1, ø ) 0 or 1), but
endergonic (+6 kJ mol-1) on a neutral Al-(hydr)oxide surface
(ø ) 2) (Table 2). Note that an adsorption reaction involving
a neutral Al-(hydr)oxide reactant and sulfate exchange with
one H2O and one HO- (ø ) 1) is conceivable for bidentate
bridging complexation (not listed in Tables 2 and 4). However,
results in Table 1 (and Table 3) show this reaction to be
endergonic. Thus, bidentate bridging adsorption on a neutral
cluster was thermodynamically unfavorable, regardless of
whether ø ) 2 or 1.

Five adsorption reactions were modeled for monodentate
sulfate on Al-(hydr)oxides (ø ) 0 or 1) (Table 2). Similar to
bidentate bridging adsorption, monodentate adsorption was
exergonic (-66 to -19 kJ mol-1) on positively charged
Al-(hydr)oxides and endergonic (+22 to +52 kJ mol-1) on
neutral Al-(hydr)oxides. The influence of next-nearest neigh-
bor surface sites (i.e., functional group type) on sulfate
adsorption is not understood and has received little attention.
Toward understanding this influence, monodentate adsorp-
tion energies were calculated for reactions on +1 and neutral
Al-(hydr)oxides, where the next-nearest neighbor site was
occupied by either an H2O or HO- functional group.
Monodentate adsorption energies calculated for sulfate
H-bonded with an HO- functional group were significantly
lower as compared to sulfate H-bonded with an H2O
functional group (Table 2). Sulfate interaction with a more
labile group (H2O) resulted in comparatively larger adsorption
energies with respect to a less labile group (HO-) (e.g., -48
vs -19 kJ mol-1 on +1 Al-(hydr)oxide reactant). Thus, lability
of the surface functional group influenced the adsorption
energies.

A series of H-bonded (outer-sphere) sulfate adsorption
reactions were modeled (Table 2). As compared to inner-

TABLE 1. Reactant and Product Energies Calculated for Each
Species in the Stoichiometrically Balanced (Mass and
Charge) Equations to Approximate the Gibbs Free Energy of
Sulfate Adsorption on Variably Charged Al-(Hydr)oxidesa

Reaction Species Egas
b Ethermal

c EIEFPCM
d

Aqueous Species
SO4

2-‚(H2O)9 -1387.222 0.189 -1387.788
10H2O -764.493 0.201 -764.762
OH-‚(H2O)9 -763.959 0.190 -764.276
OH-‚(H2O)10 -840.413 0.214 -840.751
(OH-)2‚(H2O)9 -839.767 0.199 -840.269

Surface Clusters
[Al2(OH)4(OH2)6‚(H2O)6]2+ -1705.496 0.304 -1706.210
[Al2(OH)5(OH2)5‚(H2O)6]+ -1705.199 0.291 -1705.746
Al2(OH)6(OH2)4‚(H2O)6 -1704.810 0.288 -1705.295

Bidentate Bridging Complexes
Al2(OH)4(OH2)4SO4‚(H2O)6 -2252.225 0.273 -2252.809
[Al2(OH)5(OH2)3SO4‚(H2O)6]- -2251.699 0.261 -2252.325

Monodentate Complexes
Al2(OH)4(OH2)5SO4‚(H2O)6 -2328.659 0.300 -2329.270
[Al2(OH)5(OH2)4SO4‚(H2O)6]e -2328.152 0.286 -2328.798
[Al2(OH)5(OH2)4SO4‚(H2O)6]f -2328.141 0.286 -2328.787

H-bonded Complex
Al2(OH)4(OH2)6SO4‚(H2O)9 -2634.475 0.391 -2635.186

a Energies are listed in Hartrees/molecule. b Gas-phase electronic
energy of geometry optimized species (B3LYP/6-31+G(d,p)). c Thermal
correction to Gibbs free energy. d Total free energy in solution with all
nonelectrostatic terms from single-point energy calculations (B3LYP/
6-311++G(df,pd)). e Monodentate sulfate H-bonded to a H2O functional
group occupying the next-nearest neighbor surface site. f Monodentate
sulfate H-bonded to an OH functional group occupying the next-nearest
neighbor surface site.
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sphere sulfate, H-bonded complexes were particularly chal-
lenging to model because they have more translational and
rotational freedom. In this investigation, H-bonded sulfate
similar to the geometry conceptualized by He et al. (20) was
modeled. Figure 2 shows the geometry of H-bonded sulfate
(explicit H2O molecules omitted for visual aid). H-bonded
sulfate adsorption was predicted to be energetically favorable
(-69 kJ mol-1) at high positive surface charge, but moderately
favorable to highly unfavorable (-8 and +61 kJ mol-1) at
intermediate and zero net positive charge, respectively (Table

2). Thus, the thermodynamic favorability of H-bonded sulfate
adsorption was directly related to positive surface charge
and indirectly related to ø.

Figure 3 summarizes the relative Gibbs free energies
of sulfate adsorption on Al- and Fe-(hydr)oxides (predictions
from Tables 2 and 4). A few general observations are noted,
momentarily concentrating on reactions involving Al-(hydr)-
oxides. For sulfate adsorption occurring on +2 charged
Al-(hydr)oxides, bidentate bridging adsorption was most
thermodynamically favorable. Monodentate and H-bonded
sulfate adsorption were predicted to have equivalent ad-
sorption energies. All three adsorption reactions were
predicted to be thermodynamically favorable. Sulfate ad-
sorption on +1 charged Al-(hydr)oxides was characterized
by equivalent adsorption energies for bidentate bridging and
monodentate but only moderately favorable for H-bonded
sulfate adsorption. All reactions occurring on a net neutral
Al-(hydr)oxide reactant were predicted to be thermody-
namically unfavorable.

Equilibrium adsorption of sulfate on Al-oxides (e.g., hy-
drous Al-oxide, gibbsite, bayerite) from experimental evi-
dence is inconclusive and debated. Rajan (36) proposed
bidentate bridging adsorption from surface charge measure-
ments, in line with the comparatively high thermodynamic
favorability of this complex (-124 vs -66 and -69 kJ mol-1

for monodentate and H-bonded sulfate on +2 Al-(hydr)-
oxide, respectively; Table 2). Gessa et al. (6) also proposed
bidentate bridging adsorption on dried amorphous alumi-
num hydroxide samples using IR spectroscopy. However,
studies have shown that sulfate adsorption on Al-(hydr)-
oxides may be characterized by outer-sphere (H-bonded)
complexation and is sensitive to hydration (13, 17). Hydration
effects on sulfate adsorption energies determined via quan-
tum chemical calculations were beyond the scope of this
investigation. However, note from Figure 3 (Table 2) that
both inner-sphere and H-bonded sulfate adsorption was

TABLE 2. Estimated Gibbs Free Energies of Sulfate Adsorption on Variably Charged Al-(Hydr)oxides Using Calculated Values Listed
in Table 1a

bidentate bridging complexes

+2 cluster (ø ) 0) SO4
2-(H2O)9 + [Al2(OH)4(OH2)6‚(H2O)6]2+ f Al2(OH)4(OH2)4SO4‚(H2O)6 + 1.1[10H2O]

∆G ) -124.0
+1 cluster (ø ) 0) SO4

2-(H2O)9 + [Al2(OH)5(OH2)5‚(H2O)6]+ f [Al2(OH)5(OH2)3SO4‚(H2O)6]- + 1.1[10H2O]
∆G ) -70.4

+1 cluster (ø ) 1) SO4
2-(H2O)9 + [Al2(OH)5(OH2)5‚(H2O)6]+ f Al2(OH)4(OH2)4SO4‚(H2O)6 + OH-(H2O)10

∆G ) -47.2
0 cluster (ø ) 2) SO4

2-(H2O)9 + Al2(OH)6(OH2)4‚(H2O)6 f Al2(OH)4(OH2)4SO4‚(H2O)6 + (OH-)2(H2O)9
∆G ) +5.9

monodentate complexes
+2 cluster (ø ) 0) SO4

2-(H2O)9 + [Al2(OH)4(OH2)6‚(H2O)6]2+ f Al2(OH)4(OH2)5SO4‚(H2O)6 + 10H2O
∆G ) -66.4

+1 cluster (ø ) 0) SO4
2-(H2O)9 + [Al2(OH)5(OH2)5‚(H2O)6]+ f [Al2(OH)5(OH2)4SO4‚(H2O)6]- + 10H2O

∆G ) -48.1b

+1 cluster (ø ) 0) SO4
2-(H2O)9 + [Al2(OH)5(OH2)5‚(H2O)6]+ f [Al2(OH)5(OH2)4SO4‚(H2O)6]- + 10H2O

∆G ) -18.8c

0 cluster (ø ) 1) SO4
2-(H2O)9 + Al2(OH)6(OH2)4‚(H2O)6 f [Al2(OH)5(OH2)4SO4‚(H2O)6]- + OH-(H2O)9

∆G ) +22.2b

0 cluster (ø ) 1) SO4
2-(H2O)9 + Al2(OH)6(OH2)4‚(H2O)6 f [Al2(OH)5(OH2)4SO4‚(H2O)6]- + OH-(H2O)9

∆G ) +51.5c

H-bonded complex
+2 cluster (ø ) 0) SO4

2-(H2O)9 + [Al2(OH)4(OH2)6‚(H2O)6]2+ f Al2(OH)4(OH2)6SO4‚(H2O)9 + 6/10[10H2O]
∆G ) -68.8

+1 cluster (ø ) 1) SO4
2-(H2O)9 + [Al2(OH)5(OH2)5‚(H2O)6]+ + 10H2O f Al2(OH)4(OH2)6SO4‚(H2O)9 +

6/10[10H2O] + OH-(H2O)9
∆G ) -7.8

0 cluster (ø ) 2) SO4
2-(H2O)9 + Al2(OH)6(OH2)4‚(H2O)6 + 1.1[10H2O] f Al2(OH)4(OH2)6SO4‚(H2O)9 +

6/10[10H2O] + (OH-)2(H2O)9
∆G ) +61.2

a Energies are listed in kJ mol-1 (1 Hartree ) 2625.5 kJ mol-1). b Monodentate sulfate H-bonded to a H2O functional group occupying the
next-nearest neighbor surface site. c Monodentate sulfate H-bonded to an OH functional group occupying the next-nearest neighbor surface site.

TABLE 3. Reactant and Product Energies Calculated for Each
Species in the Stoichiometrically Balanced (Mass and
Charge) Equations to Approximate the Gibbs Free Energy of
Sulfate Adsorption on Variably Charged Fe-(Hydr)oxidesa

Reaction Species Egas
b Ethermal

c EIEFPCM
d

Surface Clusters
[Fe2(OH)4(OH2)6‚(H2O)6]2+ -1467.088 0.287 -1467.753
[Fe2(OH)5(OH2)5‚(H2O)6]+ -1466.788 0.276 -1467.296
Fe2(OH)6(OH2)4‚(H2O)6 -1466.393 0.272 -1466.840

Bidentate Bridging Complexes
Fe2(OH)4(OH2)4SO4‚(H2O)6 -2013.803 0.258 -2014.353
[Fe2(OH)5(OH2)3SO4‚(H2O)6]- -2013.286 0.247 -2013.875

Monodentate Complexes
Fe2(OH)4(OH2)5SO4‚(H2O)6 -2090.241 0.284 -2090.822
[Fe2(OH)5(OH2)4SO4‚(H2O)6]-e -2089.741 0.273 -2090.351

H-bonded Complex
Fe2(OH)4(OH2)6SO4‚(H2O)9 -2396.047 0.375 -2396.731

a Energies are listed in Hartrees/molecule. Some pertinent reactant
species are listed in Table 1. b Gas-phase electronic energy of geometry
optimizedspecies (B3LYP/CEP-121G//6-31+G(d,p)). c Thermalcorrection
to Gibbs free energy. d Total free energy in solution with all nonelec-
trostatic terms from single-point energy calculation (B3LYP/CEP-121G//
6-311++G(df,pd)). e Monodentate sulfate H-bonded to a H2O functional
group occupying the next-nearest neighbor surface site.
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thermodynamically favorable at high to intermediate positive
surface charge (+2 to +1).

A well established characteristic of sulfate adsorption on
variably charged Al- and Fe-(hydr)oxides is the relationship
between surface loading and equilibrium pH. Numerous
macroscopic and spectroscopic results indicate that with
increasing pH, sulfate adsorption sharply decreases on Al-
and Fe-(hydr)oxides and soils (12, 15, 17, 20, 36-47). The
inverse relationship between surface loading and pH is
primarily attributed to a reduction in positively charged
surface sites and increased competition with HO- adsorption.

Results presented here qualitatively agree with this experi-
mental observation. Experimentally, sulfate adsorption gen-
erally does not occur at or above a mineral’s bulk pHpzc,
where the net surface charge averaged over all the crystal
faces is neutral. MO/DFT results correlate well with this
observation in that adsorption reactions were predicted to
be endergonic on net neutral reactant clusters (Figure 3). As
the positive surface charge increases, the thermodynamic
favorability of sulfate adsorption increases (Figure 3), which
is expressed experimentally in the partition coefficient and
equilibrium constant (48).

Table 3 lists the reactants and products used to calculate
the adsorption energies for reactions involving Fe-(hydr)-
oxides (Table 4). Two adsorption free energies were calculated
for monodentate sulfate on the +2 Fe-(hydr)oxide: -87.7
and -87.3 kJ mol-1 (Table 4). These values corresponded to
Gibbs free energies of sulfate adsorption with and without
the use of a relativistic ECP on the Fe atoms, respectively.
The energies were indistinguishable (i.e., equivalent opti-
mized geometries), and thus, relativistic ECPs were used to
minimize computational cost as compared to an all-electron
basis set. To facilitate comparison between sulfate adsorption
energies on Al- and Fe-(hydr)oxides, identical reactions were
modeled (Tables 2 and 4). The exception was monodentate
sulfate on Fe-(hydr)oxides, which only involved the next-
nearest neighbor H2O functional group.

The relative Gibbs free energies for bidentate bridging
sulfate adsorption on Al- and Fe-(hydr)oxides were ap-
proximately equal and followed similar trends, particularly
for reactants with +2 and 0 net surface charges (Figure 3).
Similar adsorption energies for bidentate bridging sulfate on
Al- and Fe-(hydr)oxides may correlate well with previous
experimental results (49). Aylmore et al. (49) observed nearly
identical adsorption-desorption isotherms for sulfate on
hematite and pseudoboehmite, qualitative evidence for
similar reaction mechanisms and energies. Furthermore,
significant hysteresis between adsorption and desorption
isotherms suggested an irreversible adsorption mechanism

TABLE 4. Estimated Gibbs Free Energies of Sulfate Adsorption on Variably Charged Fe-(Hydr)oxides Using Calculated Values Listed
in Table 3a

bidentate bridging complexes
+2 cluster (ø ) 0) SO4

2-(H2O)9 + [Fe2(OH)4(OH2)6‚(H2O)6]2+ f Fe2(OH)4(OH2)4SO4‚(H2O)6 + 1.1[10H2O]
∆G ) -122.8

+1 cluster (ø ) 0) SO4
2-(H2O)9 + [Fe2(OH)5(OH2)5‚(H2O)6]+ f [Fe2(OH)5(OH2)3SO4‚(H2O)6]- + 1.1[10H2O]

∆G ) -67.2
+1 cluster (ø ) 1) SO4

2-(H2O)9 + [Fe2(OH)5(OH2)5‚(H2O)6]+ f Fe2(OH)4(OH2)4SO4‚(H2O)6 + OH-(H2O)10
∆G ) -33.6

0 cluster (ø ) 2) SO4
2-(H2O)9 + Fe2(OH)6(OH2)4‚(H2O)6 f Fe2(OH)4(OH2)4SO4‚(H2O)6 + (OH-)2(H2O)9

∆G ) +6.3

monodentate complexes
+2 cluster (ø ) 0) SO4

2-(H2O)9 + [Fe2(OH)4(OH2)6‚(H2O)6]2+ f Fe2(OH)4(OH2)5SO4‚(H2O)6 + 10H2O
∆G ) -87.3b

+2 cluster (ø ) 0) SO4
2-(H2O)9 + [Fe2(OH)4(OH2)6‚(H2O)6]2+ f Fe2(OH)4(OH2)5SO4‚(H2O)6 + 10H2O

∆G ) -87.7c

+1 cluster (ø ) 0)b SO4
2-(H2O)9 + [Fe2(OH)5(OH2)5‚(H2O)6]+ f Fe2(OH)5(OH2)4SO4‚(H2O)6]- + 10H2O

∆G ) -51.7
0 cluster (ø ) 1)c SO4

2-(H2O)9 + Fe2(OH)6(OH2)4‚(H2O)6 f [Fe2(OH)5(OH2)4SO4‚(H2O)6]- + OH-(H2O)9
∆G ) +5.3

H-bonded complex
+2 cluster (ø ) 0) SO4

2-(H2O)9 + [Fe2(OH)4(OH2)6‚(H2O)6]2+ f Fe2(OH)4(OH2)6SO4‚(H2O)9 + 6/10[10H2O]
∆G ) -71.3

+1 cluster (ø ) 1) SO4
2-(H2O)9 + [Fe2(OH)5(OH2)5‚(H2O)6]+ + 10H2O f Fe2(OH)4(OH2)6SO4‚(H2O)9 +

6/10[10H2O] + OH-(H2O)9
∆G ) +2.3

0 cluster (ø ) 2) SO4
2-(H2O)9 + Fe2(OH)6(OH2)4‚(H2O)6 + 1.1[10H2O] f Fe2(OH)4(OH2)6SO4‚(H2O)9 +

6/10[10H2O] + (OH-)2(H2O)9
∆G ) +57.9

a Energies are listed in kJ mol-1 (1 Hartree ) 2625.5 kJ mol-1). b Geometry optimizations of Fe-containing species performed without use of
a relativistic effective core potential basis set (B3LYP/6-31+G(d,p)). c Geometry optimizations of Fe-containing species performed with use of a
relativistic effective core potential basis set in combination with all-electron basis set for the O, S, and H atoms (B3LYP/CEP-121G//6-31+G(d,p)).

FIGURE 2. H-bonded sulfate adsorption product, Al2(OH)4(OH2)6-
SO4‚(H2O)9. The nine explicit H2O molecules of hydration were omitted
to simplify the figure and highlight H-bonding interactions with
Al-(hydr)oxide surface H2Os. Oxygen (red); hydrogen (off-white);
sulfur (yellow); and aluminum (pink).
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(49). As compared to monodentate or H-bonded adsorption,
bidentate bridging sulfate adsorption should exhibit the
largest degree of irreversibility (hysteresis) because two bonds
must be broken prior to desorption. Figure 3 also shows that
at highest positive surface charge, monodentate adsorption
was more thermodynamically favorable on Fe-(hydr)oxides
(-88 kJ mol-1) as compared with Al-(hydr)oxides (-66 kJ
mol-1) (Tables 2 and 4). At intermediate surface charges,
monodentate adsorption was thermodynamically equivalent
on Al- and Fe-(hydr)oxides (-48 and -52 kJ mol-1, respec-
tively, ø ) 0) and slightly more exergonic than bidentate
bridging adsorption (+1 reactants, ø ) 1) (Tables 2 and 4 and
Figure 3).

The most commonly proposed adsorption geometry for
sulfate on Fe-(hydr)oxides from spectroscopy has been
bidentate bridging (7, 10, 11, 16, 18, 43). Similar to sulfate
adsorption on Al-(hydr)oxides (Table 2), bidentate bridging
adsorption was estimated to be most thermodynamically
favorable at the highest positive surface charge (Table 4 and
Figure 3). However, the majority of these studies were
conducted on variably hydrated/dehydrated samples, and
some investigators have speculated and shown that sample
dehydration may affect the equilibrium species or geometry
(8, 11, 12). The effects of hydration on adsorption remain to
be fully elucidated.

Hansmann and Anderson (48) used Stern theory as the
basis for a statistical model to estimate the free energy of
sulfate adsorption on goethite from electrophoretic mea-
surements. The statistical model differed from surface
complexation models because it was not constrained by a
priori knowledge of the reaction stoichiometry. Measure-
ments between pH 4 and 6 had corresponding net free
energies of adsorption approximately equal to -36 and -30
kJ mol-1 (∆Gnet ) ∆Gintrinsic + ∆Gelectrostatic). The experimental
estimates agree reasonably well with MO/DFT calculated
Gibbs free energies of adsorption for monodentate and
bidentate bridging sulfate on Fe-(hydr)oxides possessing a
net charge of +1 (Table 4, -52 and -34 kJ mol-1, respectively).
Infrared studies of sulfate adsorption on goethite (12, 17)
suggested monodentate complexation below pH 6. Several

ex situ spectroscopic studies of sulfate adsorption on goethite
have suggested bidentate bridging complexation (9, 10, 18,
43). Setting aside the discrepancy regarding monodentate
versus bidentate bridging adsorption on variably hydrated
Fe-(hydr)oxides, the complementary nature of the MO/DFT
calculations is demonstrated. Combining the experimental
electrophoretic measurements (48), IR spectra, and MO/DFT
Gibbs free energy calculations (Table 4), a more compre-
hensive picture of sulfate adsorption can be drawn.

Recently, flow adsorption calorimetry was used to de-
termine arsenate sorption energies on amorphous Al-(hydr)-
oxide (50). Unfortunately, this technique is underutilized
despite its potential to complement spectroscopy and quan-
tum chemical calculations. Flow adsorption calorimetry mea-
surements would be particularly helpful in testing the MO/
DFT thermodynamic predictions. Calorimetric measure-
ments could be informative with respect to the relevance of
clusters in modeling actual surfaces of Al- and Fe-(hydr)-
oxides and potential mechanistic information predicted by
the calculations. Future research could then focus on eval-
uating whether larger clusters or explicit treatment of addi-
tional water molecules would be necessary to improve the
molecular modeling. Improvement of the molecular model-
ing may also arise from the choice of methodology (electron
exchange and correlation functionals and basis sets), use of
higher level ab initio methods, and periodic DFT calculations.
Improvement to predicted thermodynamic quantities such
as adsorption free energies is anticipated with ensemble
average techniques (e.g., molecular dynamics and Monte
Carlo).
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