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Abstract

Common complexing ligands such as chloride and sulfate can significantly impact the sorption of Hg(II) to particle surfaces in
environmental systems. To examine the effects of these ligands on Hg(II) sorption to mineral sorbents, macroscopic Hg(II) upt
surements were conducted at pH 6 and[Hg]i = 0.5 mM on goethite (α-FeOOH),γ -alumina (γ -Al2O3), and bayerite (β-Al(OH)3) in the
presence of chloride or sulfate, and the sorption products were characterized by extended X-ray absorption fine structure (EXA
troscopy. The presence of chloride resulted in reduced uptake of Hg(II) on all three substrates over the Cl− concentration ([Cl−]) range 10−5

to 10−2 M, lowering Hg surface coverages on goethite,γ -alumina, and bayerite from 0.42 to 0.07 µmol/m2, 0.06 to 0.006 µmol/m2, and
0.55 to 0.39 µmol/m2 ([Cl−] = 10−5 to 10−3 M only), respectively. This reduction in Hg(II) uptake is primarily a result of the forma
of stable, nonsorbing aqueous HgCl2 complexes in solution, limiting the amount of free Hg(II) available to sorb. At higher [Cl−] beam
reduction of Hg(II) to Hg(I) was observed, resulting in the possible formation of aqueous Hg2Cl2 species and the precipitation of calom
Hg2Cl2(s). The presence of sulfate caused enhanced Hg(II) uptake over the sulfate concentration ([SO2−

4 ]) range 10−5 to 0.9 M, increasing

Hg surface coverages on goethite,γ -alumina, and bayerite from 0.39 to 0.45 µmol/m2, 0.11 to 0.38 µmol/m2, and 0.36 to 3.33 µmol/m2,
respectively. This effect is likely due to the direct sorption or accumulation of sulfate ions at the substrate interface, effectively red
positive surface charge that electrostatically inhibits Hg(II) sorption. Spectroscopic evidence for ternary surface complexation was
in isolated cases, specifically in the Hg–goethite–sulfate system at high [SO2−

4 ] and in the Hg–goethite–chloride system.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The sorption of mercury onto particle surfaces can
significantly affected by the presence of complexing
ands [1]. Inorganic ligands prevalent in freshwater and s
water include bicarbonate, carbonate, chloride, phosph
sulfate, and sulfide, while organic ligands such as am
carboxylic, fulvic, and humic acids are also common
natural waters [2]. Most ligands will lower or enhan
the adsorption of metal cations due to several poss
processes including (a) formation of stable nonadsorb
metal–ligand aqueous complexes [1,3–6]; (b) formation
metal–ligand ternary surface complexes, which at high m
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,

and ligand concentrations can lead to surface precip
tion [7–11]; (c) competitive ligand sorption to particle su
faces, effectively blocking the more reactive sorption s
at the surface [12,13]; and (d) reduction of the posit
charge at mineral surfaces (assuming ligands are an
and pH levels are below the pHpzc of the mineral), thereby
lowering the electrostatic repulsion of cations by the s
face [10,14–17]. Molecular-scale knowledge of the int
actions between Hg(II), complexing ligands, and partic
found in natural aquatic systems is therefore necessar
understanding the roles of these ligands in metal-ion s
tion processes at mineral–water interfaces. This informa
is also important in predicting the effect of changes in liga
concentrations on Hg(II) adsorption/desorption proces
during Hg transport through different aquatic systems (e
from smaller streams and rivers to lakes, bays, and ocea
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A number of uptake studies have investigated Hg(II) so
tion onto various substrates (see references listed herei
in [18]), with several focusing on Fe- and Al-(hydr)oxid
due to their abundance in natural systems and their e
tiveness as sorbents for Hg(II). Some of these studies
also explored the macroscopic influences of complexing
ands on sorption, typically investigating the effects of ch
ride. Chloride is ubiquitous in marine systems, where [C−]
averages 10−0.3 M [2], as well as in hot-spring Hg depos
tional environments, where [Cl−] of 10−1.2 M has been ob
served [19]. However, chloride can affect Hg(II) adsorpt
to mineral surfaces at much lower concentrations as w
with reductions in Hg(II) uptake to goethite (α-FeOOH) ob-
served at 10−5.3 M [Cl−] [4]. Several studies have report
a shift in the macroscopic Hg(II) adsorption edge to hig
pH levels as a function of [Cl−], indicating that Hg(II) sorp-
tion is inhibited as [Cl−] increases [4,5,20]. This inhibitio
is considered to be due to the formation of HgCl2(aq) com-
plexes, which are stable in solution and less prone to s
tion [6,21].

Another important complexing ligand is sulfate, with a
erage concentrations of 10−3.9 M in rivers and 10−1.5 M in
oceans [22]. In acid mine drainage (AMD) environmen
where oxidation of sulfide minerals generates high con
trations of sulfuric acid, 10−0.5 M [SO2−

4 ] has been mea
sured in Hg mine drainage waters [23] and can be as
as 7.9 M in extreme AMD systems such as Iron Mount
CA [24]. Sulfate has been shown to enhance Pb(II) [1
Cd(II) [14], and Cu(II) [25] uptake onto goethite. Rece
studies have found sulfate to have no effect on Hg(II) so
tion onto kaolinite [26] and to slightly reduce Hg(II) sorptio
onto manganese oxide, gibbsite, and quartz [27,28]. H
ever, to the authors’ knowledge only a few studies [10,15
have used spectroscopic methods to determine the effe
ligands such as chloride and sulfate on heavy metal sorp
and only one known study [29] has explored ternary Hg(
chloro complexes on mineral surfaces using a spectrosc
approach.

The objective of this study is to determine how t
sorption of Hg(II) from aqueous solution onto goeth
γ -alumina (γ -Al2O3), and bayerite (β-Al(OH)3) is im-
pacted by the presence of chloride and sulfate. This p
is the second of a two-part study investigating the sorp
of Hg(II) onto Fe- and Al-(hydr)oxides. In Part I [18], th
sorption of Hg(II) on these substrates was characterize
a function of pH using a combination of uptake measu
ments, EXAFS spectroscopy, and bond valence anal
That study demonstrated that Hg(II) sorbs strongly a
bidentate corner-sharing surface complex to the Fe(O,O6
octahedra of the goethite structure and equally strongly
as monodentate, corner-sharing bidentate, and edge-sh
bidentate complexes to the Al(O,OH)6 octahedra that com
pose the bayerite structure. Hg(II) was found to sorb wea
to γ -alumina, perhaps due to the conversion of the hydr
γ -alumina surface to a secondary bayerite-like phase.
ditionally, beam reduction of Hg(II) to Hg(I) in this syste
d

f
,

r

.

g

resulted in the formation of Hg(I) dimers that appear to s
weakly to the hydratedγ -alumina surface as monodenta
and bidentate corner-sharing complexes. The Hg sorp
products in these model systems were found to be sim
to those on natural fine-grained Fe- and Al-(hydr)oxide m
terials from Hg-mine sites, supporting the use of synth
mineral powders as simplified surrogates for natural e
ronmental substrates. These results serve as a baseli
comparison with those from the ligand-bearing system
the present study.

2. Experimental methods

Mineral substrates used in uptake experiments were
pared (goethite) or purchased (γ -alumina, bayerite) as de
scribed in the previous study [18]; surface areas as d
mined through BET analysis were 91, 97, and 9 m2/g, re-
spectively. Batch uptake experiments were mostly condu
in a 0.1 M NaNO3 solution with N2 gas bubbling through
the sample vessels throughout the course of the experim
to minimize contamination from CO2 and other gases. Th
solution was then equilibrated with the desired concen
tion of chloride or sulfate using prepared solutions of reag
grade NaCl and Na2SO4 dissolved in water from a NANO
pure Infinity water purification system. For ligand conc
trations�0.1 M (sulfate experiments only), no NaNO3 was
added to the solution. Initial chloride concentrations ran
from 10−5 to 10−2 M, while initial sulfate concentration
ranged from 10−5 to 0.9 M. Aqueous speciation diagram
of the experimental conditions for the chloride- and sulfa
bearing sorption systems are shown in Figs. 1 and 2
spectively. A mass of 0.5 g of solid was suspended
final volume of 50 ml, resulting in a solids concentration
10 g/l. For theγ -alumina sorption experiments conducted
the presence of sulfate, 0.25 g of solid was used to minim
the substrate dissolution observed in Part I [18].

Each suspension was titrated to pH 4 using 20-µl aliq
of 0.1 M HNO3 before 5 ml of a 5 mM Hg(NO3)2 Mallinck-
rodt stock solution (Lot 4737) was added to achieve a fi
solution concentration of 0.5 mM Hg(II). Such high conce
trations of Hg(II) were necessary to ensure sufficient Hg
uptake onto the substrates for adequate EXAFS ana
While the experimental Hg(II) concentration greatly exce
those observed in natural systems, it is not expected to
nificantly impact the method of uptake since the final Hg
concentration is too low to induce precipitation (e.g.,
HgO(s), HgCl2(s)). Using 20-µl aliquots of 0.1 M NaOH, th
pH was titrated to 6.0 and the final volume brought up
50 ml. Samples were capped and equilibrated on a ro
for a minimum of 24 h before analysis.

Following equilibration, samples were centrifuged
15,000 RPM for 15 min and the supernatants separ
from the solids. The final pH levels of the supernata
were measured prior to filtration with a 0.45-µm filter a
acidification to pH< 2 using concentrated HNO3. All su-
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g(II)
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Fig. 1. Aqueous speciation diagrams of Hg (initial Hg(II) concentration= 0.5 mM) in the presence of chloride. See Fig. 2 for the aqueous speciation of H
in the absence of complexing ligands. Stability constants from Martell and Smith [48] were used in constructing the diagrams.

Fig. 2. Aqueous speciation diagrams of Hg (initial Hg(II) concentration= 0.5 mM) in the presence of sulfate and in ligand-free systems. Stability cons
from Martell and Smith [48] were used in constructing the diagrams.
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All
pernatants were analyzed for Hg(II) using a TJA IRIS A
vantage/1000 Radial inductively coupled plasma (ICP) sp
trometer. From these measurements, the degree of H
uptake to the solids was calculated assuming no signifi
loss to the sample vessel walls, as verified through con
samples.

Sorption products were loaded as moist pastes into s
ple holders and analyzed using EXAFS spectroscopy.
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EXAFS data were collected at the Stanford Synchrotron
diation Laboratory (SSRL) on wiggler-magnet beamline
using Si(111) or Si(220) monochromator crystals. HgLIII -
edge EXAFS spectra were collected on the sorption s
ples at room temperature in the fluorescence-yield mod
ing a 13-element high-throughput germanium detector. T
method is optimized for low-concentration samples [30]
enabled collection of HgLIII -EXAFS spectra from the sorp
tion products generated. Arsenic and aluminum filters se
to attenuate elastic scattering and background matrix fluo
cence, respectively. EXAFS data were processed usin
EXAFSPAK data analysis software package [31]. Phase
amplitude functions for quantitative fitting were genera
from model structures using FEFF 7.0 [32].

EXAFS spectra were fit by (a) isolating and fitting t
first-shell Fourier transform feature to provide starting v
ues for coordination number (CN), interatomic bond d
tance (R), and energy shift (E0); (b) isolating and fitting
the second and/or more distant Fourier transform feat
using theE0 value derived from the first-shell fitting; an
(c) fitting the complete background-subtracted,k3-weighted
EXAFS spectra using the CN,R, andE0 values from the fil-
tered fitting steps as the initial values of these variables.
scale factor (S0) was fixed at 0.9 for all samples based
previous experience in fitting well-characterized crystal
model compounds in which the scale factor was allowe
vary during fitting. The Debye–Waller factor, which serv
as a measure of thermal vibration and static disorder aro
Hg in the sample, was typically allowed to float when fitti
the first shell but otherwise set at values appropriate to t
of sorption complexes (0.005 for first-shell atomic neig
bors, 0.01 for second- and third-shell neighbors) base
experience with other sorption systems and results from
single-shell fitting routines determined earlier.

The molecular modeling programs Cerius2 from Accel-
rys, Inc. and PC Spartan Pro from Wavefunction, Inc. w
used to generate visual representations of the variou
sorption complexes proposed from interpretation of EXA
fitting results. Energy minimization and structural optimi
tion features of these two programs were employed to d
mine realistic interatomic distances and structural arra
ments of the proposed Hg sorption complexes.

3. Results

3.1. Hg(II)–goethite–chloride

Macroscopic uptake results for Hg(II) sorption on go
thite, γ -alumina, and bayerite as a function of [Cl−] are
shown in Fig. 3. The data show a strong decrease in H
sorption to goethite with increasing [Cl−]; when normalized
for surface area, Hg(II) surface coverages decline from
to 0.07 µmol/m2. This phenomenon is consistent with p
viously reported results [4,5,20] showing that the adsorp
of Hg(II) is inhibited in the presence of chloride, with th
-

-

Fig. 3. Adsorption of Hg(II) by goethite,γ -alumina, and bayerite as a fun
tion of chloride concentration at pH 6. The initial concentration of Hg(II=
0.5 mM and the solids concentration= 10 g/l. Uptake has been normalize
for surface area and is expressed in units of µmol/m2.

macroscopic adsorption edge moving to higher pH le
with increasing [Cl−]. Formation of the stable nonsorbin
HgCl2(aq) species in solution is commonly inferred as
reason for the reduced Hg(II) uptake. This conclusion is c
sistent with the speciation diagrams of Fig. 1, which sh
that HgCl2(aq)becomes the dominant aqueous Hg specie
pH 6 when [Cl−] � 10−3 M. Additionally, the possibility of
ternary surface complexation between Hg(II), chloride,
the goethite surface has been proposed by Gunneriusso
Sjoberg [5] and, using a hydrous ferric oxide (HFO) s
strate, by Tiffreau et al. [33]. The former proposal has b
verified by EXAFS spectroscopy [29], but there have b
no spectroscopic studies of possible ternary complex for
tion on HFO. A generalized reaction for the formation
a ternary surface complex in the Hg(II)–goethite–chlor
system was proposed by Gunneriusson and Sjoberg [
follows:

≡FeOH+ Hg2+ + Cl− → ≡FeOHgCl+ H+.

Fits of thek3-weighted HgLIII -EXAFS spectra and the
Fourier transforms for the Hg(II)–goethite–chloride so
tion products are shown in Fig. 4. An EXAFS spectr
and Fourier transform of a Hg(II)–goethite sorption sam
generated at pH 6.7 in the absence of chloride is displa
(Fig. 4e) for comparison with the spectra of the other so
tion samples in which chloride was present (Figs. 4a–
The ligand-free sample spectra presented here and in s
quent figures were generated in a separate set of experim
from Part I of this study [18]; as such, any discrepancie
the continuity of Hg(II) uptake (e.g., uptake on the chlori
free sample is slightly less than that of the first chlori
bearing sample) are attributed to minor differences in
perimental and analytical conditions between the diffe
sets of experiments. It is more in the comparison of the
EXAFS spectra and Fourier transforms between the liga
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Fig. 4. Fits of thek3-weighted EXAFS data and corresponding Four
transforms (black, raw data; gray, fit) for Hg(II) sorbed on goethite a
function of chloride concentration at pH 6. Uptake values (Γ in µmol/m2)
are indicated to the right of the Fourier transforms. Vertical guideline
the figure to the right show FT features due to neighboring Cl and Fe a
at [Cl−] = 10−5, 10−4, and 10−3 M.

free and ligand-bearing samples that potential change
speciation can be discerned.

The primary structural change in the average Hg(II) so
tion complex on goethite due to the presence of chlo
is demonstrated by the appearance of a distant neighb
atomic shell in the Fourier transforms at∼3.6 Å (uncor-
rected for phase shift). This feature indicates a change in
sorption mode from the bidentate corner-sharing arran
ment of Hg(II) in the chloride-free system [34]. Results fro
quantitative fitting of the EXAFS spectra, shown in Table
identify three neighboring atomic shells beyond the ini
first-neighbor O shell at 2.01–2.06 (±0.01) Å over a [Cl−]
range of 10−5 to 10−3 M. These more distant shells corr
spond to Hg–Cl at 2.51–2.61 (±0.03) Å, Hg–Fe at 3.17–
3.29 (±0.03) Å, and Hg–Fe at 3.88–4.28 (±0.03) Å. With
increasing [Cl−], the coordination numbers for these neig
bors approach one, likely due to decreasing proportion
outer-sphere Hg(II) complexes [35] and the increasing p
portion of the ternary surface complex described in the
lowing paragraph. The Hg–Fe pair correlations contrib
to the two visible nonfirst-neighbor features in the Fou
transforms of these samples; as a result, the Hg–Cl pair
relation is considered to be less certain. However, the Hg
interactions determined from EXAFS fitting match well w
the proposed model as described below, so they have
included in the fitting results listed in Table 1.

Although the Hg–O distance is not sufficiently unique
distinguish between aqueous, sorbed, or precipitated H
species, the next nearest neighbors, specifically the Hg
distance of 3.17–3.29 (±0.03) Å, indicate that Hg(II) contin-
ues to sorb in an inner-sphere fashion. Among the poss
geometries of Hg(II) inner-sphere sorption onto the goet
surface in the presence of chloride, the one most con
tent with the EXAFS fitting results is a Type A (ligand
metal-surface) ternary surface complex with the Hg
species bonded in an inner-sphere monodentate mod
the Fe(O,OH)6 octahedra of the (110) goethite surface,
dominant crystal face of both natural and synthetic goeth
A molecular model constructed by Spartan Pro represen
this mode of sorption yields interatomic distances that ag
well with those determined by EXAFS fitting (Fig. 5). Ad
ditionally, the EXAFS-derived coordination numbers cor
spond fairly well with those of the model, particularly for th
sorption sample generated at[Cl−] = 10−3 M. This result
confirms the hypothesis of Gunneriusson and Sjoberg
that Hg(II) forms a ternary surface complex with goethite
the presence of chloride and is consistent with the EXA
study of Bargar et al. [29] that determined that Hg–chl
complexes are coordinated to goethite in a monoden
fashion through surface oxygens (i.e., Fe–O–Hg–Cl). T
monodentate configuration also accounts for the varia
in interatomic distances for the most distant Fe neigh
which represents the distance between the sorbed Hg(II
and the center of the Fe(O,OH)6 octahedron adjacent to th
octahedron to which it has sorbed (Fig. 5).

At the highest [Cl−] examined (10−2 M), the EXAFS
spectrum and Fourier transform change significantly (Fig
rdinatio

Table 1
HgLIII -EXAFS fitting results for Hg(II)–goethite–chloride sorption samples (see Fig. 4 for EXAFS spectra and Fourier transforms), including coon
numbers (CN), interatomic distances (R), and Debye–Waller factors (σ2)

Figure pCl Hg–O Hg–Cl Hg–Hg Hg–Hg

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

4a 2 1.2(1) 2.09(1) 0.005a 1.2(1) 2.27(1) 0.005a 2.0(2) 2.56(1) 0.01a 2.5(5) 4.43(2) 0.01a

Hg–O Hg–Cl Hg–Fe Hg–Fe

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

4b 3 1.5(2) 2.02(1) 0.003 1.0(1) 2.52(1) 0.01a 1.0(1) 3.17(2) 0.01a 0.9(2) 4.27(2) 0.01a

4c 4 2.5(3) 2.01(1) 0.006 0.6(1) 2.51(2) 0.01a 0.8(2) 3.20(2) 0.01a 1.0(3) 4.28(3) 0.01a

4d 5 2.7(2) 2.06(1) 0.007 0.4(2) 2.61(3) 0.01a 0.5(2) 3.29(3) 0.01a 0.8(2) 3.88(2) 0.01a

4e None 2.4(1) 2.02(1) 0.005 0.6(1) 3.19(1) 0.01a

Standard deviations at a 95% confidence level (±2σ ) are listed in parentheses.
a Value fixed in least-squares refinement.
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Fig. 5. Proposed Hg(II) bonding configuration on goethite in the presen
chloride, with Hg(II) sorbing as a Type A ternary surface complex bon
monodentate with chloride.

Fitting of this spectrum yields a Hg–O distance of 2
(±0.01) Å, a Hg–Cl distance of 2.27 (±0.01) Å, and Hg–Hg
distances of 2.56 (±0.01) and 4.43 (±0.02) Å. The Hg–O
distance is similar to that of the previous samples; howe
as discussed in Part I [18], a Hg–Hg distance of∼2.55 Å is
strongly suggestive of dimeric Hg(I) species and indica
that Hg(II) has been subjected to beam-induced photore
tion during EXAFS data collection, a phenomenon wh
has also been observed for CuCl2 [36] and AuCl3 [37] aque-
ous complexes. Hg(II) reduction to Hg(I) is expected to
more prominent when there is a high proportion of Hg(II)
solution (i.e., in systems with low adsorption), such as
observed at the highest [Cl−]. The EXAFS fitting results
are consistent with the Hg(I) compound calomel, Hg2Cl2(s),
which features Hg–Cl distances of 2.30 Å and Hg–Hg d
tances of 2.59 Å [38], and indicate that Hg has precipita
as calomel and/or is present as aqueous Hg2Cl2 species.

3.2. Hg(II)–γ -alumina–chloride

Macroscopic uptake results for Hg(II) onγ -alumina in
the presence of chloride (Fig. 3) show a drop in Hg(II) so
tion with increasing [Cl−], similar to the trend observe
for the other substrates. Hg surface coverages decline
0.06 to 0.006 µmol/m2 over the range of [Cl−] examined.
Throughout this series of samples, the degree of Hg
sorption was lower onγ -alumina than on either goethi
or bayerite, as previously observed in the ligand-free
tem [18].

Fits to the experimentalk3-weighted HgLIII -EXAFS
spectra and their Fourier transforms for the Hg(I
γ -alumina–chloride sorption products are shown in Fig
with the spectrum of a chloride-free sample generate
Part I at pH 6 for comparison (Fig. 6e). Although no par
ular visible trend in the Fourier transforms is apparent w
-

Fig. 6. Fits of thek3-weighted EXAFS data and corresponding Fou
transforms (black, raw data; gray, fit) for Hg(II) sorbed onγ -alumina as a
function of chloride concentration at pH 6. Uptake values (Γ in µmol/m2)
are indicated to the right of the Fourier transforms. Vertical guideline
the figure to the right show FT features due to neighboring O and Hg a
at [Cl−] = 10−5, 10−4, and 10−3 M.

increasing [Cl−], the EXAFS fitting results (Table 2) ar
very similar from 10−5 to 10−3 M [Cl−], yielding O neigh-
bors at 2.02–2.04 (±0.02) Å and 2.20–2.22 (±0.01) Å, and
one Hg neighbor at 2.56–2.58 (±0.01) Å. These results ar
comparable to those for the ligand-free sample (Fig. 6e) [
suggesting that the mode of Hg(II) sorption ontoγ -alumina
in the presence of chloride is largely similar to that in the
sence of chloride. At 10−3 M [Cl−] there is the appearanc
of a Hg–Hg neighbor at 4.53 Å, which becomes even m
prominent at 10−2 M [Cl−] and is thought, as seen earli
(Fig. 4a), to indicate the beginnings of Hg2Cl2(s) precipita-
tion.

As discussed in Part I [18],γ -alumina undergoes hydra
tion in aqueous solution, causing the Al(O,OH)4 tetrahedra
at theγ -alumina surface to convert to Al(O,OH)6 octahe-
dra [39–41]. Over time periods in excess of one month,
eventually results in a surface conversion to bayerite as
served by Dyer et al. [42] and Laiti et al. [43]. Beam-induc
photoreduction of Hg(II) to Hg(I) was observed through
this system, likely due to the high proportion of Hg(II)
solution resulting from low total uptake to theγ -alumina
substrate. The subsequent sorption of Hg2(OH)2(aq) to the
hydratedγ -alumina surface was described in Part I a
combination of monodentate and bidentate corner-sha
sorption complexes, of which certain complexes are bon
to Al-octahedra that bridge the octahedral rows of the
dratedγ -alumina structure (see Fig. 9 in [18]). The spec
evidence indicates that even in the presence of chloride
dominant modes of Hg sorption toγ -alumina are similar to
those in the absence of chloride, so that the observed re
tion in total Hg uptake is due primarily to the formation
stable aqueous HgCl2(aq)or Hg2Cl2(aq)species. The absenc
of identifiable chloride neighbors in these spectra also
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Table 2
HgLIII -EXAFS fitting results for Hg(II)–γ -alumina–chloride sorption samples (see Fig. 6 for EXAFS spectra and Fourier transforms), including coord
numbers (CN), interatomic distances (R), and Debye–Waller factors (σ2)

Figure pCl Hg–Cl Hg–Hg Hg–Hg

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

6a 2 2.8(5) 2.28(1) 0.016 1.4(1) 2.57(1) 0.005a 2.6(6) 4.47(2) 0.01a

Hg–O Hg–O Hg–Hg Hg–Hg

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

6b 3 1.1(1) 2.04(1) 0.005a 1.7(1) 2.21(1) 0.005a 0.8(1) 2.56(1) 0.005a 1.1(5) 4.53(3) 0.01a

6c 4 1.3(1) 2.04(1) 0.005a 1.5(1) 2.21(1) 0.005a 0.9(1) 2.58(1) 0.005a

6d 5 1.1(1) 2.02(1) 0.005a 1.5(1) 2.22(1) 0.005a 0.9(1) 2.56(1) 0.005a

6e None 1.4(1) 2.04(1) 0.005a 1.3(1) 2.22(1) 0.005a 0.8(1) 2.56(1) 0.005a

Standard deviations at a 95% confidence level (±2σ ) are listed in parentheses.
a Value fixed in least-squares refinement.
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dicates that ternary surface complexation is not a domi
process occurring in this system, or that ternary surface c
plexes may be present in minor proportions which could
be easily observed with EXAFS spectroscopy.

At 10−2 M [Cl−], however, changes in both the EXAF
spectrum and Fourier transform relative to those of the lo
[Cl−] samples suggest differences in both the speciation
the mode of sorption for Hg. EXAFS fitting yields stru
tural information similar to that of the Hg-goethite sorpti
sample generated at 10−2 M [Cl−] (Table 1), with a Hg–
Cl distance of 2.28 (±0.01) Å and Hg–Hg distances of 2.5
(±0.01) and 4.47 (±0.02) Å. These results also indicate th
the low uptake of Hg(II), resulting in elevated proportio
of aqueous Hg(II), has resulted in beam reduction of Hg
to Hg(I) and subsequent precipitation of Hg2Cl2(s)/formation
of Hg2Cl2(aq) complexes.

3.3. Hg(II)–bayerite–chloride

Macroscopic uptake results for Hg(II) sorption on ba
erite in the presence of chloride (Fig. 3) show that, as w
goethite andγ -alumina, uptake of Hg(II) is substantially re
duced with increasing chloride. Surface coverages decr
from 0.55 to 0.39 µmol/m2 over a range of 10−5 to 10−3 M
[Cl−]. Over the range of [Cl−] examined, the effects of chlo
ride on the degree of Hg(II) sorption to bayerite are gen
ally comparable with those observed in the Hg(II)–goeth
chloride system. This is in accordance with the earlier so
tion study [18] which showed that bayerite and goethite h
similar uptake trends as a function of pH.

EXAFS spectra and Fourier transforms for the Hg(I
bayerite–chloride system are shown in Fig. 7, with fitti
results in Table 3. The Fourier transforms of sample spe
in the presence of 10−5 and 10−4 M chloride (Figs. 7c and
7b) resemble those of the chloride-free spectrum gener
in Part I [18] (Fig. 7d), indicating that the modes of so
tion are similar. As mentioned earlier, the apparent lo
uptake of the chloride-free sample relative to the other
likely due to slightly different experimental conditions a
should not be construed as a deviation of the trend of
e

Fig. 7. Fits of thek3-weighted EXAFS data and corresponding Four
transforms (black, raw data; gray, fit) for Hg(II) sorbed on bayerite a
function of chloride concentration at pH 6. Uptake values (Γ in µmol/m2)
are indicated to the right of the Fourier transforms. Vertical guideline
the figure to the right show FT features due to second-neighbor Al atom
[Cl−] = 10−5 and 10−4 M.

creasing Hg(II) uptake with increasing chloride. Fits of the
two EXAFS spectra (Table 3) result in an Hg–O distan
of 2.06–2.07 (±0.01) Å and Hg–Al distances of 3.03–3.0
(±0.02) and 3.33–3.42 (±0.04) Å, which are similar to the
fitting results of the ligand-free sorption sample. Hg(II) w
observed to sorb to bayerite in the absence of chloride d
nantly as monodentate, bidentate corner-sharing, and b
tate edge-sharing complexes [18]. The similarity in EXA
fitting results between the chloride-bearing and chloride-
sorption experiments suggests that the same modes of H
sorption are dominant at[Cl−] = 10−5 and 10−4 M and that
aqueous HgCl2 species formation causes the reduced Hg
uptake. As with theγ -alumina system, the absence of ide
tifiable chloride neighbors also indicates that ternary sur
complexation is not a significant mode of Hg(II) uptake
these chloride concentrations.

At 10−3 M [Cl−], there is a significant change in both t
EXAFS spectrum and the Fourier transform relative to
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Table 3
HgLIII -EXAFS fitting results for Hg(II)–bayerite–chloride sorption samples (see Fig. 7 for EXAFS spectra and Fourier transforms), including coon
numbers (CN), interatomic distances (R), and Debye–Waller factors (σ2)

Figure pCl Hg–O Hg–O Hg–Hg

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

7a 3 1.4(1) 2.02(1) 0.005a 1.7(2) 2.20(1) 0.005a 1.4(1) 2.54(1) 0.005a

Hg–O Hg–Al Hg–Al

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

7b 4 2.3(2) 2.07(1) 0.006 0.9(2) 3.03(2) 0.01a 0.6(3) 3.42(4) 0.01a

7c 5 2.3(2) 2.06(1) 0.007 1.6(2) 3.04(1) 0.01a 1.0(3) 3.33(2) 0.01a

7d None 1.9(2) 2.07(1) 0.006 1.6(3) 3.07(1) 0.01a 1.1(4) 3.35(2) 0.01a

Standard deviations at a 95% confidence level (±2σ ) are listed in parentheses.
a Value fixed in least-squares refinement.
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lower [Cl−] samples (Fig. 7a). Fitting of the EXAFS spect
data and visual comparison to the spectra in Fig. 6 indi
that the mode of Hg(II) sorption in this system is sim
lar to that of the Hg(II)–γ -alumina system and the Hg(II)
γ -alumina–chloride system as described earlier. Spe
cally, the EXAFS fitting results as summarized in Tabl
identify Hg–O at 2.02 (±0.01) Å, Hg–O at 2.20 (±0.01) Å,
and Hg–Hg at 2.54 (±0.01) Å, comparable to the fitting re
sults in Table 2. The close Hg–Hg distance again indic
that Hg(I) dimers have been produced through beam re
tion of unsorbed aqueous Hg(II) at elevated chloride c
centrations, while the intermediate Hg–O distance of 2
(±0.01) Å can be correlated with sorption of the Hg2(OH)2
species in monodentate or bidentate corner-sharing mod
Al octahedra as discussed earlier [18].

3.4. Hg(II)–goethite–sulfate

Figure 8 shows the uptake of Hg(II) on goethi
γ -alumina, and bayerite as a function of sulfate concen
tion, [SO2−

4 ]. Again, the degree of uptake has been norm
ized for surface area and is shown in units of µmol/m2.
A wider range of [SO2−

4 ] (10−5 to ∼1 M) was investi-
gated here than of chloride due to the enhancement of H
sorption by sulfate, which makes EXAFS analysis more
sible at higher ligand concentrations. Hg(II) sorption den
on goethite increases with increasing [SO2−

4 ] from 0.39 to
0.45 µmol/m2 over the range of [SO2−

4 ] examined. An ear
lier study of the sorption of Pb(II) to goethite shows a sim
effect, with Pb uptake enhanced by at least 30% in
presence of 3.16 mM sulfate [10]. From a macroscopic vi
point, this trend in uptake with increasing [SO2−

4 ] suggests
inner-sphere sorption of Hg(II), as outer-sphere sorp
would be expected to yield the opposite trend with incre
ing ionic strength.

The EXAFS spectra and Fourier transforms of the so
tion products over the [SO2−

4 ] range of 10−5 to 10−1 M
(Figs. 9b–9f) are comparable to those of the ligand-free s
tion sample generated in Part I (Fig. 9g). Fitting of th
spectra yields O and Fe neighbors at 2.03–2.05 (±0.01) and
3.20–3.26 (±0.02) Å, respectively (Table 4). These resu
-

o

Fig. 8. Adsorption of Hg(II) by goethite,γ -alumina, and bayerite as a fun
tion of sulfate concentration at pH 6. The initial concentration of Hg(II) =
0.5 mM and the solids concentration= 10 g/l (5 g/l for theγ -alumina sam-
ples). Uptake has been normalized for surface area and is expressed i
of µmol/m2.

indicate that the mode of Hg(II) sorption is unchanged fr
that of the sulfate-free system, in which Hg(II) forms bide
tate inner-sphere sorption complexes in a corner-sha
configuration to the Fe(O,OH)6 octahedra of the goethit
surface [18]. Aqueous speciation diagrams of these sys
(Fig. 2) show that Hg–sulfate aqueous complexes are
present in significant proportions at these concentrati
so ternary surface complexation is not likely. The enhan
affinity of Hg(II) to goethite in the presence of sulfate is h
pothesized to result from sulfate accumulation or sorptio
the goethite surface, thereby reducing the electrostatic re
sion that Hg(II) encounters when sorbing to the positiv
charged goethite surface below its pHpzc (7.8) [44]. The
ATR-FTIR analysis of Ostergren et al. [10] showed that s
fate sorbs to goethite as a combination of monodentate
nonprotonated outer-sphere complexes at neutral pH, w
supports the proposed explanation for increased Hg(II) s
tion with increasing [SO2−

4 ].
At the highest [SO2−

4 ] (0.93 M), there is a noticeab
shift in the second-neighbor Fe distance from 3.26 to 3.7
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Fig. 9. Fits of thek3-weighted EXAFS data and corresponding Four
transforms (black, raw data; gray, fit) for Hg(II) sorbed on goethite a
function of sulfate concentration at pH 6. Uptake values (Γ in µmol/m2)
are indicated to the right of the Fourier transforms. The vertical guide
in the figure to the right shows the shift in the second-neighbor Fe dist
at the highest sulfate concentration.

Table 4
HgLIII -EXAFS fitting results for Hg(II)–goethite–sulfate sorption samp
(see Fig. 9 for EXAFS spectra and Fourier transforms), including coo
nation numbers (CN), interatomic distances (R), and Debye–Waller fac
tors (σ2)

Figure pSO4 Hg–O Hg–Fe

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

9a 0.03 2.5(1) 2.04(1) 0.006 0.7(1) 3.70(1) 0.01a

9b 1 2.5(1) 2.03(1) 0.004 0.7(1) 3.26(1) 0.01a

9c 2 2.4(1) 2.05(1) 0.005 0.5(1) 3.22(1) 0.01a

9d 3 2.4(1) 2.04(1) 0.005 0.4(1) 3.24(1) 0.01a

9e 4 2.5(1) 2.03(1) 0.005 0.5(1) 3.20(1) 0.01a

9f 5 2.6(1) 2.03(1) 0.004 0.8(1) 3.25(1) 0.01a

9g None 2.5(1) 2.04(1) 0.006 0.4(1) 3.24(2) 0.01a

Standard deviations at a 95% confidence level (±2σ ) are listed in parenthe
ses.

a Value fixed in least-squares refinement.

(Fig. 9a, Table 4). This increase of 0.44 Å implies a cha
in the sorption mode of Hg(II) at the goethite surfa
Although aqueous Hg–sulfate complexes are still not
nificant, the additional expected sorption of sulfate at
goethite surface at 0.93 M [SO2−

4 ] increases the possibi
ity of Hg(II) ternary surface complexation. Figure 10 sho
a proposed Type A ternary complex bound to the surf
through Hg in a monodentate mode with sulfate bound
the Hg in a monodentate fashion, which is consistent w
the EXAFS fitting results for sample 9a. At high [SO2−

4 ] ap-
proaching 1 M, it may be possible for these types of Hg
ternary surface complexes to form. However, because
concentrations are rare in natural environments, it is m
probable that Hg(II) uptake on goethite is enhanced prim
ily by surface charge reduction through direct sulfate so
tion to the goethite surface, resulting in little change in
Fig. 10. Proposed Hg(II) bonding configuration on goethite in the pres
of sulfate, with Hg(II) bound to the goethite surface and with sulfate bo
to the Hg(II) in a monodentate fashion.

Fig. 11. Fits of thek3-weighted EXAFS data and corresponding Four
transforms (black, raw data; gray, fit) for Hg(II) sorbed onγ -alumina as a
function of sulfate concentration at pH 6. Uptake values (Γ in µmol/m2)
are indicated to the right of the Fourier transforms. The vertical guidelin
the figure to the right shows the diminution of the FT feature that is rel
to the possible suppression of a surface conversion fromγ -alumina to a
bayerite-like phase.

Hg(II) sorption mode from the sulfate-free system as in
cated by the EXAFS fitting results.

3.5. Hg(II)–γ -alumina–sulfate

Macroscopic uptake measurements of Hg(II) onγ -alu-
mina as a function of[SO2−

4 ] (Fig. 8) also show an increas
in Hg(II) uptake with increasing [SO2−

4 ] sulfate concentra
tion. Mercury uptake rose from 0.11 to 0.38 µmol/m2 over
the sulfate concentration range investigated. Because o
higher amounts of sorbed Hg(II) on the substrate, spe
quality is improved relative to the EXAFS spectra of so
tion samples containing chloride. As a result, a progres
trend is more easily observed in both the EXAFS spectra
the Fourier transforms (Fig. 11). As [SO2−] increases, the
4
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Table 5
HgLIII -EXAFS fitting results for Hg(II)–γ -alumina–sulfate sorption samples (see Fig. 11 for EXAFS spectra and Fourier transforms), including coor
numbers (CN), interatomic distances (R), and Debye–Waller factors (σ2)

Figure pSO4 Hg–O Hg–O Hg–Hg

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

11a 0.02 1.1(1) 1.99(1) 0.005a 1.1(1) 2.14(1) 0.005a 1.2(1) 2.52(1) 0.005a

11b 1 1.0(1) 2.05(1) 0.005a 0.7(1) 2.17(1) 0.005a 0.9(1) 2.54(1) 0.005a

11c 2 1.8(1) 2.06(1) 0.005a 0.7(1) 2.22(2) 0.005a 1.0(1) 2.54(1) 0.005a

11d 3 1.3(1) 2.04(1) 0.005a 0.9(1) 2.19(1) 0.005a 1.0(1) 2.54(1) 0.005a

11e 4 1.5(1) 2.04(1) 0.005a 1.1(1) 2.17(1) 0.005a 0.7(1) 2.54(1) 0.005a

11f 5 1.1(1) 2.03(1) 0.005a 1.2(1) 2.22(1) 0.005a 1.0(1) 2.55(1) 0.005a

11g None 1.4(1) 2.04(1) 0.005a 1.3(1) 2.22(1) 0.005a 0.8(1) 2.56(1) 0.005a

Standard deviations at a 95% confidence level (±2σ ) are listed in parentheses.
a Value fixed in least-squares refinement.
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shoulder in the EXAFS spectra atk = ∼6.3 Å−1 becomes
less pronounced, as does the central peak in the Fo
transform. As discussed earlier and in Part I [18], these
tures are indicative of the sorption of Hg(I) dimers onto
Al-octahedra that form through hydration and bridge the
octahedral rows of the hydratedγ -alumina structure, yield
ing a bayerite-like structure. The gradual diminution of th
features with increasing [SO2−

4 ] implies that this mode o
sorption becomes rarer as [SO2−

4 ] increases. EXAFS fitting
results are given in Table 5 and yield structural informat
similar to that for the sulfate-free system, with O neig
bors at 1.99–2.06 (±0.01) and 2.14–2.22 (±0.02) Å and an
Hg neighbor at 2.52–2.56 (±0.01) Å (the Hg–Hg distanc
again indicates beam-induced reduction of Hg(II) to Hg
dimers). Results from Table 5 also show that the coord
tion number of the Hg–O pair correlation at 2.20 (±0.02) Å
decreases (from 1.2 to 0.7) as [SO2−

4 ] increases from 10−5 to
10−1 M, consistent with the diminution of this central pe
feature in the Fourier transforms. Otherwise, Hg appea
sorb ontoγ -alumina in a manner similar to that observed
both sulfate-bearing and sulfate-free systems (i.e., as H
dimers sorbing in both monodentate and bidentate cor
sharing modes).

These results suggest that increasing [SO2−
4 ] suppresse

the surface conversion ofγ -alumina to the bayerite-lik
structure observed with hydration [18]. This may occur
a result of increasing sulfate sorption ontoγ -alumina with
increasing [SO2−

4 ], limiting the dissolution ofγ -alumina
and the formation/reordering of the bayerite-like phas
the substrate surface. As with the Hg(II)–goethite–sul
system, the additional reduction of positive surface cha
resulting from sulfate sorption to the substrate likely
lows the enhanced sorption of Hg(I) onγ -alumina rela-
tive to the substrate-free system. Prior studies repo
the non-specific adsorption of sulfate to theγ -alumina sur-
face [45,46] support this explanation for enhanced Hg(I)
take with increasing [SO2−

4 ]. No evidence of ternary surfac
complexation is observed from EXAFS fitting, indicati
that the enhanced Hg(I) sorption is promoted primarily
sulfate sorption onγ -alumina and charge lowering at th
substrate surface.
r
3.6. Hg(II)–bayerite–sulfate

Macroscopic uptake results of Hg(II) onto bayer
(Fig. 8) show enhanced Hg(II) uptake with increas
[SO2−

4 ], rising from 0.36 to 3.33 µmol/m2 over the range
of [SO2−

4 ] investigated. This change represents nearly an
der of magnitude increase in Hg(II) uptake and is the m
significant enhancement in Hg(II) uptake caused by su
observed in this study. Additionally, surface coverages at
fate concentrations of 10−1 and 0.89 M exceed 1 µmol/m2,
raising the possibility of Hg(II) precipitation at the bayer
surface. Identical Hg(II) and sulfate concentrations in
Hg–goethite–sulfate and Hg–γ -alumina–sulfate systems d
not produce similar results, indicating that the precipita
is influenced by the bayerite surface and does not occ
solution.

The EXAFS spectra and nearest neighbor feature
the Fourier transforms of the sorption samples at 10−5 and

Fig. 12. Fits of thek3-weighted EXAFS data and corresponding Fou
transforms (black, raw data; gray, fit) for Hg(II) sorbed on bayerite a
function of sulfate concentration at pH 6. Uptake values (Γ in µmol/m2) are
indicated to the right of the Fourier transforms. The vertical guidelines in
figure to the right show the changes in the Fourier transforms correspo
to the possible precipitation of HgO(s) at high [SO2−

4 ].
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Table 6
HgLIII -EXAFS fitting results for Hg(II)–bayerite–sulfate sorption samples (see Fig. 12 for EXAFS spectra and Fourier transforms), including coon
numbers (CN), interatomic distances (R), and Debye–Waller factors (σ2)

Figure pSO4 Hg–O Hg–Hg/Hg–Al Hg–Hg/Hg–Al Notes

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

12a 0.05 2.3(1) 2.06(1) 0.006 1.1(2) 3.20(1) 0.01a 0.9(3) 3.89(2) 0.01a O/Hg/Hg
12b 1 2.5(1) 2.07(1) 0.005 1.1(2) 2.89(1) 0.01a 1.4(3) 3.15(2) 0.01a O/Al/Al

1.5(3) 3.22(1) 0.01a 1.1(3) 3.85(2) 0.01a Hg/Hg
12c 3 2.0(2) 2.06(1) 0.006 1.6(2) 3.06(1) 0.01a 1.0(3) 3.36(2) 0.01a O/Al/Al
12d 5 2.1(2) 2.04(1) 0.006 2.0(3) 3.01(1) 0.01a 1.2(4) 3.28(2) 0.01a O/Al/Al
12e None 1.9(2) 2.07(1) 0.006 1.6(3) 3.07(1) 0.01a 1.1(4) 3.35(2) 0.01a O/Al/Al

Standard deviations at a 95% confidence level (±2σ ) are listed in parentheses. The rightmost column gives the elemental nature of the successive (i.e
and third) atomic shells around Hg according to the fitting results.

a Value fixed in least-squares refinement.
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10−3 M [SO2−
4 ] (Figs. 12d and 12c) are similar to those

the ligand-free sample generated in Part I (Fig. 12e), indi
ing that the modes of sorption in the sulfate-bearing sys
and sulfate-free system are similar. This is supported by
fitting results (Table 6), which show two O neighbors
2.04–2.06 (±0.01) Å and Al neighbors at 3.01–3.06 (±0.01)
and 3.28–3.36 (±0.02) Å, similar to the fitting results fo
sample 12e. Therefore, Hg(II) likely sorbs dominantly
monodentate and bidentate corner- and edge-sharing m
on bayerite at these sulfate concentrations, as was foun
the ligand-free system [18]. At 10−1 and 0.89 M [SO2−

4 ]
(Figs. 12b and 12a), however, two more distant features
pear in the Fourier transforms indicating a different mo
of Hg(II) association with the bayerite surface. Fitting
these spectra identifies the two furthest neighbors as H
distances of 3.20–3.22 (±0.01) and 3.85–3.89(±0.02) Å,
respectively. These results are approximately consistent
the coordination of Hg in orthorhombic HgO(s), which con-
tains 2 O neighbors at 2.03 Å and Hg neighbors at 3
and 3.73 Å [47]. Together with the macroscopic upta
data showing surface coverages exceeding 1 µmol/m2 at
these elevated sulfate concentrations, the EXAFS data
gest that HgO(s) precipitation at the surface has occurr
This may be a result of greatly enhanced Hg(II) sorption
high [SO2−

4 ] to the point of reaching supersaturation w
respect to HgO(s) in the very localized region directly at th
surface, although this cannot be experimentally verified
discussed earlier, this enhanced uptake is attributed to
reduction of positive surface charge through the sorptio
sulfate to bayerite.

4. Conclusions

Chloride and sulfate ligands have pronounced effect
Hg(II) sorption, with chloride resulting in reduced Hg(I
uptake on goethite,γ -alumina, and bayerite and with sulfa
resulting in enhanced Hg(II) uptake on the same sorb
under similar conditions. Aqueous speciation diagra
macroscopic uptake measurements, and EXAFS spe
scopic analysis of sorption products have been use
s
r

t

-

-

identify the molecular-level phenomena that cause thes
fects. In the case of chloride, the stability of the nonsorb
HgCl2 aqueous species, which are the dominant Hg pha
[Cl−] � 10−3 M and pH 6, limits the amount of Hg(II) sorp
tion on these substrates. At these higher chloride levels
large proportion of unsorbed aqueous Hg(II) resulting fr
the presence of chloride also seems to facilitate X-ray be
induced photoreduction of Hg(II) to Hg(I) and the formati
of Hg2Cl2(s) or Hg2Cl2(aq)species. Sulfate, in contrast, com
plexes much less readily with Hg(II) in solution and is mo
likely to sorb to the substrate surface, thereby lowering
electrostatic repulsion that Hg(II) must overcome to sorb
the positively charged surfaces at neutral pH and resultin
the enhanced Hg(II) uptake observed macroscopically.

Ternary surface complexation may occur in the prese
of chloride or sulfate, particularly at high ligand conce
trations as observed with the Hg(II)–goethite–chloride
Hg(II)–goethite–sulfate systems. In some cases, surface
cipitation may take place, as inferred in the Hg(II)–bayeri
sulfate system. Generally, however, the modes of Hg
sorption in the presence of these ligands are similar to th
of the corresponding ligand-free systems, indicating
stable aqueous complex formation and electrostatic sur
charge reduction are primarily responsible for the obser
effects of chloride and sulfate, respectively, on Hg(II) so
tion.

Molecular-scale studies of Hg(II) uptake to mineral s
faces in model systems provide an important basis for id
tifying sorption processes involving Hg(II) in contaminat
natural environments. The inclusion of complexing ligan
in Hg(II) sorption studies moves one step beyond bin
contaminant–substrate model systems and demonstrate
potential direct and indirect impacts of ligands on Hg(
uptake. Spectroscopic studies of the sorption products
erated in the presence of chloride and sulfate allow iden
cation of possible changes in sorption mode at the molec
scale. Such information adds to our understanding of
stability of the sorbed Hg(II) complex under more comp
conditions, which can impact its potential for sequestrat
desorption, and future bioavailability in natural aqueous s
tems.
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