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Abstract

The study of mercury sorption products in model systems using appropriate in situ molecular-scale probes can provide detailed in
on the modes of sorption at mineral/water interfaces. Such studies are essential for assessing the influence of sorption proce
transport of Hg in contaminated natural systems. Macroscopic uptake of Hg(II) on goethite (α-FeOOH),γ -alumina (γ -Al2O3), and bayerite
(β-Al(OH)3) as a function of pH has been combined with HgLIII -edge EXAFS spectroscopy, FTIR spectroscopy, and bond valence an
of possible sorption products to provide this type of information. Macroscopic uptake measurements show that Hg(II) sorbs st
fine-grained powders of synthetic goethite (Hg sorption densityΓ = 0.39–0.42 µmol/m2) and bayerite (Γ = 0.39–0.44 µmol/m2), while
sorbing more weakly toγ -alumina (Γ = 0.04–0.13 µmol/m2). EXAFS spectroscopy on the sorption samples shows that the dominant
of Hg sorption on these phases is as monodentate and bidentate inner-sphere complexes. The mode of Hg(II) sorption to goethite
over the pH range 4.3–7.4, as were those of Hg(II) sorption to bayerite over the pH range 5.1–7.9. Conversion of theγ -Al2O3 sorbent to
a bayerite-like phase in addition to the apparent reduction of Hg(II) to Hg(I), possibly by photoreduction during EXAFS data co
resulted in enhanced Hg uptake from pH 5.2–7.8 and changes in the modes of sorption that correlate with the formation of the ba
phase. Bond valence calculations are consistent with the sorption modes proposed from EXAFS analysis. EXAFS analysis of Hg(I
products on a natural Fe oxyhydroxide precipitate and Al/Si-bearing flocculent material showed sorption products and modes
attachment similar to those for the model substrates, indicating that the model substrates are useful surrogates for the natural sed
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The transport of mercury in aqueous environments is
rectly influenced by sorption to particle surfaces. Hg can
come associated with streambed sediments, suspende
ticles, precipitated matter, natural organic matter, and o
substrates that can settle out and effectively remove Hg f
the mobile aqueous phase. This is particularly true in rem
lake regions where atmospherically deposited Hg(II)
Hg(0) are the primary sources of Hg contamination [1
or at industrial sites that have released elevated conce
tions of Hg in waste effluents [4,5]. In these areas, disso
Hg represents a significant proportion of the Hg present,

✩ Part II was published in J. Colloid Interface Sci. 270 (2004) 9–20.
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the uptake of Hg onto particles is one of the dominant me
anisms that leads to its sequestration in sediments.

Hg uptake on particle surfaces also occurs in Hg-mine
ized areas where extensive mining of Hg ore has resu
in large volumes of abandoned Hg-bearing mine tail
piles and in gold-mining regions where Hg was introduc
for gold amalgamation. Although speciation analyses h
shown that the Hg in these mine wastes is present prim
ily as Hg mineral phases such as cinnabar (HgS, hexag
and metacinnabar (HgS, cubic) [6,7], some of the mi
phases identified (e.g., Hg chlorides, oxides and oxyc
rides and elemental Hg(0)) are sufficiently soluble un
ambient conditions to be leached from the piles through
face and rainwater infiltration. Dissolved Hg released fr
the tailings, although representing a minor proportion of
total Hg in these enriched regions, has a disproportiona
higher degree of environmental significance with respec

http://www.elsevier.com/locate/jcis
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potential bioavailability, toxicity, and human health. The
fore, sorption of Hg onto particles, whether the Hg sourc
atmospheric, industrial, or anthropogenic via mining, is
important process controlling its mobility in the aqueous
vironment.

The aqueous speciation and coordination of Hg have b
well documented. The oxidation states of Hg in aqueous
tems are 0,+1, and+2 [8]; in typical aerated waters, how
ever, Hg(II) is most stable [9]. For this reason, the majo
of Hg uptake studies have focused on Hg(II) compared to
more reduced oxidation states. Aqueous Hg(II) specia
and coordination in the absence of other strongly comp
ing ligands is largely dictated by hydrolysis reactions.
low pH, the hexaqua ion Hg(H2O)2+

6 is octahedrally coordi
nated by water molecules, with Hg–O bond lengths of 2.
2.41 Å [10,11]. As the pH is raised and the extent of hyd
ysis increases to HgOH+ and Hg(OH)2, two of the Hg–O
bonds are shortened to distances of 2.00–2.10 Å, while
remaining bonds are lengthened to about 2.50 Å [10–
The distorted octahedral coordination that results, featu
two close axial oxygens and four more distant equato
oxygens, gives the appearance of 2-coordinated Hg.
relatively unique coordination chemistry in water is indic
tive of the tendency for Hg(II) to form mononuclear line
2-coordinated complexes, as also occurs in halides (H2,
HgBr2), oxoanions ((HgSO3)

2−
2 , Hg(NO3)2), and certain

solids (HgCl2, HgO) [14]. It also explains the stability of th
Hg(OH)2 complex in the pH range of natural waters (5–
as demonstrated in Fig. 1.

Studies of Hg(II) sorption have been conducted on
merous natural and synthetic substrates, including c
[15–19], metal oxides and sulfides [20–26], soils [27–3
and coals or activated carbon [35,36]. Of these pote
sorbents, Fe and Al (hydr)oxides are particularly abund
in natural aquatic systems such as lakes and rivers an
effective substrates for Hg sorption. The majority of

Fig. 1. Aqueous speciation diagram of Hg(II) (initial concentrat
= 0.5 mM) as a function of pH. Stability constants from Baes and M
mer [9] were used in constructing the diagram.
e

sorption studies have relied upon macroscopic uptake m
surements, which generally observe pH-dependent upta
Hg(II) onto the substrates, consistent with cation sorp
theory [37] and with the formation of the Hg(OH)2 aqueous
species through hydrolysis. Relatively fewer investigati
(e.g., [35,38–40]) have used spectroscopic methods to s
the Hg(II) sorption processes occurring at particle surfa
on a molecular scale. A detailed understanding of these
cific reactions is essential for defining the mode(s) of Hg
sorption and the stability of the Hg sorption products, bot
which have implications for its potential remobilization a
bioavailability. Additionally, it is important to determine th
dependence of these sorption modes on geochemical
ables common to natural aquatic systems such as pH,
plexing ligands, dissolved organic carbon (DOC), and io
strength.

Extended X-ray absorption fine structure (EXAFS) sp
troscopy is uniquely suited for studying sorption reacti
of heavy metal cations, as it can directly determine
local molecular structure around a metal ion in a sor
state. More specifically, EXAFS spectroscopy can prov
detailed information such as identity and number of nea
neighbor and second neighbor atoms around a centra
atom, interatomic distances between Hg and these ne
boring atoms, and degree of structural order, all of wh
are needed to characterize the mode(s) of Hg(II) sorp
onto a specific surface. Additionally, EXAFS spectrosco
is nondestructive and samples can be run in situ (i.e.,
water present) and require minimal preparation, allowing
analysis of samples under ambient conditions represent
of complex natural environments.

The bond valence theory developed by Pauling in 1
[41] has been utilized extensively in the analysis of cr
talline [42–44] and amorphous materials [45,46] and
more recently been applied by Bargar et al. [47–49], Hie
stra, van Riemsdijk, and co-workers [50,51], and Os
gren et al. [52] to adsorbed metal complexes at the m
eral/water interface. The correlation between bond len
and bond strength (s, or valence) for a given bond, com
bined with the bond valence constraint of Pauling’s sec
rule (

∑
sM–O ∼|formal charge of ion|), provides a com

putationally simple method for predicting the coordinat
stability of specific sorption complexes at a surface. As s
bond valence analyses can serve as a useful complem
EXAFS analysis of sorption complexes at mineral/water
terfaces by placing basic bonding constraints on possib
unlikely modes of sorption for a particular sorption syste

The objectives of this study, the first in a two-part
ries, are to use EXAFS spectroscopy to characterize
modes of Hg(II) sorption to goethite (α-FeOOH),γ -alumina
(γ -Al2O3), and bayerite (β-Al(OH)3) and to investigate how
total Hg(II) uptake and sorption modes may be impacted
function of pH. The second part of this study [53] exami
the effects of chloride and sulfate, two complexing liga
that are commonly found in natural aquatic environme
on the macroscopic uptake and mode of Hg(II) sorption o
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the same three substrates. For both studies, synthetic,
characterized materials are used for model system sor
experiments. In the current study, uptake of Hg(II) onto n
ural fine-grained precipitate samples is also conducted
comparison and to determine the relevance of the model
strates used. The bond valence approach is also appli
assess the coordinative stability of the sorption comple
proposed from the EXAFS data.

2. Experimental methods

Goethite was prepared by base (NaOH) titration o
ferric nitrate solution followed by equilibration at 60◦C
and dialysis as described by Atkinson et al. [54]. Theγ -
alumina and bayerite were purchased from Degussa (
No. 1344-28-1) and Condea (Pural BT, Lot 15144), resp
tively. A Beckman–Coulter SA3100 surface area analy
was used to measure the surface areas of the substrat
ing the BET method [55]. Goethite,γ -alumina, and bayerite
were determined to have surface areas of 91, 97, and 9 m2/g,
respectively. High-surface-area materials were desired i
der to assure sufficient Hg(II) uptake for EXAFS ana
sis. XRD and TEM analysis confirmed each substrate
be well crystallized, free from detectable impurities, a
of relatively uniform particle size. Measured particle siz
and morphologies were as follows: goethite was presen
200× 30 nm acicular crystals,γ -alumina as 10- to 20-nm
spherical particles, and bayerite as 140×90 nm tabular crys
tals.

Two natural fine-grained substrates were also use
single-uptake experiments (i.e., pH dependency was no
plored): an Fe-(hydr)oxide precipitate collected from
Knoxville mercury mine (Knoxville district, CA) and a
Al/Si-bearing flocculent precipitate from Clear Lake, ad
cent to the Sulphur Bank mercury mine (Clear Lake distr
CA) [56]. Both materials formed downstream from their
spective mining sites as a product of acid mine drain
and are essentially X-ray amorphous, although each disp
XRD peaks indicating the presence of minor amounts
quartz. The two sorbents have measured BET surface a
of 195 and 33 m2/g, respectively.

Batch uptake experiments were conducted in an aqu
0.1 M NaNO3 solution with N2 gas bubbling through th
sample vessels (50-ml Nalgene centrifuge tubes) thro
out the course of the experiments to remove CO2 and other
gases. A mass of 0.5 g of solid was suspended in a final
ume of 50 ml, resulting in a solids concentration of 10 g/l.
A series ofγ -alumina sorption samples was also prepa
using 0.25 g of solid in order to minimize the amount
bayerite formed due to hydration ofγ -alumina. For all up-
take experiments, the pH was titrated down to 4 using 2
aliquots of 0.1 M HNO3 before 5 ml of a 5 mM Hg(NO3)2
Mallinckrodt stock solution preserved in nitric acid (L
4737) was added to achieve a final solution concentratio
0.5 mM Hg(II) (100 ppm Hg), driving the pH level down t
-

-
o

s-

s

around 3.2. Such high concentrations of Hg(II) were nec
sary to ensure sufficient Hg(II) uptake onto the substrate
adequate EXAFS analysis. While the experimental Hg
concentration greatly exceeds those in natural system
is not expected to significantly alter the method of upt
since the concentration is too low to induce surface pre
itation. Using 20-µl aliquots of 0.1 M NaOH, the pH w
titrated back up to the desired level before the total volu
was brought up to 50 ml. Samples were capped and eq
brated on a rotator for a minimum of 24 h before EXA
analysis.

Following equilibration, samples were centrifuged
15,000 rpm for 15 min and the supernatants separated
the solids. The final pH levels of the supernatants were m
sured prior to filtration with a 0.45-µm filter and acidificatio
to pH<2 using concentrated HNO3. All supernatants were
analyzed for Hg(II) using a TJA IRIS Advantage/1000 R
dial inductively coupled plasma (ICP) spectrometer. T
extent of Hg(II) uptake onto the solids was calculated
suming no significant loss to the sample vessel walls
verified through control samples).

To confirm the formation of bayerite suspected dur
theγ -alumina uptake experiments, an experiment was c
ducted to isolate and characterize the secondary phase
formed whenγ -alumina reacted with the aqueous solutio
A γ -alumina suspension was prepared by suspending 0
of solid in 50 ml of 0.1 M NaNO3 and titrating to pH 4 us
ing 20-µl aliquots of 0.1 M HNO3. The suspension was the
centrifuged at 15,000 rpm for 15 min and the superna
filtered with a 0.2-µm filter. This filtration step effective
separated the substrate from the solution following eq
bration with theγ -alumina at pH 4, as verified by passin
a He–Ne laser beam through the solution to confirm
removal ofγ -alumina particles (no light scattering was d
tected). At this point, 5 ml of 5 mM Hg(NO3)2 was added
to the filtered supernatant to achieve 0.5 mM Hg(II) a
the pH brought back up to 6 with 20-µl aliquots of 0.1
NaOH. Light scattering from the laser was observed du
the titration to pH 6, indicating the formation of a second
Al precipitate. This precipitate was later identified by FT
analysis as a bayerite-like phase. The solution was filte
through a 2.5-µm filter using a Millipore filtration syste
and the filter paper was collected for EXAFS analysis.

Sorption products were loaded as moist pastes into s
ple holders and analyzed using EXAFS spectroscopy
the case of theγ -alumina precipitation experiment, EX
AFS data were collected directly off the damp filter p
per. All EXAFS data were collected at the Stanford S
chrotron Radiation Laboratory (SSRL) on wiggler-mag
beamline 4–3 using Si(111) or Si(220) monochromator c
tals. Hg LIII -edge EXAFS spectra were collected on
sorption samples at room temperature in the fluoresce
yield mode using a 13-element, high-throughput german
detector. This method is optimized for low-concentrat
samples [57] and enabled collection of high-quality HgLIII -
EXAFS spectra from the sorption products generated.
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senic and aluminum filters served to attenuate elastic sca
ing and background matrix fluorescence, respectively.
AFS data were processed using the EXAFSPAK data an
sis software package [58]. Phase and amplitude func
for quantitative fitting of the background-subtracted spe
were generated from model structures using FEFF 7.0 [

EXAFS spectra were fit by (i) isolating and fitting th
first-shell Fourier transform feature to provide starting v
ues for coordination number (CN), interatomic bond d
tance (R), and energy shift (E0); (ii) isolating and fitting the
second and/or more distant Fourier transform features u
theE0 value derived from the first-shell fitting; and (iii) fi
ting the complete background-subtracted,k3-weighted EX-
AFS spectra using the CN,R, andE0 values from the filtered
fitting steps as the initial values of these variables. The s
factor (S0) was fixed at 0.9 for all samples, based on previ
experience in fitting well-characterized crystalline mo
compounds in which the scale factor was allowed to v
during fitting. The Debye–Waller factor (σ 2), which serves
as a measure of thermal vibration and static disorder aro
Hg in the sample, was set at values appropriate to thos
sorption complexes (0.005 for first-shell atomic neighb
0.01 for second- and third-shell neighbors) based on ex
ence with other sorption systems. The molecular mode
programs Cerius2 and Spartan Pro were used to generate
sual representations of the various Hg sorption compl
proposed from interpretation of EXAFS fitting results. E
ergy minimization and structural optimization features
these two programs were employed to determine rea
interatomic distances and structural arrangements of the
posed Hg sorption complexes.

Diffuse reflectance infrared Fourier transform (DRIF
spectroscopy of selected samples was conducted on a
let Nexus 470 FT-IR spectrometer equipped with a DR
cell. Samples were run as air-dried powders, with pure u
actedγ -alumina and bayerite serving as the model endm
bers for characterization of the Hg(II)-γ -alumina sorption
samples. The Hg oxidation state of the initial Hg(NO3)2
stock solution was confirmed by Raman microscopy us
a HoloLab Series 3000 Raman microscope from Kaiser
tical Systems, Inc. based on the identification of stretch
frequencies consistent with HgNO+

3 and Hg(NO3)2 [60,61]
and the absence of Hg–Hg stretching frequencies com
to Hg(I) aqueous species and solid compounds [62,63].

Bond valence analysis was conducted using the b
length and bond valence ranges for Fe–O, Al–O, Hg–O,
H–O listed in Table 1. The Hg–O bond length range is c
strained directly from the EXAFS results of this study, wh
the distance ranges of Fe–O and Al–O bonds were d
mined from surveys of well-characterized low-temperat
and low-pressure mineral structures (see Table 1 for re
ences). Brown and Altermatt [43] define bond valence a

sM–O = exp
[
(r0 − rM–O)/0.37

]
valence units (vu),

wheresM–O is the bond valence contribution in valence un
(vu), rM–O is the length of the metal–oxygen bond in Å, a
-

f

-

-

Table 1
Bond valence contributions for selected bonds

Bond rM–O (Å) r0 (Å)a sM–O (vu)

Fe–O 1.95–2.09b 1.759 0.60–0.41
(2.02) (0.50)

Al–O 1.86–1.94c 1.651 0.57–0.46
(1.91) (0.50)

Hg–O 2.02–2.08d 1.972 0.88–0.75
O–H 0.95–1.03e – 0.88–0.68
O≡H 1.65–2.50e – 0.13–0.25

a All r0 values taken from Brown and Altermatt [43].
b Fe–O bond lengths as reported for goethite [64], with average val

parentheses.
c Al–O bond lengths as reported for bayerite [66], with average valu

parentheses.
d Hg–O bond length range for first-neighbor O atoms as observed in

study by EXAFS spectroscopy (Tables 2–4).
e Bond lengths for hydroxyl (O–H) and hydrogen (O≡H) bonds as re-

viewed by Bargar et al. [49].

r0 is an effective univalent bond length in Å as determin
empirically from known metal oxide structures. Bond v
lence contributions from hydroxyl and hydrogen bonds w
calculated using the following relationship derived by B
gar et al. [49]:

sOH = 0.241/(rOH − 0.677) valence units (vu).

These two equations were used to determine the bond
lence saturation states of the terminal oxygen atom
the surfaces of Fe- and Al-(hydr)oxides that serve as
for Hg(II) sorption. By relying on the requirement th∑

sM–O = |−2.0| ± 0.05 vu, each Hg(II) sorption comple
was assigned a relative stability level based on its devia
from this coordinatively saturated state. The results of
bond valence analyses were then compared with the H
sorption complex configurations predicted from EXAFS
ting.

In addition to this analysis, the range of Fe–O and Al
bond lengths required to accommodate a given Hg(II) s
tion complex structure and mode of surface attachment
to achieve 1.95 �

∑
sM–O � 2.05 vu) was calculated fo

each surface complex considered. This method was uti
by Ostergren et al. [52] because it takes into account
possibility of surface relaxation and provides insight into
portant energetic distinctions between sites (i.e., the cha
in bond length required to accommodate a given bond
arrangement).

Rearrangement of Brown and Altermatt’s bond vale
equation allows plausible Fe–O and Al–O bond len
ranges to be calculated as

rFe/Al–O = r0,Fe/Al − 0.37∗ ln(sFe/Al–O/nFe/Al ),

where sFe/Al–O = 2.0 ± 0.05 − (
∑

sHg–O + ∑
sO–H) and

nFe/Al = the number of Fe or Al atoms bonded to the s
face oxygen site. The bond length ranges determine
this manner can then be compared with the typical ran
found in well-characterized Fe- and Al-(hydr)oxide stru
tures (1.95–2.09 Å forVI Fe(III)–O [64], 1.86–1.94 Å for
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VI Al(III)–O [65,66]) to identify the types of Hg(II) sorption
complexes that are bonded to surface oxygens in a m
ner consistent with Fe–O or Al–O distances within the sa
ranges.

3. Results and discussion

3.1. Hg(II) sorption onto goethite

Macroscopic uptake results for Hg(II) sorbed to goeth
(as well asγ -alumina and bayerite) are shown in Fig.
When normalized for surface area, Hg(II) uptake o
goethite results in surface coverages ofΓ = 0.39–0.42
µmol/m2 over the experimental pH range of 4.3–7.4. Th
is a slight decline in Hg(II) uptake with increasing p
an effect that has been observed with other substr
[15,20–22,25,67] and that is thought to be due to the
dependence of Hg(II) speciation. Specifically, Hg(II) u
take increases with increasing pH and reaches a maxim
around pH 3± 1, coincident with the formation of th
Hg(OH)2 aqueous species as the dominant Hg phas
solution [20,24,25,68]. The pH range of the experime
conducted in the present study is above the pH of m
mum sorption on goethite, so the adsorption edge typ
of pH-dependent cation uptake is not observed. The s
decline in total Hg(II) uptake with increasing pH above t
maximum level has been attributed to the increasing c
centration of OH− ligands with pH, which may result in th
formation of less strongly sorbing aqueous complexes s
as Hg(OH)−3 (Fig. 2).

Fits of the EXAFS spectra and Fourier transforms of
Hg(II)-goethite samples are shown in Fig. 3, with quant
tive fitting results listed in Table 2. Both the EXAFS spec

Fig. 2. Macroscopic sorption data from batch uptake of Hg(II) onto goeth
γ -alumina (using 0.5 g and 0.25 g initial solid), and bayerite. Uptake
been normalized for surface area and is expressed in µmol/m2.
Fig. 3. Fits of thek3-weighted EXAFS data and corresponding Four
transforms (black= raw data, gray= fit) for Hg(II) sorbed on goethite
over the pH range 4.3 to 7.4 (a–d). Uptake values (Γ in µmol/m2) are indi-
cated to the right of the Fourier transforms. A vertical guideline shows
Fourier transform feature consistent with second neighbor Fe atoms.

Table 2
Hg LIII -EXAFS fitting results for Hg(II)–goethite sorption samples (s
Fig. 3 for EXAFS spectra and Fourier transforms), including coordina
numbers (CN), interatomic distances (R), and Debye–Waller factors (σ2)

Figure pH Hg–O Hg–Fe

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

3a 7.4 2.3(1) 2.03(1) 0.005 0.5(1) 3.21(1) 0.01a

3b 6.7 2.4(1) 2.02(1) 0.005 0.6(1) 3.19(1) 0.01a

3c 5.9 2.5(1) 2.04(1) 0.006 0.4(1) 3.23(2) 0.01a

3d 4.3 2.4(1) 2.05(1) 0.007 0.5(1) 3.28(1) 0.01a

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

a Value fixed in least-squares refinement.

and Fourier transforms of all samples studied are sim
over the full pH range examined, indicating that the geo
etry of Hg(II) complexes and their mode of sorption on
goethite are similar for these samples. Quantitative fit
results confirm this, with all samples featuring first-sh
oxygen and second-shell Fe neighbors at distances of 2
2.05 (±0.01) Å and 3.19–3.28 (±0.02) Å, respectively. The
coordination numbers of the neighboring atoms are also
tively similar over this pH range (2.3–2.5 (±0.1) for oxygen
and 0.4–0.6 (±0.2) for Fe). The Hg–O structural informa
tion for the Hg(II)–goethite samples is consistent with
coordination of Hg both in aqueous solution and in cr
talline solids (e.g., HgO), as described earlier, and th
fore cannot be used to distinguish between Hg(II) in
aqueous, sorbed, and solid phases. However, the Hg–F
tance determined from EXAFS fitting supports the format
of predominantly inner-sphere sorption complexes on
goethite surface (i.e., formation of a direct chemical bo
between Hg(II) and the substrate surface). By compari
outer-sphere complexation of Hg(II) (in which Hg(II) is su
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rounded by a solvation shell of water molecules and s
in a specific or nonspecific electrostatic or hydrogen-bon
manner) would yield an average Hg–Fe distance of 6.0
according to modeling of such a complex using the co
puter code Spartan Pro. The evidence from EXAFS ana
that Hg(II) sorbs in an inner-sphere mode is consistent
earlier macroscopic studies which observed little chang
the pH-dependent adsorption of Hg(II) as a function of io
strength [20,25], suggestive of inner-sphere adsorptio
Hg(II) to surface functional groups on the goethite surf
rather than outer-sphere sorption.

The crystal structure of goethite consists of Fe(III) io
coordinated by six O(H) ligands to form a network of ed
shared Fe(O,OH)6 octahedra. The dominant crystal fac
of both natural and synthetic goethite are the (110)
(021) faces [69,70]. Due to the elongation of goethite cry
growth along thec-axis, the (110) face of goethite accou
for approximately nine times the surface area of the (0
face [52], suggesting that the majority of Hg(II) sorpti
takes place at the (110) face. Assuming a simple term
tion of the bulk structure, the (110) face contains oxyg
coordinated to one, two, or three Fe(III) ions [50]; Spos
characterizes these functional groups as A-type, C-type
B-type, respectively [71]. The (110) face of goethite the
fore presents multiple sites for Hg(II) inner-sphere sorp
at the surface, including monodentate sorption to the sin
doubly, or triply coordinated oxygens and bidentate sorp
to any combination of the three different types of oxyge
the surface.

All possible Hg(II) adsorption geometries on the goeth
surface were modeled using Spartan Pro, with the rele
interatomic distances from the models compared to th
derived from EXAFS measurements. Among the poss
configurations, Hg(II) sorbed in a bidentate corner-sha
(binuclear) arrangement to A-type oxygens of two surf
Fe(O,OH)6 octahedra results in Hg–O and Hg–Fe int
atomic distances most consistent with those determined
EXAFS fitting. Construction of a molecular model of th
surface complex using Cerius2 with an average Hg(II)–O

Fig. 4. Proposed Hg(II) bonding configuration on goethite, with Hg
sorbing as a bidentate inner-sphere complex linked in a corner-sharing
uclear) arrangement to two A-type (i.e., singly coordinated) oxygen
adjacent Fe(O,OH)6 octahedra.
t

distance of 2.04 Å and an average Fe(III)–O distance
2.03 Å resulted in an average Hg–Fe distance of 3.2
(Fig. 4), which matches the EXAFS fitting analysis we
Such a configuration has two nearest neighbor oxygen a
and two second neighbor Fe atoms. Although the predi
coordination number of oxygen based on the proposed s
tion complex is consistent with the EXAFS fitting resul
the predicted coordination number of iron is higher than
EXAFS-derived value. This difference was also observe
Collins et al. [39] and was interpreted as the result of so
degree of Hg(II) outer-sphere sorption, therefore redu
the average number of neighboring Fe atoms at the close
tance of 3.25 Å. The discrepancy may also be a functio
the fixed Debye–Waller value for this atomic shell, which
strongly correlated with coordination number.

Our finding that Hg(II) adsorbs dominantly as a bident
corner-sharing complex to two surface Fe(O,OH)6 octahedra
on the (110) face of goethite is in agreement with Collin
al. [39], who determined the same sorption mode for Hg
sorbed to goethite at pH 4.6 based on EXAFS analysis
density functional calculations. The experimental result
the present study extend this proposed mode of Hg(II) s
tion to the pH range 4.3–7.4, which applies more broa
to natural aquatic systems such as streams, rivers, and
where Hg(II) contamination may be present.

3.2. Hg(II) sorption onto γ -alumina

Figure 2 shows macroscopic uptake results for Hg
sorbed toγ -alumina using two different initial amounts
substrate (0.25 and 0.5 g). When 0.25 g ofγ -alumina is used
uptake is essentially uniform atΓ = 0.11–0.12 µmol/m2

over the pH range 4.7 to 7.9. This result follows the stand
trend of relatively constant uptake with increasing pH ab
the initial Hg(II) macroscopic adsorption maximum. In co
trast, when 0.5 g ofγ -alumina is used, uptake increases fr
0.04 to 0.13 µmol/m2 over the pH range 5.2 to 7.8. Such
result is inconsistent with normal cation adsorption and
dicates that a secondary process may be impacting H
uptake with increasing pH. In both cases, the normalized
face coverage values are considerably lower than are t
of goethite and bayerite.

Figure 5 shows fits to thek3-weighted EXAFS spectr
and corresponding Fourier transforms for the sorption s
ples generated using 0.5 gγ -alumina (Figs. 5b–5d) an
the sample containing a secondary Al precipitate (Fig.
Comparison of the latter spectrum (Fig. 5a) with the sorp
sample at pH 7.8 (Fig. 5b) shows clear differences, par
larly in the position and shape of the third EXAFS oscil
tion. The equivalent oscillations in the sorption sample
pH 5.2 and 6.2 (Figs. 5c and 5d) contain contributions fr
both of these features. This observation suggests tha
secondary Al phase that formed in theγ -alumina-free ex-
periment also forms in theγ -alumina-bearing experiment
resulting in sorption onto two different Al phases and the
ditional complexity in the EXAFS spectra of the pH 5.2 a
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Fig. 5. Fits of thek3-weighted EXAFS data and corresponding Four
transforms (black= raw data, gray= fit) for Hg(II) sorbed onγ -alumina
over the pH range 5.2 to 7.8 (b–d) and on a secondary Al-precipita
pH 6.0 (a). Uptake values (Γ in µmol/m2) are indicated to the right of th
Fourier transforms. A vertical guideline shows the feature in the Fou
transforms consistent with Hg(II) sorption to a secondary Al-phase.

Fig. 6. Diffuse reflectance infrared Fourier transform (DRIFT) spectra
γ -alumina, bayerite, and one of the Hg(II)–alumina sorption samples
erated at pH 6.2 (cf. Fig. 5c). Comparison of the spectra indicates tha
alumina used in the sorption experiment has begun to transform to bay
a process that has been previously documented by Dyer et al. [72] and
et al. [73].

6.2 sorption samples. These differences are also observ
the Fourier transforms as a distinct feature at 1.85 Å (un
rected for phase shift) (Figs. 5a, 5c) or a slight shoulde
this distance barely visible on the high-R side of the first FT
peak (Fig. 5d). The pH 7.8 sample, in comparison, lacks
additional frequency in the EXAFS and the correspond
feature in the Fourier transform.

To confirm the formation and identify of the seconda
Al-containing phase during the Hg(II)–γ -alumina sorption
n

Fig. 7. Solubility diagram for bayerite generated at 25◦C and 1 atmosphere
pressure using stability constants from Baes and Mesmer [9]. A path
of increasing pH is shown (gray arrow) that would result in the forma
of bayerite at pH 5.2 and 6.2 and the dissolution of bayerite by pH 7.8
suggested by EXAFS and DRIFT data.

experiments, the DRIFT spectra of unreactedγ -alumina,
unreacted bayerite, and the air-dried Hg(II)–γ -alumina sorp-
tion sample generated at pH 6.2 were compared (Fig
The spectrum of the sorption sample differs from that
the pureγ -alumina and appears to be intermediate
tween the two end-member phases, indicating partial c
version to bayerite. This observation supports other s
ies of the surface hydration ofγ -alumina in aqueous sus
pensions [72–74], which suggest thatγ -alumina undergoe
a surface conversion to bayerite,β-Al(OH)3, over time.
Specifically, these studies found that after agingγ -alumina
in water for periods of 1 to 4 months, the resulting Four
transform infrared (FTIR) spectrum shows features ind
tive of both γ -alumina and bayerite. Dyer et al. [72] al
used X-ray diffraction (XRD) to identify bothγ -alumina
and bayerite in agedγ -alumina samples. These results in
cate that the hydration ofγ -alumina induces the formation o
a bayerite layer on the surfaces ofγ -alumina particles. The
incomplete surface conversion ofγ -alumina to bayerite in
the current study indicated by the DRIFT spectra is proba
a result of the short reaction time in the sorption experime
(24 h) compared to the longer aging periods of the prev
FTIR studies.

The formation of a bayerite-like surface phase during
course of the sorption experiments is further supported
the solubility data for bayerite. As mentioned earlier, f
tures in the EXAFS spectra and Fourier transforms ass
ated with the secondary bayerite-like phase are prese
the sorption samples generated at pH 5.2 (Fig. 5d) and
(Fig. 5c) yet are absent in the sorption sample gener
at pH 7.8 (Fig. 5b). These results are consistent with
solubility minimum of bayerite, which occurs between p
5.3–6.6 as seen in Fig. 7. Assuming that Al3+ is released to
solution due to the dissolution ofγ -alumina upon hydration
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n num-

Table 3
Hg LIII -EXAFS fitting results for Hg(II)–γ -alumina sorption samples (see Fig. 5 for EXAFS spectra and Fourier transforms), including coordinatio
bers (CN), interatomic distances (R), and Debye–Waller factors (σ2)

Figure pH Hg–O Hg–O Hg–Hg

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

5a 6.0 0.7(1) 2.03(2) 0.005a 2.0(1) 2.20(1) 0.005a 1.1(1) 2.57(1) 0.005a

5b 7.8 1.3(1) 2.04(1) 0.005a – – – 0.7(1) 2.52(1) 0.005a

5c 6.2 1.4(1) 2.04(1) 0.005a 1.3(1) 2.22(1) 0.005a 0.8(1) 2.56(1) 0.005a

5d 5.2 1.6(1) 2.05(1) 0.005a 1.2(1) 2.21(1) 0.005a 0.8(1) 2.55(1) 0.005a

Note. Standard deviations at a 95% confidence level (±2σ) are listed in parentheses.
a Value fixed in least-squares refinement.
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and titration to pH 3.2, increasing the pH could result in
formation of bayerite at pH 5.2 and 6.2 and the dissolutio
bayerite by pH 7.8 as shown in Fig. 7. In contrast, the s
tion samples generated using 0.25 g initial substrate fea
constant Hg(II) uptake as a function of pH (Fig. 2), indic
ing that bayerite formation and its effect on Hg sorption
not as significant at this reduced solids concentration.
use of less initial substrate may have resulted in a lower
gree of dissolution and release of Al3+ to solution, driving
the reaction pathway in Fig. 7 below the solubility limit
bayerite and inhibiting precipitation of a secondary ph
during the time period of the experiments.

Given that bothγ -alumina and a secondary bayeri
like phase are present in this sorption system, sorptio
both substrates was considered in the analysis of the
γ -alumina EXAFS data. Fitting the EXAFS spectra of
samples (Table 3) yields Hg–O and Hg–Hg neighbors at
tances of 2.03–2.05 (±0.02) Å and 2.52–2.57 (±0.01) Å, re-
spectively. The samples containing EXAFS features that
relate with the presence of the bayerite-like phase (Figs
5c, and 5d) indicate an additional O neighbor at a dista
of 2.20–2.22 (±0.01) Å, while the pH 7.8 sample (Fig. 5b
lacks this Hg–O pair correlation. The average Hg–O dista
of 2.21 (±0.01) Å does not correspond to any of the Hg(
hydrolysis products described earlier or the Hg–O distan
in solids such as montroydite (HgO, which features Hg
distances of 2.03 and 2.82 Å) [75] and is suggestive of di
inner-sphere sorption on the bayerite-like phase. Howe
proof of this mode of sorption would require observation
second neighbor Al atoms at a distance corresponding
reasonable surface bonding geometry. Such second n
bors were not observed in this study, possibly due to in
ference from the Hg–Hg pair correlation as described l
in this section.

The presence of binuclear Hg complexes, with an ave
Hg–Hg distance of 2.54 (±0.01) Å determined from EXAFS
fitting, is unexpected at such low Hg surface coverages
does not correlate with typical Hg–Hg interatomic distan
in Hg(II) solids (e.g., 3.30 and 3.59 Å in montroydite [75])
polynuclear aqueous Hg(II) species such as Hg2OH3+ and
Hg2(OH)2+

2 , (average Hg–Hg distances of 3.64 Å) [12,1
In these cases, a bridging oxygen atom is located betw
the proximate Hg atoms, resulting in the larger Hg–Hg d
tance observed in Hg(II)-containing phases. For similar
,

-

sons, the formation of a mixed-metal hydrotalcite phase
found in EXAFS studies of Co(II), Ni(II), and Zn(II) sorp
tion on Al (hydr)oxides and clays [76–79], or of multin
clear sorption complexes, as observed in EXAFS studie
Pb(II) and Cr(III) sorption onγ -alumina [80,81], would also
produce Hg–Hg distances longer than those derived f
EXAFS fitting. Additionally, the large ionic radius and c
ordination chemistry of Hg(II), with its tendency to be tw
coordinated, would likely preclude incorporation of Hg(
into an ordered hydrotalcite-like phase containing both
and Hg. A review of the literature did not identify any Hg(
aqueous species or compounds with Hg–Hg distance
2.54 Å, as determined from EXAFS fitting of the spect
such a short interatomic distance could only result from
rect Hg(II)–Hg(II) bonding, which has not been observed
any known system.

Hg–Hg distances consistent with those derived from
EXAFS fits in this study are common, however, in spec
containing the mercurous Hg(I) ion, which forms bin
clear complexes featuring a direct Hg–Hg bond with d
tances ranging from 2.43 to 2.69 Å [82,83] and averag
2.50 Å [9,10]. The initial Hg added to the sorption expe
ments was in the 2+ oxidation state, though, as confirm
by Raman microscopy (see Section 2). Assuming that
EXAFS-derived Hg–Hg distance of 2.54 Å represent
Hg(I) species and not some unknown Hg(II) species, red
tion of Hg(II) to Hg(I) must have occurred either during t
course of the uptake experiment or during EXAFS data
lection. Possible causes for Hg(II) reduction include the b
bling of N2 through the experimental system, driving the d
solved O2 concentration down and generating a sufficien
anoxic environment to reduce Hg(II) to Hg(I) when intr
duced to the system at∼pH 3.2 (Fig. 8). However, Hg(I) a
Hg2+

2 is not dominant above pH 4 (although thermodyna
data are not available for the Hg2(OH)2 hydrolysis produc
which was observed at higher pH levels [84,85]), indicat
that the reducing environment is not the sole explanation
the apparent presence of Hg(I) species in the sorption
ples generated. X-ray-induced photoreduction during
AFS collection, which has been observed in XPS and X
experiments in other systems containing chromium, co
copper, and iron [86–89], may play a more significant r
in the reduction of Hg(II) to Hg(I) over the pH range 5.2
7.8. Additionally, the evidence for Hg(I) species is uniq
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Fig. 8. Fields of stability for aqueous Hg species at 25◦C and 1 atmospher
pressure, plotting dissolved oxygen versus pH and using stability cons
from Baes and Mesmer [9]. In the N2 environment of the sorption expe
iments, dissolved oxygen concentrations may decrease to the point w
the reduced Hg(I) mercurous ion, as Hg2+

2 , is stable when Hg is introduce
into the system at∼pH 3.2.

to Hg(II) sorption onγ -alumina (and not to Hg(II) sorp
tion on goethite or bayerite), suggesting that some prop
of the γ -alumina substrate (e.g., its surface conversion
bayerite or the low total uptake onto the substrate, resu
in a higher proportion of free Hg(II) in solution) may fac
itate this process. However, no clear explanation for su
mechanism is apparent.

Modeling of the EXAFS spectra of Hg on the hydrat
γ -alumina surface is complicated by several factors, inc
ing (1) conversion of theγ -alumina surface to bayerite o
a bayerite-like phase; (2) the incomplete nature of this c
version in the sorption experiments due to the short reac
times, resulting in both bayerite andγ -alumina at the sur
face; and (3) lack of a definitive structural model for t
hydratedγ -alumina surface and the mechanism of tra
formation to bayerite. Several studies have found that o
exposed to water, the Al(O,OH)4 tetrahedra at theγ -alumina
surface undergo rapid hydroxylation, resulting in only s
face Al(O,OH)6 octahedra [47,80,90]. The presence of
octahedra at the surfaces of both bayerite andγ -alumina
in contact with water was assumed in modeling Hg surf
complexes in the Hg–γ -alumina sorption experiments.

A model of the assumed structure of the hydratedγ -alu-
mina surface was constructed by converting the bridging
tetrahedra to Al octahedra at the (001) face ofγ -alumina
(which is identical to the (100) and (010) faces). This fa
contains singly, doubly, and triply coordinated oxygen s
to which Hg(I), present as the Hg2(OH)2 aqueous species
may sorb. All potential inner-sphere adsorption geomet
of Hg2(OH)2 on the modifiedγ -alumina (001) surface wer
modeled using Spartan Pro, with the relevant interato
distances from the models compared to those derived
EXAFS measurements. The average first neighbor H
Fig. 9. Proposed bonding configurations of Hg(II) to the hydra
γ -alumina surface, with reduced Hg(I)–Hg(I) binuclear species sorbin
(1) a monodentate (mononuclear) complex on a singly coordinated ox
(upper right); (2) a bidentate corner-sharing (binuclear) complex on
singly coordinated oxygens (upper left); and (3) a monodentate (mon
clear) complex on a singly coordinated oxygen site of a bridging hydr
Al octahedron (bottom center). Not shown is outer-sphere sorption o
Hg2(OH)2 aqueous species. The Hg(I)–Hg(I) distance is 2.54 Å in all ca

distance of 2.04 (±0.02) Å and the average Hg–Hg dis
tance of 2.54 (±0.01) Å are consistent with sorption of H
in several modes to several types of surface sites, inc
ing monodentate mononuclear sorption to both singly
doubly coordinated oxygen sites, bidentate sorption in b
corner-sharing (binuclear) and edge-sharing (mononuc
arrangements, and nonspecific sorption as outer-sphere
plexes. However, the majority of bidentate sorption co
plexes require an unreasonable distortion of the linear
uclear Hg2(OH)2 species (i.e., edge-sharing bidentate co
plexes require the Hg–Hg–O angle to be altered from 1◦
to 95◦–100◦) and are therefore unlikely to represent dom
nant modes of sorption. By comparison, monodentate s
tion complexes do not place such angular constraints on
sorbing Hg2+

2 complex and are more consistent with the d
tances and coordination numbers determined from EXA
fitting. This is demonstrated by the monodentate mono
clear sorption species in Fig. 9 (top right), which featu
Hg–O distances of 2.04–2.06 Å and a Hg–Hg distance
2.54 Å.

Hg–Al interactions which may distinguish inner-sphe
complexes (Hg–Al distance= ∼3.0–3.5 Å) from outer-
sphere complexes (Hg–Al distance>4 Å) were not detected
in the EXAFS spectra or the Fourier transforms. One po
ble interpretation is that Hg(I) is present primarily as out
sphere complexes, which may explain the relatively
uptake of Hg by theγ -alumina substrate compared wi
the degree of uptake on goethite and bayerite, in which
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forms primarily inner-sphere complexes. Outer-sphere s
tion would also be consistent with the increasing Hg upt
observed as pH approaches the pHpzc of Al oxides (≈9).
Another possible interpretation is that Hg(I) sorbs in
inner-sphere fashion but the Hg–Hg pair correlation, wh
produces a relatively broad feature in the Fourier transfo
between 2 and 3 Å (uncorrected for phase shift) and st
amplitude in the EXAFS spectra atk values greater tha
7 Å−1 (Fig. 5), results in interference with the lower amp
tude EXAFS frequencies resulting from the Hg–Al pair c
relations. Therefore, both outer-sphere sorption and in
sphere monodentate surface complexation are consider
possible modes of uptake for Hg–γ -alumina sorption sam
ples based on the EXAFS-derived first-neighbor Hg–O
Hg–Hg distances.

The features in both the EXAFS spectra and Fou
transforms corresponding to the Hg–O pair correlation w
an average distance of 2.21 (±0.01) Å appear most promi
nently in the secondary Al-precipitate and are also vis
in the two sorption samples generated at pH levels aro
the solubility minimum of bayerite. As discussed above
hydratedγ -alumina structural model was used to help c
strain the mode(s) of attachment of Hg(I) binuclear sorp
complexes. Among the sorption modes tested, one bi
tate corner-sharing and one monodentate sorption com
yield Hg–O distances of 2.21 and 2.20 Å, respectively; a
tionally, both complexes involve sorption to the bridging
octahedra of the hydratedγ -alumina surface (Fig. 9).

3.3. Hg(II) sorption onto bayerite

Macroscopic uptake of Hg(II) onto bayerite (Fig. 2)
relatively constant over the pH range 5.1–7.9, with surf
coverages ranging from 0.39 to 0.44 µmol/m2. When nor-
malized for surface area, Hg(II) uptake onto bayerite is c
parable to Hg(II) uptake on goethite (0.39–0.42 µmol/m2).
The relatively low surface area of the bayerite compa
with those of goethite andγ -alumina resulted in reduce
total Hg(II) uptake and poorer quality EXAFS spectra
the Hg(II)–bayerite samples (Fig. 10). However, the Fou
transforms are similar enough to imply that the mode(s
sorption are similar over the pH range examined.

The EXAFS fitting results listed in Table 4 reflect th
interpretation, yielding consistent first-neighbor oxygen d
s

-

tances of 2.02–2.07 (±0.01) Å and Al neighbors at distance
of 3.06–3.09 (±0.02) and 3.35–3.40 (±0.03) Å for all sam-
ples. As with HgLIII -EXAFS data from the Hg sorptio
samples involving the other substrates, the first-neigh
oxygen distance and coordination number determined f
EXAFS fitting are not unique enough to distinguish betw
aqueous, sorbed, or precipitated Hg(II). However, the a
age Hg–Al distances (3.07 and 3.39 Å) do indicate inn
sphere Hg(II) sorption on bayerite (outer-sphere Hg(II) so
tion would result in an average Hg–Al distance of 6.52
based on Spartan Pro modeling). The bayerite crystal s
ture consists of Al(III) ions coordinated by six O(H) lig
ands to form sheets of edge-sharing Al(O,OH)6 octahedra
arranged in interlinking six-membered rings oriented pa
lel to the (001) face [66]. Assuming that the (001) surfac
a simple termination of the bulk structure, this arrangem
provides surface oxygen sites that are coordinated to e
one or two Al(III) ions. Based on such a model, there
many potential inner-sphere sorption geometries for Hg
on the bayerite surface, including monodentate sorptio
either the singly or doubly coordinated oxygens and bid

Fig. 10. Fits of thek3-weighted EXAFS data and corresponding Fou
transforms (black= raw data, gray= fit) for Hg(II) sorbed on bayerite
over the pH range 5.1 to 7.9 (a–d). Uptake values (Γ in µmol/m2) are indi-
cated to the right of the Fourier transforms. Vertical guidelines show Fo
transform features corresponding to the second-neighbor Al atoms.
on num-

Table 4
Hg LIII -EXAFS fitting results for Hg(II)–bayerite sorption samples (see Fig. 10 for EXAFS spectra and Fourier transforms), including coordinati
bers (CN), interatomic distances (R), and Debye–Waller factors (σ2)

Figure pH Hg–O Hg–Al Hg–Al

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

10a 7.9 1.9(1) 2.02(1) 0.005 0.8(2) 3.06(2) 0.01a 1.1(2) 3.40(2) 0.01a

10b 7.3 1.7(2) 2.06(1) 0.004 1.1(2) 3.07(2) 0.01a 0.8(3) 3.39(3) 0.01a

10c 6.5 1.9(2) 2.07(1) 0.006 1.6(3) 3.07(1) 0.01a 1.1(4) 3.35(2) 0.01a

10d 5.1 2.2(2) 2.07(1) 0.007 1.6(3) 3.09(1) 0.01a 1.7(4) 3.39(2) 0.01a

Note. Standard deviations at a 95% confidence level (±2σ) are listed in parentheses.
a Value fixed in least-squares refinement.
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oxygens.

All Hg(II) inner-sphere adsorption geometries on t
bayerite (001) surface were modeled using Spartan Pro,
the relevant interatomic distances from the models comp
with those derived from EXAFS measurements. Among p
sible sorption complexes, three particular Hg(II) config
rations, two bidentate and one monodentate, result in
Al distances that are consistent with the values determ
from EXAFS fitting (Fig. 11). One possible complex h
Hg(II) sorbed as a bidentate edge-sharing (mononuc
complex to two singly coordinated oxygens. A second po
ble complex has Hg(II) sorbed as a bidentate corner-sha
(binuclear) complex to two singly coordinated oxyge
A third possible complex has Hg(II) sorbed as a monod
tate (mononuclear) complex to a singly coordinated (
terminal or nonbridging) oxygen site. All three complex
have Hg–O distances between 2.03 and 2.08 Å, which
consistent with EXAFS fitting results. The Hg–Al distan
of the bidentate edge-sharing complex (3.01 Å) is clos
that determined from EXAFS fitting (3.06–3.09 (±0.02) Å),
while the Hg–Al distances of the bidentate corner-sha
(3.35 Å) and monodentate (3.42 Å) complexes are consis
with the EXAFS-determined Hg–Al distance of 3.35–3.
(±0.03) Å. We therefore conclude that the three propo
complexes are all possible modes of Hg(II) inner-sph
sorption to bayerite. Finally, the EXAFS data and fitting
sults of the Hg(II)–bayerite system are significantly differ
from those of the Hg(II) sorption samples generated w
γ -alumina, supporting the assumption that the surface
version to bayerite in the latter system is incomplete and
sorption under those conditions is best modeled using the
dratedγ -alumina surface.

3.4. Bond valence calculations

Results from bond valence analyses of various Hg s
tion complex geometries on the surfaces of Fe and Al (hy
oxides are presented in Table 5. A number of possible
sorption complexes on Fe- and Al-(hydr)oxides are con
ered and listed in the first column of Table 5. These co
plexes represent the range of potential Hg configuration
goethite,γ -alumina, and bayerite based on the possible
face oxygen sites of the three substrates as described in
lier sections. To summarize, the goethite (110) face cont
oxygens that are singly coordinated (A-type, represente
Table 5 as species beginning with “Fe–O. . .”), doubly co-
ordinated (C-type, represented as “Fe2–O. . .”), and triply
coordinated (B-type, represented as “Fe3–O. . .”). Similarly,
γ -alumina contains oxygens with the same range of c
dinations to Al(III) ions (represented as “Al–O. . . ,” “Al 2–
O. . . ,” and “Al3–O. . .”). Bayerite contains only singly an
doubly coordinated oxygen sites.

Listed in the second and third columns are the bond
lence sums of the oxygens both with and without bond
lence contributions of hydrogen bonds. In order to determ
t

r-

Fig. 11. Proposed bonding configurations of Hg(II) to bayerite, with Hg
sorbing as (1) a bidentate edge-sharing (mononuclear) complex on
singly coordinated oxygens (upper left); (2) a bidentate corner-sharing
uclear) complex on two singly coordinated oxygens (bottom center); an
a monodentate (mononuclear) complex on a singly coordinated oxyge
(upper right).

the number of hydrogen bonds that may exist for any gi
surface oxygen, it is assumed that the maximum coord
tion number for oxygen is 4 (including hydrogen bond
as observed for oxygen in aqueous solution and ice [
Therefore, oxygen atoms that are already four-coordin
(e.g., Fe2–OH–Hg, Al3–O–Hg) require no additional hydro
gens and, therefore, have the same bond valence sums
two columns. The oxygen coordinative state, listed in
fourth column, is classified as saturated if 1.95�

∑
sM–O �

2.05 vu, undersaturated if
∑

sM–O < 1.95 vu, and over-
saturated if

∑
sM–O > 2.05 vu. Listed in the fifth column

are the Fe–O and Al–O bond length ranges predicted
ing bond valence constraints imposed by the formation
each Hg(II) sorption complex. Comparison of these ran
for each Hg(II) sorption complex with the observed ran
for Fe(O,OH)6 octahedra (1.95–2.09 Å) or Al(O,OH)6 octa-
hedra (1.86–1.94 Å) can then predict whether the com
is stable within the structural constraints of the Fe and
(hydr)oxide substrates used. Consideration of both the c
dinative saturation state of the surface oxygen site and
Fe–O or Al–O bond length can then be used to determ
which Hg(II) sorption complexes are plausible or unlikely

Based on this analysis, Hg(II) sorption complexes t
are not likely to exist due to either the coordinative satu
tion levels of the surface oxygen sites or unrealistic leng
ening or shortening of Fe–O or Al–O bond lengths c
be readily identified. The remaining species (listed in
ble 5 in bold) generally meet the requirements of coo
natively saturated surface oxygen atoms and Fe–O or A
bond length ranges that are compatible with those of
ical Fe and Al (hydroxides). Of these species, those
correlate with the inner-sphere complexes predicted f
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Table 5
Bond valence analyses for Hg(II) bonding to surface functional groups on Fe and Al (hydr)oxidesa

Surface
∑

sM–O at oxygen (vu) Oxygen rFe/Al–O,bv (Å) Prediction

species/bonds No H-bonds With H-bonds coordination state

Fe–O–Hg 1.16–1.48 1.42–1.97 Saturated 1.66–1.96c Stable
Fe–OH–Hg 1.84–2.36 1.97–2.61 Saturated 1.94–2.94c Stable
Fe–OH2–Hg 2.52–3.24 2.52–3.24 Oversaturated >2.32b Doesn’t occur
Fe2–O–Hg 1.56–2.07 1.70–2.32 Saturated 1.92–2.09c Stable
Fe2–OH–Hg 2.25–2.95 2.25–2.95 Oversaturated 2.19–2.63 Doesn’t o
Fe3–O–Hg 1.97–2.67 1.97–2.67 Saturated 2.07–2.14c Stable

Al–O–Hg 1.20–1.45 1.47–1.94 Undersaturated 1.66–1.96d Plausible
Al–OH–Hg 1.89–2.33 2.02–2.58 Saturated 1.94–2.94d Stable
Al–OH2–Hg 2.57–3.21 2.57–3.21 Oversaturated >1.98b Doesn’t occur
Al2–O–Hg 1.66–2.02 1.79–2.26 Saturated 1.92–2.09d Stable
Al2–OH–Hg 2.35–2.90 2.35–2.90 oversaturated 2.19–2.63 Doesn’t O
Al3–O–Hg 2.12–2.58 2.12–2.58 oversaturated 2.07–2.14 Doesn’t O

a Rows in bold indicate conditions suitable for Hg(II) binding.
b Limit imposed by the maximum range of Fe–O or Al–O bond lengths observed in mineral structures [64,66].
c Distance range overlaps that of Fe (hydr)oxides (Fe–O= 1.95–2.09 Å).
d Distance range overlaps that of Al (hydr)oxides (Al–O= 1.86–1.94 Å).
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EXAFS fitting are classified as stable or plausible. Spe
ically, the bidentate corner-sharing complex proposed in
Hg(II)–goethite sorption system would require Fe–O–
or Fe–OH–Hg species and the additional hydrogen bo
ing required to achieve four-coordinated oxygen atom
described earlier. Both of these surface species featur
ordinatively saturated surface oxygen atoms accordin
bond valence principles. Similarly, the monodentate
bidentate corner-sharing and edge-sharing complexes
posed from fitting EXAFS results in the Hg(II)–bayerite a
Hg(I)–γ -alumina sorption systems would involve Al–O–H
Al–OH–Hg, and Al2–O–Hg species. Once hydrogen bon
ing is taken into account, these particular sorption spe
are also stable from a bond valence perspective, pro
ing good agreement between the two techniques. Additi
species (Fe2–O–Hg and Fe3–O–Hg) are also stable accor
ing to bond valence constraints, but the specific sorp
arrangements (e.g., bidentate edge-sharing on goethite
not supported by the results of EXAFS fitting. This impl
that at best these configurations may exist as minor sorp
species only.

3.5. Natural samples

EXAFS spectra and Fourier transforms of the sorp
samples generated using natural fine-grained precipi
(Knoxville Fe-(hydr)oxide and Sulphur Bank Al/Si floc) a
shown in Fig. 12. Spectral data for sorption samples
Hg(II)–goethite and Hg(II)–bayerite at similar pH values
also shown for comparison. Qualitative similarities are
parent in both the EXAFS spectra and the Fourier transfo
of the Knoxville Fe-(hydr)oxide sorption sample (Fig. 12
and the goethite sorption sample (Fig. 12a). Similari
are also observed between the EXAFS spectra and Fo
transforms of the Sulphur Bank Al/Si floc sorption sam
(Fig. 12d) and the bayerite sorption sample (Fig. 12c).
-

-

e

s

r

Fig. 12. Fits of thek3-weighted EXAFS data and corresponding Fou
transforms (black= raw data, gray= fit) for Hg(II) sorbed on the follow-
ing synthetic and natural substrates: (a) goethite (repeated from Fig
(b) Knoxville Fe-hydroxide precipitate; (c) bayerite (repeated from Fig.
and (d) Sulphur Bank Al/Si flocculent. Uptake values (Γ in µmol/m2) are
indicated to the right of the Fourier transforms.

Hg(II) sorption densities on the Knoxville Fe-(hydr)oxi
and goethite are comparable when normalized for sur
area (Γ = 0.42 and 0.47 µmol/m2, respectively). How-
ever, Hg(II) uptake is enhanced on the Al/Si floc (Γ =
2.27 µmol/m2) relative to bayerite (Γ = 0.38 µmol/m2).
This Hg-hyperaccumulating property of the floc has b
noted at the Sulphur Bank mine site, where methylmerc
(MeHg) concentrations in the floc are found to be an or
of magnitude higher than in surrounding sediments [92]
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Table 6
Hg LIII -EXAFS fitting results for Hg(II)-natural substrate samples (see Fig. 12 for spectra and Fourier transforms). Fitting results of sorption saming
synthetic model substrates have been included for comparison. Results include coordination numbers (CN), interatomic distances (R), and Debye–Waller
factors (σ2)

Figure Substrate pH Hg–O Hg–Fe

CN R (Å) σ2 (Å2) CN R (Å) σ2 (Å2)

12a Goethite 5.9 2.5(1) 2.04(0) 0.006 0.4(1) 3.23(2) 0.01a

12b Knoxville 6.0 3.0(1) 2.03(0) 0.008 0.3(1) 2.84(1) 0.01a

Fe-precipitate
Hg–O Hg–Al Hg–Al

12c Bayerite 5.1 2.2(2) 2.07(1) 0.007 1.6(3) 3.09(1) 0.01a 1.7(4) 3.39(2) 0.01a

12d Sulphur Bank Al/Si floc 5.0 1.7(1) 2.07(0) 0.005 0.5(1) 3.10(2) 0.01a 0.7(2) 3.41(2) 0.01a

Note. Standard deviations at a 95% confidence level (±2σ) are listed in parentheses.
a Value fixed in least-squares refinement.
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Table 6 shows EXAFS fitting results for Hg(II) sorbe
on the natural samples and goethite and bayerite, pro
ing quantitative confirmation of the similarities apparent
the EXAFS spectra and Fourier transforms. While the
teratomic distances derived from the Hg(II)–bayerite sam
and the Sulphur Bank floc are comparable, the Hg–Fe
tance calculated for the Hg(II) Knoxville substrate is co
siderably shorter (by 0.39 Å) than that of the Hg(II)–goeth
sample. The amorphous and heterogeneous nature of n
substrates may contribute to this difference, as the pres
of multiple potential sorption sites would result in increas
disorder among second and more distant neighbors. H
could also sorb in a different mode to other Fe (hydr)ox
phases structurally distinct from goethite such as ferr
drite, resulting in the shorter Hg–Fe distance observed.
spite these complicating factors, the spectral similarities
tween the natural and model sorbents indicate that the t
of Hg(II) sorption complexes and the modes of Hg(II) so
tion are similar. Thus, the synthetic goethite and baye
appear to be useful surrogates of the more complex
ural samples from the Sulphur Bank and Knoxville min
in terms of understanding Hg(II) sorption processes in e
ronmental systems.

4. Summary

A combination of macroscopic, spectroscopic, and b
valence analyses has led to an improved molecular-scal
derstanding of Hg(II) sorption on Fe- and Al-(hydr)oxide
EXAFS data indicate that Hg(II) forms inner-sphere so
tion complexes to goethite and bayerite over pH ranges (
consistent with those of most natural aquatic systems; o
sphere complexation may also be a significant compone
Hg uptake onγ -alumina. Goethite was found to sorb Hg(
primarily as a bidentate sorption complex in a corner-sha
arrangement to the Fe(O,OH)6 octahedra of the goethite su
face (likely to the (110) face, which accounts for the m
jority of the surface area of the goethite particles used
this study). Hg(II) sorbs dominantly in bidentate corn
sharing, bidentate edge-sharing, and monodentate mod
l
e

-

o

the Al(O,OH)6 octahedra at the bayerite surface. The
terpretation of Hg sorption onγ -alumina was complicate
by the surface hydration/conversion to a bayerite-like ph
during the course of the sorption experiments and the re
tion of Hg(II) to Hg(I) dimers during EXAFS data collec
tion. Hg–Al interactions were not directly observed in t
EXAFS data for the Hg(II)–γ -alumina system, precludin
conclusive identification of inner-sphere complexes in
system. However, the observed Hg–O distance at 2.20
consistent with Hg(I) species bonded to the Al(O,OH)6 oc-
tahedra of the hydratedγ -alumina surface as both monode
tate and bidentate corner-sharing complexes. In addi
Hg(I) may form outer-sphere complexes on theγ -alumina
surface. The inner-sphere sorption geometries as determ
from EXAFS analysis and modeled with Cerius2 and Spar-
tan Pro are consistent with bond valence calculations.

Molecular-scale studies of Hg(II) uptake to mineral s
faces in controlled model systems provide an impor
foundation for understanding Hg(II) sorption mechanis
in contaminated natural systems. The similarities betw
Hg(II) sorption on synthetic, homogeneous substrates an
fine-grained Fe and Al precipitates such as those found a
Knoxville and Sulphur Bank mines support this asserti
Characterizing these processes in settings where Hg c
mination is a concern provides an understanding of s
of the molecular-scale processes responsible for the se
tration of Hg in sediments and the possible remobilizat
of sorbed Hg in aquatic systems that impact its poten
bioavailability.
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