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In this research, traditional macroscopic studies were
complemented with XAS analyses to elucidate the
mechanisms controlling Pb(Il) sorption onto ferrihydrite as
a function of pH, ionic strength, and adsorbate concentra-
tions. Analyses of XANES and XAFS studies demonstrate that
Pb(ll) ions predominantly sorb onto ferrihydrite via inner-
sphere complexation, not retaining their primary hydration
shell upon sorption. At higher pH values (pH >5.0), edge-
sharing bidentate complexes are mainly formed on the
oxide surface with two Fe atoms located at approximately
3.34 A. In contrast, XAS studies on Pb(ll) sorption onto
ferrihydrite, at pH 4.5, reveal two distinct Pb—Fe bond average
radial distances of 3.34 and 3.89 A, suggestive of a
mixture of monodentate and bidentate sorption complexes
present at the oxide surface. Interestingly, at constant
pH, the configuration of the sorption complex is independent
of the adsorbate concentration. Hence, Pb(Il) sorption to
a highly disordered adsorbent such as ferrihydrite can be
described by one average type of mechanism. Overall,
this information will aid scientists and engineers in improving
the current models that predict and manage the fate of
toxic metals, such as Pb(ll), in the aquatic and soil
environments.

Introduction

Iron oxides are ubiquitous in soils and aquatic sediments as
discrete particles or coatings on other mineral and organic
materials. There is sufficient evidence available to demon-
strate that the fate of heavy metal contaminants, such as
lead and zinc, in soils and aquatic environments is largely
controlled by their interactions with these iron oxides (1—7).
Hence, to understand the mobility and bioavailability of these
metal contaminants, their sorption reactions must be
understood.

Extensive macroscopic studies have been conducted to
assess the sorption edges for the interactions of Pb(Il) with
goethite (2, 8—10), hematite (2), and hydrous ferric oxide
(HFO) (11, 12). Ainsworth et al. (13) studied sorption—
desorption edges of Pb(ll) sorption onto amorphous iron
oxide as a function of residence time. They reported that
Pb(Il) remained associated with the oxide surface for up to
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21 weeks and that the sorption—desorption process was
completely reversible. Abdel-Samad and Watson (14) comple-
mented Pb—goethite sorption edge investigations with XPS
studies to propose mechanistic models describing the
changes in the sorption complexes with pH. Other studies
have included isotherms to understand the effect of adsorbate
concentration on Pb(Il) sorption to goethite (15—18) and
amorphous iron oxide (18, 19).

Macroscopic experiments are limited to providing infor-
mation on bulk equilibrium and kinetic processes. However,
to determine molecular mechanisms, a spectroscopic ap-
proach is needed. X-ray absorption spectroscopy (XAS) has
proven to be a powerful tool in environmental research as
it selectively probes the local coordination environment of
complexation mechanisms under environmentally relevant
conditions (20—31). The application of XAS in the speciation
of Pb-contaminated environments is also well-documented
(5, 6, 32—34). In their XAS studies on Pb(ll) speciation in
contaminated soils, O’Day et al. (5) have identified Pb(II) to
be significantly associated with iron oxides. The sorption
complexes of Pb(ll) with various adsorbents including
alumina (22, 26, 27), clay minerals such as montmorillonite
(35), and manganese(l11,1V) oxyhydroxide (36, 37) have been
investigated. In their extensive studies, Bargar et al. (22, 23)
found that Pb(ll) formed mononuclear bidentate inner-
sphere sorption complexes with hematite and goethite over
awide range of conditions. Lead is also reported to undergo
synergistic sorption with high-affinity anions including
chloride (23), phosphate (38), sulfate (39), and carbonate
(40) to form ternary complexes with goethite. In contrast,
Pb—EDTA complexes are observed to remain intact when
sorbed to goethite (25).

A comparison of the macroscopic results shows that
amorphous oxides have larger sorption capacities for metal
contaminants than crystalline oxides such as goethite (41).
Although these oxides have similar structures in that they
are composed of chains of octahedral units of FeOg, ferri-
hydrite has short-range order and a discontinuous layered
structure, which explains its high surface area and sorption
capacity (28). Manceau et al. (36) demonstrated through XAS
analyses that Pb(Il) forms a mononuclear edge-sharing
bidentate complex with HFO. Consistently, Scheinost et al.
(30) found that, at pH 5, this sorption complex was in-
variant with reaction time (up to 8 weeks), type of ferri-
hydrite, and presence of competing ions (Cu) and/or fulvic
acid. They attributed this continued slow sorption to intra-
particle diffusion (30). However, there is a need for a
systematic set of mechanistic information on the interactions
of Pb(I1) with ferrihydrite as a function of pH and adsorbate
concentration. In this research, traditional macroscopic stu-
dies were complemented with XAS analyses to elucidate the
mechanisms controlling Pb(ll) sorption to ferrihydrite as a
function of pH, ionic strength, and adsorbate concentrations.

Materials and Methods

Macroscopic Studies. All the experiments used ACS reagent-
grade chemicals, double-deionized water, and acid-washed
polypropylene reactors. All experiments were conducted in
anitrogen glovebox to simulate closed system conditions, at
room temperature, and under turbulent hydraulic regime
(Re = 2.9 x 10° with respect to the reactor diameter) to
minimize the external mass transfer resistance (42). Ferri-
hydrite was prepared using the modified procedure of
Schwertmann and Cornell as described by Scheinost et al.
(30). Accordingly, after precipitation, the ferrihydrite gel was
repeatedly centrifuged and washed with deionized water and
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FIGURE 1. Potentiometric titrations of ferrihydrite under closed
system conditions at 25 °C. All titrations were conducted using a
2-min contact time and a 1 g L™* suspension, except where noted
otherwise.

aged for 48 h in closed system under turbulent hydraulic
conditions. The gel was then used within 2 days for sorption
studies. To evaluate the surface charge distribution as a
function of pH, potentiometric titrations were performed
using 1 g L~*ferrihydrite suspension for three different ionic
strengths: 1073, 1072, and 10t M NaNOs (41). The contact
time for each titration step was maintained at 2 min. To
assess the impact of contact time and suspension solids
concentration, additional titration studies were conducted
at an ionic strength of 10-2 M NaNOj; using a longer contact
time of 15 min. At 1 g L™! ferrihydrite, the surface charge
distribution did not change significantly with contact time
(Figure 1), which is indicative of the rapid kinetics for proton
sorption onto ferrihydrite. Similarly, the surface charge
distribution obtained using a 10 g L~* ferrihydrite suspension
was consistent with the ones obtained using a 1 g L™
suspension. The slight shift to lower surface charge at the
higher ferrihydrite suspension concentration is likely due to
mass transfer effects. The point of zero net proton charge
(PHpznec) Was determined to be 7.91 + 0.1 and is consistent
with the values reported by others (41, 43, 44). Interestingly,
over the entire pH range employed in this study, the surface
charge densities for ferrihydrite are one order smaller than
those observed for amorphous HFO but one order greater
than those for goethite (41). Other physical and chemical
characteristics have been described previously (30).
Traditional sorption edge and isotherm studies were
conducted in 250-mL high-density polyethylene (Nalgene)
containers with 1 g L™ oxide to assess the amount of
contaminant sorbed to the iron oxide as a function of pH
(4.0—8.0), ionic strength (103—10"* M NaNO3), and solution
concentration [1078—10"% M Pb(NO3),]. The solution con-
centrations of Pb(ll) were maintained below the solubility
limits (45). To evaluate maximum sorption capacities,
additional isotherm studies were conducted witha 0.1 g L™*
oxide suspension. Preliminary batch studies were conducted
to assess the kinetics of Pb sorption onto the external surfaces
of the ferrihydrite particles under different pH conditions.
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FIGURE 2. Kinetic studies of Pb ([Pb]o =5 x 105 M) sorption onto
ferrihydrite (1 g L™) at 25 °C and I.S. 1072 M NaNO; under closed
system conditions and using the chemical boundary conditions
employed for traditional isotherms. The inset demonstrates that Pb
sorption onto the external surface and along the macropore walls
of ferrihydrite particles attains equilibrium in the first few hours
of contact time.

Under the boundary conditions employed for these batch
studies, a contact time of 4 h is sufficient for equilibration
of Pb sorption onto the external surface as well as onto the
macropore walls of the ferrihydrite particles (Figure 2).
Consequently, all of the sorption studies presented in this
research were conducted with a contact time of 4 h. Samples
were collected and filtered using 0.2-um Gelman Supor-200
filters. The filtrate was acidified and analyzed with graphite
furnace atomic absorption spectroscopy (Perkin-Elmer Ana-
lyst 800) to determine the bulk aqueous Pb(Il) concentrations.
For XAS analyses, the suspensions were centrifuged at 12 000g
for 20 min to ensure maximum solid—liquid separations.
The resulting wet pastes were immediately loaded into
aluminum or acrylic sample holders, which were sealed with
Mylar windows to prevent the loss of moisture.

XAS Data Collection. XAS data were acquired on beamline
X-11A at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory, where the electron beam
energy was 2.528—2.8 GeV with a maximum beam current
of 280 mA. The XAS data for the Pb—ferrihydrite sorption
samples were collected at the Pb L, edge over the energy
range of 12.855—13.915 keV in fluorescence mode using a Ge
solid-state multi-element detector. For XANES studies, the
spectra were collected on the same samples over the energy
range of 12.905—13.205 keV at a much higher resolution in
fluorescence mode using the same Ge solid-state multi-
element detector. The samples were placed 45° to the incident
beam. Harmonic rejection was achieved by detuning the
monochromator 30% of l,. The XAS data for the reference
compounds were collected over the Pb L, edge in transmis-
sion mode. Prior to data collection, the energy was calibrated
to the first inflection point of the Pb metal foil (E, = 13.055
keV). To elucidate the sorption mechanism at room tem-
perature, all the sorption samples as well as reference
standards were studied at 298 K.
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FIGURE 3. pH edges of Pb(Il) sorption to ferrihydrite (1 g L™%) under
closed system conditions: effect of ionic strength and initial Pb(11)
concentrations.

The XAS spectra were analyzed using WinXAS (Version
2.1). For each scan, the background X-ray absorbance was
subtracted by fitting a linear polynomial through the pre-
edge region. The edge jump of a background-corrected
spectrum was normalized with a linear polynomial over
13.155—13.455keV. The threshold energy (E,) was determined
from the first inflection point in the edge region and was
used to convert the spectra from energy to k space. A cubic
spline function was employed to account for the atomic
absorption in the absence of backscattering contributions
over therange 1.95—10.5 A2, This isolated function produced
the XAFS function [x(k)], which was then weighted by k2 to
enhance the higher k space data. The Bessel window function
was used in Fourier transforms to produce the radial
structural function (RSF) over 2.4—9.7 A-1 for all sorption
samples. These RSF are uncorrected for phase shifts.

To obtain the structural information, the Fourier trans-
forms were fit with an Fe-substituted PbO model generated
using FEFF7 (30), where all the parameters except the
amplitude reduction factor (S f,) were allowed to float. A
comparison of the Pb(NOs3), solution spectra collected in
transmission mode with that of the fluorescence mode
revealed an average S 2 of 0.60, which was used in fitting. In
each sample, the E, shift was constrained to be equivalent
for all shells. The value of E, was constrained to be equal for
all the shells in each sample. The number of parameters
varied during the fitting was always less than the maximum
allowed based on Nfee = (2 x Ak x AR)/7, where Nire is the
number of degrees of freedom, Ak is the range of k space
being fit, and AR is the range of the R space (46). For any
given shell, a good fit was determined on the basis of mini-
mum residual error. Additionally for each sample, the fitting
routine was carried out on their individual scans as well as
their averaged scan such that the error in the accuracy of the
structural parameters for a given shell did not exceed 15%.

Results and Discussion

Sorption Edges. The sorption edges (Figure 3) are sharp
sigmoid profiles characteristic of transition metals with pHsg
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FIGURE 4. Isotherms of Ph(Il) sorption to ferrihydrite (1 g L=%) under

closed system conditions at 25 °C and 1.S. 1072 M NaNOs;. Solid

symbols represent the isotherm data, and open symbols represent

the sorption edge data presented in Figure 3. XAS studies were

conducted on data points marked with ovals.

~ 4.5, which is consistent with the range observed for most
other iron oxide studies reported (8, 9, 11, 13, 15, 17, 19).
Even at low pH values, there was a small amount of Pb(II)
sorbed to the oxide surface. In the pH range studied, Pb(ll)
sorption to ferrihydrite does not significantly vary with ionic
strengths between 1073 and 10~* M NaNOg, suggesting that
this background electrolyte does not provide significant
competition to Pb(ll) sorption. Swallow et al. (47) also
reported Pb(Il) sorption to HFO to be unaffected by ionic
strengths ranging from 5 x 1073to 5 x 10~* M NaClO,. These
results suggest that Pb(I1) primarily sorbs to ferrihydrite and
goethite to form inner-sphere complexes. In contrast, in clay
minerals such as montmorillonite, the Pb(ll) sorption mech-
anism varies from predominantly outer-sphere complexation
at lower pH values to a mixture of outer- and inner-sphere
complexation at pH > 6.0 (35). Lead sorption to montmo-
rillonite is also a function of ionic strength (35). In Figure 3,
Pb(I1) sorption decreased with increasing Pb(l1)/ferrihydrite
ratio, indicative of the saturation of available sites on the
surface of ferrihydrite (9). Benjamin and Leckie (19) observed
a similar shift in the sorption edges for Pb(ll) sorption to
amorphous Fe;03-H,0.

Sorption Isotherms. To assess the effect of adsorbate
concentrations on Pb(l1) sorption to ferrihydrite, traditional
isotherm studies were conducted at pH 4.5, 5.5, and 6.5 under
closed system conditions at room temperature. For all Pb(Il)
concentrations, the isotherms are consistent with the sorption
edges (Figure 4). Interestingly, in all isotherms at lower
Pb(I1) concentrations, the amount of Pb(ll) sorbed to ferri-
hydriteislinearly proportional to the dissolved concentration.
With increases in Pb(Il) concentration, each isotherm forms
a plateau indicative of the onset of saturation of sites, which
is defined as the maximum sorption capacity available on
the ferrihydrite surface (42, 48). This maximum sorption
capacity increases with pH (Figure 4). The linear relation
between the sorbed Pb(ll) concentration and the bulk
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FIGURE 5. Normalized XANES spectra (a) and corresponding first
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aqueous Pb(Il) concentration at equilibrium (Figure 4)
suggests that Pb(Il) sorption to ferrihydrite can be described
by one average type of site (42). This hypothesis will be verified
with spectroscopic studies presented in the following sec-
tions. The ability of the triple-layer surface complexation
model to simulate the experimental data is detailed in an
accompanying paper (49).

XANES Studies. The sensitivity of Pb L;; XANES with
respect to the first-shell coordination has been well-
documented previously (22—27, 35). A comparison of the
normalized XANES spectra for the sorption samples and their
first derivatives with those of selected Pb references in Figure
5 demonstrates the change in local coordination in the first
shell around the Pb atom. The XANES spectrum of aqueous
Pb(11) ions shows two distinctive features (Figure 5a): asubtle
depression in the pre-edge region between 13.03 and 13.04
keV and a sharp depression above the edge around 13.085
keV. These features are absent in the XANES spectra of the
sorption samples, indicating that the Pb(l1) ions sorbed onto
ferrihydrite have different first-shell coordination than that
of aqueous Pb(ll) ions. These differences are prominent in
the first derivatives of the XANES spectra (Figure 5b) for the
aqueous Pb(ll) ion and the Pb(ll) sorption samples; these
differences confirm that the Pb(ll) ions do not retain their
primary hydration shell upon sorption to ferrihydrite.
Interestingly, the XANES features of Pb—ferrihydrite sorption
complexes did not vary between pH 4.5 and pH 6.5, suggesting
that the first-shell coordinations surrounding the Pb atoms
are similar (23, 35). The XANES spectra of the sorption
samples in this study resemble those of Pb—goethite and
Pb—hematite systems (23), suggesting that the sorbed Pb(ll)
ions have similar coordination environments for all three
iron oxides. Furthermore, these XANES spectra are similar
to that of Pb,(OH),*"(aq) (26), thus implying that the first
shell of sorbed Pb(ll) ions is a distorted trigonal pyramidal
coordination with hydroxide ligands or surface oxygen
ligands. In contrast, the XANES spectrum of PbO (Figure 5a)
and its first derivative (Figure 5b) show a distinct shoulder
around 13.045—13.05 keV and two dominant peaks at 13.09
and 13.108 keV. These features are consistent with the ones
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reported by Chisholm-Brause et al. (27) for different poly-
morphs of PbO and other oxidized complexes of Pb. The
pre-edge shoulder in the PbO XANES spectra has been
assigned to 2p — 6s electronic transitions that possibly arise
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TABLE 1. Structural Parameters of Ph(Il)—Ferrihydrite Sorption Complexes?

pH T' (mol of Pb g7Y) atom CN R(A)
6.5 103 O 2.102 2.274
(0.09) (0.012)

Fe 2.379 3.316
(0.15) (0.028)

6.5 10~ (e} 2.051 2.271
(0.10) (0.011)

Fe 2.089 3.334
(0.18) (0.032)

6.5 1075 O 1.973 2.303
(0.11) (0.014)

Fe 2.216 3.335
(0.17) (0.036)

55 103 O 2.014 2.292
(0.11) (0.012)

Fe 2.217 3.347
(0.17) (0.022)

55 104 O 2.210 2.284
(0.10) (0.012)

Fe 2.012 3.339
(0.11) (0.026)

55 105 O 2.106 2.277
(0.13) (0.014)

Fe 2.178 3.337
(0.14) (0.032)

4.5 9.25 x 1073 (e} 1.979 2.274
(0.12) (0.011)

Fe 1.855 3.334
(0.16) (0.028)

Fe 0.796 3.889
(0.20) (0.036)

4.5 104 O 2.477 2.284
(0.14) (0.014)

Fe 2.279 3.358
(0.22) (0.034)

Fe 0.656 3.898
(0.24) (0.033)

@AY G (AY Ci (AY AE, (eV) % res.
0.0106 - — +5.21 2.70
0.0127 - -

0.0110 - - +4.98 3.31
0.0139 - -

0.0117 - - +4.82 1.36
0.0142 —0.0004 -

0.0097 - - +4.41 1.89
0.0139 —0.0007 -

0.0118 - - +6.14 2,51
0.0150 —0.0004 -

0.0131 - - +5.56 3.54
0.0150 —0.0006 -

0.0106 0.0003 - +4.65 7.14
0.0141 0.0004 -

0.0148 —0.0007 0.00001

0.0111 0.0003 - +4.31 8.36
0.0147 0.0002 -

0.0151 —0.0006 0.00003

2 Fits obtained using Fe-substituted PbO model (30). T, sorption density (mol of Pb (g of ferrihydrite)~); CN, coordination number; R, average
radial distance; 02, Debye—Waller factor; Cs, third cumulant; C,, fourth cumulant. Least-squares precisions are given in parentheses. Typically the
uncertainties in N are estimated to be 20% for the first shell and 30% for the second shell. Similarly, variations in R are estimated to be 0.03 A

for all shells.

from multiple scattering of the photoelectron from the
neighboring atoms (22, 27). This feature is weak to absent
in the Pb—ferrihydrite sorption spectra, which can be
attributed to the change in the 2p — 6s transition, which
arises from the differences in the Pb—O bond lengths or
O—Pb—0 angles. Furthermore, the strict exclusion of car-
bonates in this research eliminates the possibility of the
formation of carbonate species. Thus, the sorption complexes
have slightly different structures than the ones of commonly
occurring lead precipitates.

XAS Studies. The XAS spectra of Pb(ll) sorbed to ferri-
hydrite under various pH and adsorbate concentrations
(Figure 6) do not resemble that of Pb?" in aqueous solution,
thus confirming that the local coordination of sorbed Pb?*
is different than that of the aqueous Pb?" ion. The XAS spectra
of the sorption samples are a result of two backscattering
envelopes, indicative of two distinct shells surrounding the
sorbed Pb(Il) ion. All the spectra are noisier in the higher k
region, which may be attributed to the presence of highly
disordered ferrihydrite present in the background. For each
pH, the y spectra are similar at all sorbate loadings; however,
their signal-to-noise ratios improved with sorbate concen-
tration. For systems studied at pH 5.5 and pH 6.5, the XAS
spectra show a distinct shoulder present in the y region of
4—5 A-1 which is absent in the spectra of pH 4.5 sorption
systems. This distinction suggests that the mechanism by
which Pb(Il) sorbs to ferrihydrite is a function of pH.
Interestingly, all of these sorption spectra do not resemble
those of PbO or PbCO; (33), thus ruling out the possibility
of the formation of surface precipitates.
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Toreveal the local structure of Pb(11) sorbed to ferrihydrite,
the y spectra of sorption samples were Fourier transformed
over the range 2.4—9.7 A~ and then fitted with a theoretical
model of Fe-substituted PbO over the range of 0.6—3.8 A
(Figure 7). The structural parameters derived from fitting
the Fourier transforms (uncorrected for phase shift) of these
spectra confirm the presence of two different neighboring
atoms: O in the first shell and Fe in the second shell (Table
1). No meaningful fits were obtained when Pb was considered
as a possible contributor to the second shell with or without
Fe contributions. Thus, the probability of the formation of
surface precipitates is minimal to insignificant (23). Fur-
thermore, the absence of Pb backscatterers implies that
Pb(ll) ions are sorbed to ferrihydrite predominantly as
mononuclear sorption complexes.

In all the samples, the first shell is composed of two oxygen
atoms at an average radial distance of 2.27—2.29 A. Resultant
structural parameters (Table 1 and Figure 7) for all sorption
samples reveal oxygen neighbors in the first shell of the sorbed
Pb(ll) ion at an average radial distance of 2.28 A. These radial
distances are consistent with other Pb(ll) sorption studies
(22—24, 30, 35, 36, 39). The first shell of fully hydrated Pb(lI)
ions is reported to be octahedral with the radial distances for
Pb—0 ranging from 2.47 to 2.49 A (22, 23, 35). These radial
distances are much larger than the ones observed in the
present sorption systems, suggesting that Pb(ll) ions did not
retain their primary hydration sphere upon sorption to
ferrihydrite. Similarly, Pb—O bond distances of 2.69 A
reported for PbCOs (33), 2.32 A for Pb,(OH)4**(aq) (22), and
2.32—2.36 A for lead oxides (22, 32, 33) are much larger than



the ones reported for the sorption samples, suggesting the
absence of surface precipitation reactions.

For sorption systems studied at pH 6.5, the second shell
was best fitted with two Fe atoms at an average radial distance
0f3.34 A. The local structure of Pb(I1) ion sorbed to ferrihydrite
did not change with adsorbate concentration; however, with
decrease in adsorbate concentration, the degree of disorder
increased as indicated by the Debye—Waller factor (¢?).
Present research also demonstrates that the local structure
of the Pb—ferrihydrite sorption complex at pH 5.5 is similar
to the one observed at pH 6.5 and is independent of adsorbate
concentration. In most samples, the highly disordered
ferrihydrite, in the background, hinders obtaining a reason-
able and meaningful Gaussian fit for these systems. Con-
sequently, inclusion of a third-order cumulant (C3) and a
fourth order cumulant (C4) was necessary to account for the
disorder arising from skewing of the moments of distribu-
tion as well as to measure the weight in the tails of
distributions (50). Scheinost et al. (30) determined similar
structural parameters for Pb—ferrihydrite complexes at pH
5.0; they found that the sorption mechanism was inde-
pendent of the method of oxide preparation, the presence
of another metal cation such as Cu, and the reaction contact
time. They attributed the increase in Pb(ll) sorption with
time to intraparticle diffusion (30). Collectively, the spec-
troscopic results corroborate the macroscopic modeling
results, implying that the reaction mechanism by which Pb-
(1) sorbs to ferrihydrite does not change between pH 5.0
and pH 6.5.

Conversely, the sorption samples studied at pH 4.5 reveal
two distinct Pb—Fe bond distances of 3.34 and 3.89 A where
the Fe contributions at 3.89 A bond distance are much smaller
than those at 3.34 A. Bargar et al. (22, 23) found that the
Pb—Fe separations in the range of 2.91—3.49 A arise from
edge-sharing bidentate sorption of Pb(ll) ions to FeOs
octahedra, while those separations equal to or greater than
3.90 A arise from monodentate or corner-sharing bridging-
bidentate bonding of Pb(ll) ions to FeOs octahedra. Thus,
with ferrihydrite at pH =5.0, Pb(I1) ions form mononuclear
bidentate edge-sharing complexes (Figure 8a). This result is
consistent with others including Pb(ll) sorption to goethite
and hematite at pH >6.0 (22, 23), Pb(Il) sorption to alumina
at pH =6.0 (22), Pb(ll) sorption to HFO at pH 6.5 (36), and
Pb(I1) sorption to goethite at pH 6 (39). At lower pH, at least
two of the following distinct Pb—ferrihydrite sorption com-
plexes coexist: mononuclear monodentate, mononuclear
bidentate corner-sharing, and mononuclear bidentate edge-
sharing complexes (Figure 8b). A similar change in the
mechanism of Pb(Il) sorption to goethite from pH 5.0 to pH
6.0 was observed by Elzinga et al. (39). From their spectro-
scopic investigations, Strawn and Sparks (35) reported that
Pb(ll) sorbed to montmorillonite via outer-sphere complex-
ation at pH <6.3 and via inner-sphere complexes for pH
>6.77. Between pH 6.3 and pH 6.77, they observed Pb(ll)
forming both types of complexes with montmorillonite (35).
On the other hand, combined results of Fourier transform
infrared (FTIR) and XAS demonstrated that, in the presence
of organic chelants such as EDTA, Pb(I1) sorbs to goethite via
an outer-sphere mechanism that is independent of Pb(I1)—
EDTA concentration, ionic strength, and pH over the range
of 4—6. In the presence of a strong background ligand such
as carbonate, Pb(ll) forms predominantly corner-sharing
bidentate and/or tridentate metal-bridge ternary sorption
complexes with goethite at pH <5; while at higher pH values
Pb(Il) forms edge-sharing bidentate and/or tridentate metal-
bridge ternary sorption complexes with goethite (51). In
contrast, in the presence of sulfate, Pb(ll) forms corner-
sharing metal-bridged ternary complexes with goethite at all
pH values (52). These ternary complex formations explain
the increase in Pb(lI1) sorption onto goethite in the presence
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FIGURE 8. Schematic representations of predominant Pb(ll)—
ferrihydrite sorption complexes based on the interpretations of the
XAS analyses at (a) bidentate edge-sharing mononuclear; (b)
monodentate mononuclear; and (c) bidentate corner-sharing mono-
nuclear. At pH > 5.0, only configuration a is observed. At pH < 5.0,
either a combination of configurations a and b or a combination
of configurations b and c is expected.

of stronger ligands such as carbonate (51), sulfate (52), and
chloride (24).

Interestingly, in all the Pb—ferrihydrite sorption samples,
no meaningful fits were obtained when Pb—Pb contributions
were included in the fits of the second shell. A lack of these
contributions in the sorption samples confirms the absence
of the formation of Pb precipitates on the ferrihydrite surface.
Overall, the macroscopic and spectroscopic studies presented
here demonstrate that Pb(ll) ions predominantly sorb to
ferrihydrite via inner-sphere complexation, not retaining their
primary hydration shell upon sorption. Interestingly, this
sorption mechanism transitions from a mixture of mono-
dentate and bidentate sorption complexes at lower pH to
predominantly edge-sharing bidentate complexes at higher
pH values. Furthermore, this paper demonstrates that, at
constant pH, the configuration of the sorption complex is
invariant of the adsorbate concentration. Such information
will aid scientists and engineers in improving the current
models that predict and manage the fate of toxic metals,
such as Pb(ll), in the aquatic and soil environments. In an
accompanying manuscript (49), the extensive collection of
new macroscopic and spectroscopic data presented in this
paper was used to assess the ability of the modified triple-
layer model to predict single-solute Pb(ll) sorption onto
ferrinydrite as a function of pH, ionic strength, and Pb
concentration.
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