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Abstract

Hydrous Fe and Mn oxides (HFO and HMO) are important sinks for heavy metals and Pb(II) is one of the more prevalent metal contaminants
in the environment. In this work, Pb(II) sorption to HFO (Fe2O3·nH2O, n = 1–3) and HMO (MnO2) surfaces has been studied with EXAFS:
mononuclear bidentate surface complexes were observed on FeO6 (MnO6) octahedra with Pb–O distance of 2.25–2.35 Å and Pb–Fe(Mn) distances
of 3.29–3.36 (3.65–3.76) Å. These surface complexes were invariant of pH 5 and 6, ionic strength 2.8 × 10−3 to 1.5 × 10−2, loading 2.03 × 10−4

to 9.1 × 10−3 mol Pb/g, and reaction time up to 21 months. EXAFS data at the Fe K-edge revealed that freshly precipitated HFO exhibits short-
range order; the sorbed Pb(II) ions do not substitute for Fe but may inhibit crystallization of HFO. Pb(II) sorbed to HFO through a rapid initial
uptake (∼77%) followed by a slow intraparticle diffusion step (∼23%) resulting in a surface diffusivity of 2.5 × 10−15 cm2/s. Results from this
study suggest that mechanistic investigations provide a solid basis for successful adsorption modeling and that inclusion of intraparticle surface
diffusion may lead to improved geochemical transport depiction.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Soils and sediments act as major sinks for heavy metals re-
leased from anthropogenic sources. Adsorption is one of the im-
portant processes that affect the transfer of heavy metals from
the aqueous to solid phase thus influencing distribution, mobil-
ity, and bioavailability. Among soil components, iron and man-
ganese oxides exist widely and have a high affinity and large
capacity for metal contaminants [1–5]. As a result, these oxides
are important phases in controlling heavy metal behavior in the
environment. Studies [6–13] have shown that X-ray absorption
spectroscopy (XAS) techniques can address speciation through
depiction of the local coordination environment, which allows
one to distinguish between adsorption and co-precipitation; cor-
responding surface complexation or precipitation reactions can
be proposed accordingly for further modeling studies. There-
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fore XAS is an important tool in understanding and predicting
the fate of heavy metals in the environment.

Pb(II) contamination is ubiquitous and has received much
attention because of its toxicity. Many studies have been con-
ducted on Pb(II) adsorption mechanisms on crystalline iron
and aluminum oxides [14–21]. To construct an accurate de-
scription of the Pb(II)-oxide surface, Bargar et al. [12] stud-
ied Pb(II) sorption products and surface functional groups on
iron oxides. They found that Pb(II) ions sorbed as mononu-
clear bidentate complexes to edges of FeO6 octahedra on both
goethite and hematite. Combined with bond-valence determi-
nation, the authors proposed that Pb(II) adsorption occurred
primarily at [FeFe

Fe → O−1/2] and [Fe–OH+1/2
2 ] sites. Similar

surface complexes have been observed for Al oxides [11,17].
However, Pb binding has been found to change with increasing
sorption density: surface complexes on goethite shifted from
bidentate corner-sharing to bidentate edge-sharing as the load-
ing increased from 0.83 to 4.9 µmol Pb/m2 [21]. On the other
hand, Pb(II) polynuclear complexes were observed on γ -Al2O3
[15] and goethite [11,16]. Interestingly, Trivedi et al. [22] found
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a mixture of bidentate edge- and monodentate corner-sharing
Pb(II) complexes on 2-line ferrihydrite at pH 4.5 above which
only the former was observed despite the extent of surface cov-
erage.

Pb(II) uptake by goethite in the presence of various an-
ions has also been investigated. Bargar et al. [13] proposed
that the presence of Cl− has little effect on the Pb(II)/goethite
and Pb(II)/γ -alumina surface complexes at pH 7, while Pb(II)–
Cl−-goethite ternary complexes were formed at pH � 6. Recent
studies indicated that first and second-shell distances for Pb
sorption to goethite are essentially unchanged (�R < 0.03 Å)
by the presence of carbonate or sulfate [8,9,20]. While much
work has been conducted with crystalline oxide surfaces, lim-
ited extended X-ray absorption fine structure (EXAFS) studies
have been reported on amorphous iron oxides. Manceau et al.
[23] observed that Pb(II) was adsorbed on HFO as mononu-
clear bidentate complexes on edges of FeO6 octahedra based
on a short-term contact time of three hours. Scheinost et al.
[24] found that Cu and Pb formed similar edge-sharing inner-
sphere sorption complexes when sorbed to 2-line ferrihydrite,
this structure did not change as a function of time (up to
2 months), ferrihydrite morphology (with and without freeze-
drying), and competing ions (Cu2+). While Trivedi et al. [22]
observed inner-sphere bidentate edge- and monodentate corner-
sharing Pb(II) complexes, at constant pH, the configuration of
the sorption complex was observed to be independent of the
adsorbate concentration thus suggesting one average type of
mechanism.

Furthermore, much fewer studies have been conducted on Pb
adsorption to Mn oxides. Manceau et al. [23] proposed multin-
uclear surface complexes with a Pb oxy/hydroxy-like structure
coordinating specifically with birnessite edges at 10.4% surface
coverage. Recently, Manceau et al. [25] concluded that Pb sorp-
tion is independent of the surface loading (Pb/Mn atomic ratios
range from 0.1 to 5.8%) on birnessite; similar to Zn, Pb pre-
dominantly sorbed to vacancy sites forming tridentate corner-
sharing complexes. Matocha et al. [26] suggested a mononu-
clear corner-sharing Pb complex coordinated above and below
the vacancy sites on birnessite with a Pb–Mn distance of 3.74 Å,
while two Pb–Mn distances (3.31 and 3.87 Å) indicate both
edge and corner-sharing mononuclear complexes formed on
the manganite surface. More recently, Villalobos et al. [27] re-
solved Pb–Mn distances of ∼3.5, 3.7, and 5.5 Å for Pb sorbed
to a layered biogenic manganese oxide and attributed the re-
sults to double-corner- and triple-corner-sharing complexes at
the external particle edges and interlayer sites above and below
the vacancies, respectively. Pb adsorption on amorphous Mn
oxide, one exhibiting no long-range order, has not yet been re-
ported in literature. Meanwhile, although intraparticle diffusion
into inner surfaces of soil has been observed [17,24,28–38],
few studies [17,24,39] have been conducted in identifying the
nature of internal sites especially for Pb/HFO and HMO sys-
tems. Pb(II) sorption mechanisms were found to be invariant
with time on γ -Al2O3 [17] and 2-line ferrihydrite [24]; in both
studies, there was no evidence of Pb precipitation.

Applying EXAFS analysis on samples of Pb sorbed to HFO
and HMO as a function of time can address surface complexes
formed during the diffusion process. Distinguishing the effect
of time is especially important for amorphous oxides where
phase transformation may impact sorption complexes. Deter-
mining surface complexes is critically important to successfully
predicting metal adsorption to mineral surfaces using surface-
complexation models. Because Pb adsorption onto amorphous
HFO and HMO has not been systematically studied as a func-
tion of time, this work focuses on the transient sorption process
using spectroscopic analysis of Pb adsorption at the HFO- and
HMO-aqueous interfaces. In the sorption studies, systems were
open to the atmosphere to simulate the natural environment.

2. Materials and methods

2.1. Iron oxide and manganese oxide synthesis and
characterization

HFO (Fe2O3·nH2O, n = 1–3, [40]) used in this study
was synthesized following the method described by Dzombak
and Morel [40], where 1 g L−1 batches were prepared using
Fe(NO3)3·9H2O (>99.99%, Aldrich) and deionized (DI) water.
Synthesis was conducted under turbulent conditions maintained
by a motorized stirrer with a polyethylene coated impeller and
purged with N2 gas. For turbulent conditions used here and
in the following, the Reynolds number (>104) was calculated
based on rotation rate of the stir bar, impeller, or shaker and
the associated characteristic length or diameter of the stir bar,
impeller, or bottles being shaken. Ferric nitrate solutions were
adjusted to pH 7–7.5 by dropwise addition of 10 N NaOH so-
lution and aged for 4 h before adsorption studies.

HMO (MnO2) was synthesized based on the method of
Gadde and Laitinen [41]. An alkaline sodium permanganate
(NaMnO4, 4.6 × 10−3 M) solution was prepared with a molar
ratio 2:1 of NaOH to NaMnO4. 1 g L−1 batches of HMO were
precipitated by slowly adding manganese nitrate (Mn(NO3)2)
to the alkaline NaMnO4 with a final molar ratio of 3:2. The so-
lution was mixed under turbulence by a magnetic stirrer for 3 h
and was purged with N2 to remove CO2. The suspension was
then centrifuged and rinsed with DI water, after which the oxide
was redispersed in a 1.5×10−2 M NaNO3 solution prior to use.

Freshly prepared HFO and HMO have been characterized
on aqueous and as well as freeze-dried samples in earlier stud-
ies [32,35]. The X-ray diffractograms of HFO and HMO are
broad and flat indicative of amorphous structures. For HFO,
the porosity was 0.5 and the pore size distribution from Hg
porosimetry showed a mean pore radius less than 5 nm [32].
HMO had a porosity of 0.3 with two modes of pore radii at
2.1 and 6.1 nm (with N2 desorption method) [35]. For both
oxides, scanning electron micrographs suggested aggregated
particles which were spherical with highly irregular topogra-
phy [32,35]. The particle size distribution in the aqueous phase
was in the range 0.5–350 µm with modes at approximately
6.5 and 90 µm for HFO and in the range 0.5–400 µm with a
mode at approximately 15 µm for HMO [32,35]. Therefore, the
freshly precipitated HFO and HMO samples, which were used
in the following adsorption studies, aggregate into larger spher-
ical particles in aqueous phase, where layers of water adsorb on
the meso- and/or micropores pore walls.
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Goethite used as a standard for Fe EXAFS was synthesized
and characterized in earlier work [39]; hematite was purchased
from Alfa Aesar (99.8% purity).

2.2. Sample preparation

In all adsorption studies, the bulk aqueous phase concen-
tration of Pb was below the solubility limit for hydrocerus-
site, Pb3(OH)2(CO3)2, the thermodynamically stable mineral
[42,43]. Ionic strength (IS), pH, and Pb2+ concentration were
adjusted with NaNO3, HNO3, and NaOH, and a stock solution
of Pb(NO3)2. Turbulence was maintained to eliminate resis-
tance due to external mass transfer. All solutions were prepared
from Milli-Q Type I DI water. Pb(NO3)2 stock solutions were
prepared using Aldrich high-purity (99.999%) reagent main-
tained at pH 2 and stored in Nalgene (r) high density polypropy-
lene containers.

Pb(II) sorption was studied open to the atmosphere with ex-
perimental conditions listed in Table 1. The amount of metal
adsorbed was calculated from a mass balance by subtracting the
final aqueous concentration from the initial one. Because the
BET surface area is measured on freeze-dried particle, it does
not necessarily represent that of the hydrous one in the aque-
ous environment; metal loadings on the hydrated samples were
not normalized to the surface area. Metal concentrations were
analyzed with a Beckman Liquid Scintillation System (Model
LS6500) using an isotope-tagged (Pb210) metal-nitrate stock so-
lution to adjust the concentration. Therefore, duplicate samples
were prepared: one tagged with Pb210 to measure the amount
of Pb sorbed; and the other not tagged for XAS analyses. The
effect of pH, ionic strength, and Pb loading were investigated
using short-term samples, where a pseudo-equilibrium was ob-
served after 4 h of contact time. These samples represent sorp-
tion to the external surface of the oxides. A series of long-term
samples (from 1 to 21 months) were prepared from constant
boundary condition (CBC) experiments to study the transient
sorption process [32]. CBC studies are convenient to investigate
diffusion in micropores where the aqueous metal concentra-
tion as well as pH are maintained constant. Compared to the
decreasing metal concentration in typical adsorption studies,
diffusion can be observed over a convenient time frame. CBC
studies were conducted in 1 L Nalgene bottles, the bulk aque-
ous concentration of metal ions was maintained approximately
constant by monitoring and adding adsorbate as necessary. All
XAS samples were in the form of wet paste using centrifugation
(12000 RPM for 20 min with the Sorvall RC-28S centrifuge)
for solid/liquid separation and without any further treatment to
maintain conditions studied.
Table 1
Sample preparation conditions

Sample pH IS Solid (g L−1) [Pb]0 (M) [Pb]eq (M) Pbads (mol g−1) Reaction time

Pb/HFO 6 2.8 × 10−3 0.1 4 × 10−4 5.9 × 10−5 3.41 × 10−3 4 h
10−3 mol/g, pH 6, IS 10−3

Pb/HFO 6 5.6 × 10−3 0.2 5 × 10−5 9.0 × 10−6 2.04 × 10−4 4 h
10−4 mol/g, pH 6, IS 10−3

Pb/HFO 5 5.6 × 10−3 0.2 5 × 10−5 9.4 × 10−6 2.03 × 10−4 4 h
10−4 mol/g, pH 5, IS 10−3

Pb/HFO 5 5.6 × 10−3 0.2 4 × 10−4 1.6 × 10−5 1.92 × 10−3 4 h
10−3 mol/g, pH 5, IS 10−3

Pb/HFO 5 5.6 × 10−2 0.2 4 × 10−4 1.8 × 10−5 1.91 × 10−3 4 h
10−3 mol/g, pH 5, IS 10−2

Pb/HFO, 1 month 5 1.4 × 10−2 0.3 5 × 10−4 1.1 × 10−4 1.75 × 10−3 1 month
10−3 mol/g, pH 5, IS 10−2

Pb/HFO, 4 months 5 1.4 × 10−2 0.3 5 × 10−4 9.7 × 10−5 1.80 × 10−3 4 months
10−3 mol/g, pH 5, IS 10−2

Pb/HFO, 9 months 5 1.4 × 10−2 0.3 5 × 10−4 1.2 × 10−4 1.72 × 10−3 9 months
10−3 mol/g, pH 5, IS 10−2

Pb/HFO, 14 months 5 1.4 × 10−2 0.3 5 × 10−4 1.2 × 10−4 1.73 × 10−3a 14 months
10−3 mol/g, pH 5, IS 10−2

Pb/HFO, 21 months 5 1.4 × 10−2 0.3 5 × 10−4 1.2 × 10−4 1.73 × 10−3a 21 months
10−3 mol/g, pH 5, IS 10−2

Pb/HMO 5 1.5 × 10−2 0.1 1 × 10−3 9.0 × 10−5 9.10 × 10−3 4 h
10−2 mol/g, pH 5, IS 10−2

Pb/HMO 6 1.5 × 10−2 0.2 3 × 10−4 3.0 × 10−5 1.35 × 10−3 4 h
10−3 mol/g, pH 6, IS 10−2

Pb/HMO, 1 month 6 1.5 × 10−2 0.1 5 × 10−5 6.0 × 10−7 5.40 × 10−4 1 month
5 × 10−4 mol/g, pH 6, IS 10−2

Pb/HMO, 4 months 6 1.5 × 10−2 0.1 5 × 10−5 6.0 × 10−7 6.00 × 10−4 4 months
6 × 10−4 mol/g, pH 6, IS 10−2

a Data measured on the 392nd day. System was kept in turbulence and XAS samples were taken in the 14th and 21st months.
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2.3. XAS data collection and analysis

The XAS data were collected at beamline X-11A for Pb
and X-11B for Fe at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory. The storage ring
was operated at 2.81 GeV beam energy with a beam current
in the range 100–300 mA. Silicon(111) double-crystal mono-
chromators were used for both beamlines. The incident beam
(I0) was detuned by 30% to reject high-energy harmonics. Data
were collected in both transmission and fluorescence modes.
The I0 ion chamber was filled with N2(g) and the fluorescence
signal (If) was collected using a Lytle detector filled with Ar
gas. The transmission signal (It) was measured with an ion
chamber containing a N2(g) and Ar(g) gas mixture adjusted to
absorb approximately 60% of the incoming X-rays. Pb and Fe
foils were used as references for energy calibration. EXAFS
spectra were collected from 12,855 to 13,602 eV over the Pb
LIII-edge and from 6912 to 7857 eV over the Fe K-edge. At
least five scans for Fe and typically 10–20 scans for Pb were
collected. The analysis was carried out on the averaged fluores-
cence data for Pb at the LIII-edge and transmission data for Fe
at the K-edge. All EXAFS data were collected at room temper-
ature.

The XAS data were analyzed with WinXAS 2.3 following
standard procedures [44]. For each scan, the background was
fitted with a linear polynomial through the pre-edge region and
subtracted. The edge jump of the background-corrected XAS
spectra was then normalized to one by refining 100–200 eV
above the edge with a zero order polynomial and normalizing
the spectra to the ordinate value of this polynomial. The energy
threshold (E0) of the absorption spectrum was determined from
the first inflection point of the edge region and was used to con-
vert the absorption spectrum from energy to k-space. A cubic
spline function with three knots was applied to account for the
isolated atomic absorption μ0(E). The EXAFS function (χ(k))

was obtained after subtracting μ0(E) from the absorption of the
atom in condensed matter. The χ(k) spectra were weighted by
k3 to enhance the higher k-space data and then Fourier trans-
formed using the Bessel window function to produce the radial
structural function (RSF). The RSF was not corrected for phase
shift. EXAFS fitting of the RSF was conducted using theoretical
phase shift and amplitude functions calculated by the FEFF 7
code [45]. Parameters were all floated (except for amplitude re-
duction factor, S2

0 , and for Fe K-edge, the coordination number
was fixed based on XRD data); therefore, the resulting coor-
dination numbers (not fixed ones), distances, E0 shifts, and
Debye–Waller factors (σ 2) reflect the best fits. Errors were as-
sessed by fitting the spectra averaged over subgroups of scans.

2.4. XRD analysis

Mineralogy was determined by powder X-ray diffraction
(XRD) using a Rigaku MiniFlex diffractometer. XRD data were
collected using FeKα radiation via continuous scan in 0.02◦ 2θ

steps with a count time of 12 s step−1. Samples were prepared
as smear mounts with methanol on zero background quartz
slides (typically 10–15 mg of sample). Mounted samples were
allowed to air dry prior to data collection. The NIST SRM
640b (silicon) was used for external calibration of goniome-
ter angular position. Peak identification for crystalline phases
was achieved by reference to the International Centre for Dif-
fraction Data (ICDD) Powder Diffraction File database [46].
Identification of 2-line ferrihydrite was carried out based on the
work of Stanjek and Weidler [47]. Semi-quantitative estimates
of phase percentages were determined by whole-pattern fitting
using synthetic goethite and hematite.

3. Results and discussion

3.1. Pb EXAFS of Pb/HFO samples

Pb adsorption mechanisms on freshly precipitated HFO sam-
ples as a function of pH, ionic strength, Pb loading, and time
have been studied. The EXAFS spectra collected for Pb stan-
dards (PbO, PbCO3, and aqueous Pb(NO3)2) are compared to
Pb/HFO adsorption samples (Fig. 1). The χ(k)k3 spectra of
PbO and PbCO3 are similar to that observed by others [7,11,19]
and the fitting results (Table 2) are consistent with XRD. The
χ(k)k3 spectra of aqueous Pb(NO3)2 solution is characterized
by an oscillation dominated by backscattering from first-shell
oxygen atoms around the central Pb atom (Fig. 1). The RSF
(Fig. 1) clearly demonstrates this Pb–O contribution fitted with
7.0 ± 1.4 O atoms at 2.50 ± 0.08 Å. This octahedral structure
represents that of fully hydrated Pb(II), as greater than 99% of
the total Pb exists as Pb2+ in this aqueous sample [43]. This
result is consistent with other studies [11,48].

All spectra of Pb/HFO sorption samples are different from
those of Pb3(OH)2(CO3)2 [8,11], PbO, PbCO3, and aqueous
Pb(NO3)2 (Figs. 1 and 2), suggesting unique structures as com-
pared to these standards. Overall, the spectra are dominated by
the backscattering from a first shell of O atoms and beat features
at 4.5–5.0 and 6.5–8.5 Å−1 indicative of a heavier backscat-
ter from second shell contributions. The χ(k)k3 spectra were
Fourier transformed over the range 2.8–9.5 Å−1 and fitted over
the range 0.45–3.58 Å with a Fe-substituted PbO model gener-
ated theoretically using FEFF7 [45]. The RSFs show two peaks
at ∼1.9 and ∼2.9 Å (Fig. 1), and fitting (Table 3) reveals 1.3–
2.9 O atoms at 2.25–2.30 Å for the first shell. The second shell
could only be fit with Fe atoms and resulted in 0.9–2.2 Fe atoms
at 3.29–3.34 Å. The experimental magnitude and phase were
reproduced by the fitting (Figs. 1 and 2). However, the larger
Debye–Waller factor for the second shell (Table 3) suggests
greater variation in the Pb–Fe distances than those for Pb–O.

The absence of Pb backscatters around the central atom
suggests that the adsorbed Pb(II) ions on HFO are isolated
mononuclear sorption complexes. The fitted Pb–O coordination
numbers and distances in the sorption samples are consistent
with that of Bargar et al. [12] suggesting Pb(II) ions may exist
in a distorted trigonal pyramidal structure [12]. The relatively
small coordination number for O atoms in the fit may be ex-
plained with the positional disorder of the first shell O atoms,
backscattering from which may interfere destructively [11].
Water molecules present at the solid/liquid interface may act as
ligands of the adsorbed Pb(II) ions, but the corresponding Pb–O
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Fig. 1. EXAFS spectra and Fourier transform (magnitude and imaginary part) of Pb standards and 4-h Pb/HFO sample at Pb LIII-edge. FT was performed over
range: PbO 3.0–10.8 Å−1, PbCO3 2.08–9.79 Å−1, Pb2+ 2.26–8.48 Å−1, Pb/HFO 2.8–9.5 Å−1; PbO was fitted over 0.74–3.95 Å, PbCO3 0.46–4.69 Å, Pb2+
0.42–3.0 Å, and Pb/HFO 0.45–3.58 Å. Dashed lines represent fits.

Table 2
EXAFS results of Pb standards at Pb LIII-edge: FT was performed over range: PbO 3.0–10.8 Å−1, PbCO3 2.08–9.79 Å−1, Pb2+ 2.26–8.48 Å−1; PbO was fitted
over range 0.74–3.95 Å, PbCO3 0.46–4.69 Å, and Pb2+ 0.42–3.0 Å

Sample Atom N R (Å) σ 2 (Å2) �E0 (eV) Residual

β-PbO (XRD) [65] O 2 2.24
O 2 2.48
Pb 4 3.54

PbCO3 (XRD) [66] O 1 2.62
O 2 2.66
O 2 2.68
O 2 2.71
O 2 2.77
Pb 6 4.13
Pb 6 4.18

PbO O 1.9 ± 0.4 2.23 ± 0.02 0.006 ± 0.001 −11.68 ± 1.09 11.78
Pb 1.4 ± 0.3 3.53 ± 0.02 0.005 ± 0.001

PbCO3 O 11.2 ± 2.6 2.60 ± 0.02 0.025 ± 0.003 −1.09 ± 2.27 15.54
Pb 9.6 ± 1.9 4.15 ± 0.02 0.018 ± 0.001

Pb(NO3)2 O 7.0 ± 1.4 2.50 ± 0.08 0.023 ± 0.001 −7.48 ± 0.44 6.64

Note. N , coordination number; R, interatomic distance; σ 2, Debye–Waller factor; �E0, edge shift.
distances should be greater than 2.75 Å [11]. Other EXAFS
investigations [22–24] reported that the adsorbed Pb(II) on fer-
rihydrite results in two O atoms at 2.3 Å and less than one to
two Fe atoms at around 3.3 Å. The fitting results of this study
are similar with those previous studies. Bargar et al. [12] pro-
posed that Pb–Fe distances of 2.91–3.49 Å reflect bidentate
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Fig. 2. EXAFS spectra and Fourier transform (magnitude and imaginary part) of Pb/HFO samples at pH 5 and IS 10−2 as a function of time at Pb LIII-edge. FT was
performed over range 2.8–9.5 Å−1, fitted over 0.45–3.58 Å. Dashed lines represent fits.
adsorption to edges of FeO6 octahedra. EXAFS analysis of our
Pb/HFO samples suggests that upon adsorption, Pb ions lose at
least part of their waters of hydration and form mononuclear
bidentate complexes at the edges of FeO6 octahedra.

Pb/HFO sorption samples were prepared at pH 5 and 6,
ionic strength from 10−3 to 10−2, loading from 2.04 × 10−4

to 3.41 × 10−3 mol Pb/g HFO, and reaction time of 4 h to 21
months; the similarity in χ(k)k3 spectra and the fitting results
of all these samples indicate similar local structures. There-
fore Pb adsorption to HFO may be described with one average
type of mechanism under the experimental conditions tested.
Time studies resulted in a 23% increase in adsorption which is
attributed to intraparticle diffusion; a unique coordination envi-
ronment for internal sites would potentially impact the signal.
On the other hand, aging could result in solid solution forma-
tion, precipitation, and crystallization of the oxide also affecting
the Pb(II) local structure. Spectra (Fig. 2) suggest however that
the sorption complex remained unchanged with time and there-
fore the internal and external adsorption sites are approximately
equivalent. One assumption in earlier modeling efforts [32,33,
36,38] was that the adsorption sites located along the micropore
walls are no different from ones on the external surface; this as-
sumption is verified in this current Pb/amorphous HFO EXAFS
study.
The conversion of HFO to goethite and hematite has been
reported to be slow at temperatures below 20 ◦C, and is further
retarded by adsorbed species [49–51]. The effect of Pb(II) on
the transformation of HFO to goethite or hematite during the
long-term CBC studies is addressed in Section 3.2.

3.2. Fe XAS of iron oxides and Pb/HFO samples

Three iron oxides, freshly prepared HFO, goethite (α-
FeOOH), and hematite (α-Fe2O3), and two Pb/HFO samples
(reacted for 4 h and 21 months) were analyzed with XAS to
study the crystallization of HFO. In the X-ray absorption near
edge structure (XANES) analysis (Fig. 3), the spectra of HFO
and goethite were adjusted to correct for energy calibration at
the Fe K-edge. All samples (Fig. 3) have a similar pre-edge fea-
ture suggesting the presence of defects in FeO6 octahedra [52].
The more pronounced pre-edge structure for HFO samples in-
dicates a greater degree of defects. Tetrahedrally coordinated Fe
atoms produce a well-resolved shoulder (at about three fifths of
the edge height) before maximum edge peak [52]. The absence
of such a feature in the spectra of HFO and its similarity to that
of goethite, which exhibits octahedral (FeO6) structure [53],
suggest HFO and Pb/HFO samples too have octahedral struc-
ture. This result is consistent with other studies [23,52,54–58].
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Table 3
EXAFS results of Pb/HFO samples at Pb LIII-edge: FT was performed over range 2.8–9.5 Å−1, fitted over range 0.45–3.58 Å

Sample Atom N R (Å) σ 2 (Å2) �E0 (eV) Residual

Pb/HFO O 1.3 ± 0.3 2.30 ± 0.02 0.003 ± 0.001 −8.84 ± 2.47 7.40
10−3 mol/g, pH 6, IS 10−3 Fe 2.2 ± 0.9 3.34 ± 0.02 0.019 ± 0.005

Pb/HFO O 2.3 ± 0.8 2.27 ± 0.03 0.007 ± 0.002 −13.86 ± 2.93 10.40
10−4 mol/g, pH 6, IS 10−3 Fe 0.9 ± 1.2 3.29 ± 0.06 0.010 ± 0.008

Pb/HFO O 2.9 ± 0.6 2.29 ± 0.02 0.009 ± 0.002 −14.98 ± 1.97 9.76
10−4 mol/g, pH 5, IS 10−3 Fe 1.4 ± 1.1 3.29 ± 0.02 0.011 ± 0.007

Pb/HFO O 1.9 ± 0.4 2.29 ± 0.02 0.007 ± 0.025 −15.43 ± 1.31 11.60
10−3 mol/g, pH 5, IS 10−3 Fe 1.6 ± 0.5 3.33 ± 0.02 0.013 ± 0.003

Pb/HFO O 1.8 ± 0.4 2.29 ± 0.02 0.008 ± 0.003 −14.80 ± 2.98 12.23
10−3 mol/g, pH 5, IS 10−2 Fe 1.8 ± 0.6 3.34 ± 0.02 0.015 ± 0.007

Pb/HFO, 1 month O 2.2 ± 0.4 2.28 ± 0.02 0.008 ± 0.055 −12.22 ± 0.65 10.95
10−3 mol/g, pH 5, IS 10−2 Fe 2.0 ± 0.5 3.32 ± 0.02 0.016 ± 0.003

Pb/HFO, 4 months O 1.4 ± 0.3 2.30 ± 0.02 0.005 ± 0.001 −12.14 ± 0.27 9.21
10−3 mol/g, pH 5, IS 10−2 Fe 2.1 ± 0.4 3.36 ± 0.02 0.017 ± 0.003

Pb/HFO, 9 months O 2.5 ± 0.5 2.25 ± 0.02 0.010 ± 0.001 −15.86 ± 0.65 11.60
10−3 mol/g, pH 5, IS 10−2 Fe 1.3 ± 0.3 3.30 ± 0.02 0.011 ± 0.001

Pb/HFO, 14 months O 1.3 ± 0.3 2.29 ± 0.04 0.004 ± 0.002 −11.16 ± 4.88 7.64
10−3 mol/g, pH 5, IS 10−2 Fe 1.9 ± 2.1 3.31 ± 0.05 0.017 ± 0.009

Pb/HFO, 21 months O 1.8 ± 0.4 2.27 ± 0.03 0.007 ± 0.002 −12.99 ± 4.10 9.46
10−3 mol/g, pH 5, IS 10−2 Fe 2.1 ± 0.4 3.32 ± 0.04 0.017 ± 0.001

Note. N , coordination number; R, interatomic distance; σ 2, Debye–Waller factor; �E0, edge shift. An S2
0 of 0.91 was used to account for self-absorption based on

the ratio of fluorescence to transmission data for aqueous Pb2+.

Fig. 3. Fe K-edge XANES spectra of iron oxides.
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Fig. 4. EXAFS spectra and Fourier transform (magnitude and imaginary part) of iron oxides and Pb/HFO samples at Fe K-edge. FT was performed over range:
hematite 2.83–11.42 Å−1, goethite 2.63–11.19 Å−1, HFO and Pb/HFO sorption samples 2.86–11.77 Å−1. Hematite was fitted over 0.53–3.95 Å, goethite
0.63–3.76 Å, HFO and Pb/HFO samples 0.52–3.91 Å. Dashed lines represent fits.
Compared to hematite, goethite and HFO appear to have less
features in the XANES spectra. Although relatively low in in-
tensity, the shape of the edge crest of HFO is closer to that of
goethite. Also, similar edge crests were observed for HFO and
Pb-sorbed HFO samples (aged for 4 h and 21 months) indicat-
ing a similar local structure even as a function of reaction time.

The EXAFS spectra (Fig. 4) of hematite and goethite show
backscattering from multiple Fe atoms at different distances.
The first two RSF peaks of each spectrum (Fig. 4) can be fitted
with O and two subshells of Fe atoms, respectively, for which
the coordination numbers were fixed based on XRD results
[59,60]. Overall the fitting results are consistent with XRD data
(Table 4). Although multiple Fe–Fe distances exist for hematite
and goethite (Table 4), the fitting results represent an averaged
local structure. For hematite and goethite, the edge-sharing of
FeO6 octahedra produces Fe–Fe distances of 2.97–3.28 Å and
that for double corner-sharing is 3.37–3.70 Å [56]. Therefore,
the Fe–Fe distance of 3.35–3.36 Å in the fitting results (Table 4)
suggest the presence of double corner-sharing between FeO6
octahedra, which is necessary for crystal growth.

The spectrum of HFO (Fig. 4) show beats at 4.5, 5.2, 7.5, and
9.2–9.9 Å−1 indicative of Fe atoms around the central one. The
RSF (Fig. 4) reveals two well-defined peaks that can be fitted
with O and Fe atoms, respectively. Many studies have reported
an octahedral coordination environment [23,52,54–56,58] for
Fe atoms in HFO; the number of O atoms was thus fixed dur-
ing fitting. Considering error, the fitted Fe–O, Fe–Fe distances
are similar to that of goethite (Table 4). The Fe–Fe distance of
3.08 ± 0.02 Å (Table 4) suggests the presence of edge-sharing
polymers in HFO without corner-sharing.

The χ(k)k3 spectra (Fig. 4), RSF (Fig. 4), and the fitting
results (Table 4) of 4-h and 21-month Pb/HFO samples are
similar to those of HFO. Fits of the 4-h and 21-month sam-
ples were also checked in k-space after back Fourier transform;
overall, the fits are consistent with the data. The amplitudes
of the fits are greater in lower k-space than those of the data
which may be due to fixing the first shell coordination number
at 6. As shown in Fig. 4, the peak-to-valley amplitudes were
noted to differ between the 4-h and 21-month samples within
the k-range of 6–9 Å−1. Because XRD analysis of a 29-month
sample (Fig. 5) suggests dominance of ferrihydrite with trace
hematite and goethite, linear combinations of the 4-h sample,
hematite, and goethite spectra were evaluated to simulate the
21-month sample; however, based on a principle component
analysis, the 4-h sample represents that of the 21-month sample
over any other fractional combination.
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Table 4
EXAFS results of iron oxides and Pb/HFO samples at Fe K-edge

Sample Atom N R (Å) σ 2 (Å2) �E0 (eV) Residual

Hematite (XRD) [56] O 6 1.95–2.12b

Fe 1 2.90
Fe 3 2.97
Fe 3 3.36
Fe 6 3.71

Goethite (XRD) [57] O 6 1.93–2.10c

Fe 6 3.01
Fe 6 3.29
Fe 12 3.43

Hematite O 6a 2.03 ± 0.02 0.013 ± 0.001 −0.99 ± 0.13 20.6
Fe 4a 2.95 ± 0.02 0.008 ± 0.001
Fe 3a 3.36 ± 0.02 0.002 ± 0.001

Goethite O 6a 1.97 ± 0.02 0.013 ± 0.001 −4.53 ± 0.45 12.4
Fe 6a 3.04 ± 0.02 0.016 ± 0.002
Fe 8.6 ± 3.4 3.35 ± 0.02 0.014 ± 0.001

HFO O 6a 2.03 ± 0.02 0.013 ± 0.002 3.39 ± 0.52 24.2
Fe 3.6 ± 1.4 3.08 ± 0.02 0.013 ± 0.003

Pb/HFO O 6a 2.04 ± 0.02 0.013 ± 0.001 3.73 ± 0.96 25.0
10−3 mol/g, pH 6, IS 10−3 Fe 4.8 ± 1.9 3.06 ± 0.02 0.016 ± 0.001

Pb/HFO, 21 months O 6a 1.99 ± 0.02 0.013 ± 0.001 −0.07 ± 0.37 24.2
10−3 mol/g, pH 5, IS 10−2 Fe 2.7 ± 1.1 3.06 ± 0.02 0.010 ± 0.001

Note. FT was performed over range: hematite 2.83–11.42 Å−1, goethite 2.63–11.19 Å−1, HFO and Pb/HFO sorption samples 2.86–11.77 Å−1. Hematite was fitted
over range 0.53–3.95 Å, goethite 0.63–3.76 Å, HFO and Pb/HFO samples 0.52–3.91 Å. N , coordination number; R, interatomic distance; σ2, Debye–Waller factor;
�E0, edge shift.

a Fixed N numbers in fitting.
b 3 O at 1.95 Å; 3 O at 2.12 Å.
c 2 O at 1.93 Å; 1 O at 1.95 Å; 1 O at 2.07 Å; 2 O at 2.10 Å.

Fig. 5. XRD analyses of long-term Pb/HFO sample (sample aged for 29 months) compared with those of hematite and goethite.
Fits were not obtained with Pb in the second shell, there-
fore Pb(II) ions do not appear to substitute into Fe positions in
freshly prepared HFO even with a Pb/Fe molar ratio of 0.37
(corresponding to 3.41 × 10−3 mol Pb/g HFO) or aged for 21
months. The similarity in EXAFS results of 4-h and 21-month
Pb/HFO with pure HFO suggests that HFO does not transform
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into a more crystalline form in the presence of Pb(II) during
aging up to 21 months. The adsorbed Pb(II) ions binding to
the edges of HFO polymers may block the edge and corner-
sharing between HFO polymers thus inhibiting crystal growth.
This observation is important for situations where adsorption
occurs not long after ferric oxide precipitation (possibly in
wastewater treatment), the large binding capacity of the amor-
phous oxide is maintained resulting in more effective removal
of Pb(II).
3.3. Pb EXAFS of Pb/HMO samples

Similar to HFO, HMO also is an important surface in the en-
vironment. A large amount of internal adsorption sites exist on
the micropore walls because of the large porosity of HMO [35].
EXAFS analysis was conducted on short-term and long-term
Pb/HMO samples to investigate adsorption mechanisms.

The EXAFS spectra of all Pb/HMO samples (Fig. 6) show
similar patterns suggesting one type of adsorption mechanism
Fig. 6. EXAFS spectra and Fourier transform (magnitude and imaginary part) of Pb/HMO samples at Mn K-edge. FT was performed over range 2.66–10.56 Å−1,
fitted over range 0.58–4.8 Å. Dashed lines represent fits.

Table 5
EXAFS results of Pb/HMO samples at Pb LIII-edge: FT was performed over range 2.66–10.56 Å−1, fitted over range 0.58–4.8 Å for all Pb/HMO samples

Sample Atom N R (Å) σ 2 (Å2) �E0 (eV) Residual

Pb/HMO O 2.0 ± 0.4 2.28 ± 0.02 0.004 ± 0.001 −11.0 ± 0.2 21.7
10−2 mol/g, pH 5, IS 10−2 Mn 1.4 ± 0.6 3.65 ± 0.02 0.005 ± 0.001

Pb/HMO O 2.2 ± 0.4 2.32 ± 0.02 0.008 ± 0.001 −10.2 ± 1.2 24.6
10−3 mol/g, pH 6, IS 10−2 Mn 1.1 ± 0.4 3.72 ± 0.02 0.003 ± 0.003

Pb/HMO, 1 month O 2.7 ± 0.6 2.30 ± 0.02 0.007 ± 0.001 −8.7 ± 1.9 20.6
5.4 × 10−3 mol/g, pH 6, IS 10−2 Mn 1.2 ± 0.5 3.67 ± 0.05 0.005 ± 0.002

Pb/HMO, 4 months O 1.8 ± 0.4 2.35 ± 0.02 0.007 ± 0.001 −5.8 ± 0.8 19.2
5.4 × 10−3 mol/g, pH 6, IS 10−2 Mn 1.9 ± 0.8 3.76 ± 0.02 0.008 ± 0.001

Note. N , coordination number; R, interatomic distance; σ 2, Debye–Waller factor; �E0, edge shift. An S2
0 of 0.91 was used to account for self-absorption based on

the ratio of fluorescence to transmission data for aqueous Pb2+.
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as a function of pH, ionic strength, loading, and reaction time
(from 4 h to 4 months). This observation is consistent with that
for the Pb/HFO system. The beat features suggest the presence
of a second shell consisting of heavier atoms and is clearly seen
in the RSF (Fig. 6) as a well-defined peak beyond the first shell.
The fitting results (Table 5) reveal 1.8–2.7 O atoms at 2.28–
2.35 Å for the first shell and 1.1–1.9 Mn atoms at 3.65–3.76 Å
for the second shell. The Pb–O distances on HMO are simi-
lar to those on HFO surface (2.25–2.30 Å). The second shell
can be successfully fit only with Mn; trials with two Gaussian
subshells of Mn related to single- and double-corner-sharing
complexes did not result in a physically meaningful fit. Ma-
tocha et al. [26] assigned a Pb–Mn distance of 3.74 Å for
Pb/birnessite to a corner-sharing Pb complex coordinated above
and below the vacancy sites on birnessite. Using three subshells
and fixing their coordination numbers for the second shell, Vil-
lalobos et al. [27] resolved Pb–Mn distances of ∼3.5, 3.7, and
5.5 Å for Pb sorbed to a layered biogenic manganese oxide;
the authors attributed the results to double-corner- and triple-
corner-sharing complexes at the external and interlayer sites
respectively. In this study, all fitting parameters were floated
(except S2

0 was fixed at 0.91, Table 5) due to the highly disor-
dered HMO structure [61]. The Pb–Mn distance of 3.65–3.76 Å
suggests double-corner-sharing complexes.
Pb(II) sorbed on birnessite [23,25,26] shows Pb–O distance
of 2.23–2.38 Å and Pb–Mn distances of 3.74–3.77 Å. Consid-
ering the error, the local structure of Pb(II) on HMO surface
obtained in this study is similar to those on crystalline Mn
oxides. In other words, Pb(II) ions form mononuclear corner-
sharing surface complexes on both amorphous and crystalline
Mn oxides. This observation is not surprising because, similar
to iron oxides, amorphous HMO has been found to exhibit a
short-range structure of edge- and corner-sharing MnO6 octa-
hedra with local structure resembling those of well-crystallized
(oxyhydr)oxides [23,52,54,55,57].

The similarity in χ(k)k3 spectra and the fitting results of 4-h
and 4-month samples indicate alike local structures. Therefore,
consistent with the results for HFO, the internal and external Pb
adsorption sites on HMO are approximately equivalent. The as-
sumption used in earlier modeling efforts [32,33,36,38], which
is that adsorption sites located along the micropore walls are no
different from ones on the external surface, is also corroborated
in this current Pb/HMO EXAFS study.

3.4. Intraparticle surface diffusion modeling

Results for Pb/HFO adsorption at pH 5 (Fig. 7) showed
that approximately 77% sorbed within 4 h (Fig. 7, insert).
Fig. 7. Pb/HFO CBC study on 0.3 g L−1 HFO at IS = 1.4 × 10−2, pH 5, and [Pb]eq = 1 × 10−4 M. Dashed lines represent the error (±two standard deviation) of
the model.
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This fraction represents that sorbed to the external surface of
the freshly precipitated HFO. The remaining Pb was sorbed
through a much slower process—intraparticle surface diffusion.
As discussed earlier, this slow process was observed by main-
taining a constant boundary condition of the Pb(II) in the bulk
aqueous phase and therefore on the external surface. This slow
adsorption process was observed for over 10 months.

The above XAS results suggest that, in the presence of
Pb(II), HFO remains in amorphous form for up to 21 months;
furthermore, Pb adsorption is invariant as a function of time,
pH, and ionic strength. These findings support the assumption
that sites located on the micropore walls may be characterized
as equivalent to those on the external surface; this approach has
been demonstrated in early studies as well [17,24,32,33,35,36,
38] in modeling intraparticle surface diffusion along microp-
ore walls. Therefore, integrating the analytical solution over a
spherical particle results in the amount of Pb sorbed to the in-
ternal surface of a single particle at a given time [32,33,36,38].
The moles (M) sorbed internally is expressed below:

(1)M = 4πCs
R3

3

[
1 − 6

π2

∞∑
n=1

1

n2
exp

(
−Dn2π2t

R2

)]
,

(2)D = Ds

1 + (ε′/ρKi)
,

where Cs is the metal concentration sorbed on the oxide ex-
ternal surface, R is the radius of the particle, ε is the oxide
porosity, ρ is the bulk density, Ki is the distribution coeffi-
cient representing the equilibrium constant times the internal
site density, and Ds is the surface diffusivity.

The amount of Pb sorbed along the micropores times the
number of particles with that radius was summed over the en-
tire particle size distribution to obtain the total Pb concentration
sorbed internally. The summation of Pb sorbed internally and
externally provides the theoretical value of the total Pb sorbed.
Ds is the only fitting parameter in the modeling process. The
best-fit Ds is obtained by minimizing the variance between that
theoretically sorbed and the experimental data. Modeling re-
sults for Pb/HFO CBC experiment are shown as an example
(Fig. 7). The experimental data fall within two standard de-
viations of the model suggesting that the diffusion model fits
data reasonably well. The best-fit Ds was 2.5 × 10−15 cm2 s−1

suggesting a slow and rate-limiting process for Pb sorption
to HFO. Results from many studies support that intraparticle
diffusion is the rate-limiting step in metal sorption to micro-
porous oxides [17,24,31–34,36–38,58]. The Ds of this study
(2.5 × 10−15 cm2 s−1) is consistent with the range obtained by
Fan et al. [38] for Pb sorption in HAO, HMO, and HFO (10−16–
10−14 cm2 s−1).

Because HFO is metastable, the rate of its structural trans-
formation requires further investigation. After 29 months of
aging, XRD analysis (Fig. 5) suggests the dominance of ferrihy-
drite with trace hematite and goethite. As shown by Ainsworth
et al. [62] and Ford et al. [63,64], Pb partitioning to HFO is
dominated by adsorption irrespective of transformation to more
stable iron oxides. However, desorption of Pb may occur if its
loading exceeds the adsorption capacity of the crystalline oxide.
Similarly, the level-out of the experimental data (Fig. 7) may be
explained with possible changes in HFO site density (both in-
ternal and external) caused by the structural rearrangement of
HFO at micro- or nanometer level.

4. Summary

Pb(II) adsorption mechanisms on freshly precipitated HFO
and HMO samples as a function of time have been studied.
XAS results reveal that the freshly precipitated HFO exhibits
short-range order possibly forming edge-sharing polymers. The
sorbed Pb(II) ions do not substitute for Fe in the polymer struc-
ture. However, by binding to the edges of octahedra polymers,
Pb(II) ions inhibit crystallization of HFO which is stable up
to 21 months of aging, thus maintaining its large capacity for
Pb(II). EXAFS analysis of both Pb(II)-sorbed amorphous HFO
and HMO samples suggest that Pb(II) ions form mononuclear
bidentate surface complexes on FeO6 and MnO6 octahedra.
These similar adsorption mechanisms appear to be invariant of
pH, ionic strength, Pb loading, and reaction time. Pb adsorption
on HFO is a two-step process—a fast initial uptake followed
by a slow surface diffusion step. The adsorption mechanism
does not appear to change with reaction time (as long as 21
and 4 months for HFO and HMO, respectively) suggesting that
internal sites on micropore walls are no different than the exter-
nal surface ones. Intraparticle surface diffusion modeling based
on this observation described the Pb/HFO long-term adsorp-
tion data reasonably well. The surface diffusivity obtained from
the modeling verifies a slow and rate-limiting diffusion process.
Results from this study help in eliciting adsorption mechanisms
of heavy metals, e.g., Pb(II), to hydrous Fe and Mn oxides, and
can be applied to surface complexation as well as intraparticle
surface diffusion modeling, which can then be combined for
improved geochemical transport depiction.
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