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a b s t r a c t

The interaction (e.g., adsorption and incorporation) of Pb with iron(III) (oxyhydr)oxide minerals has a sig-
nificant influence on its partitioning and transport in many natural systems (e.g., rivers). The incorpora-
tion of Pb during ferrihydrite crystallization to hematite and goethite at neutral and alkaline pH, in the

presence and absence of sulphate SO2�
4

� �
has been studied using X-ray Absorption Spectroscopy (XAS),

X-ray Powder Diffraction (XRD), electron microscopic techniques and chemical extraction procedures.
The XRD data showed that hematite and goethite were the end-products of crystallization at pH 5,
whereas goethite was the sole product at pH 13. The Pb partitioning data revealed that upon crystalliza-
tion at pH 5, �60% of the initially adsorbed Pb remained on the surface of the crystalline hematite/goe-
thite, while �20% became incorporated with the remaining �20% released back into solution. Lead
incorporation occurred primarily during the initial stage of ferrihydrite crystallization prior to hema-

tite/goethite formation at pH 5. The presence of SO2�
4 at pH 5 had little influence on the partitioning of

Pb or mineral phases formed. At pH 13, 52% of the adsorbed Pb was incorporated during crystallization
to goethite. Lead incorporation into this phase occurred over the entire crystallization process with
adsorbed Pb incorporated during goethite crystal growth. X-ray Absorption Spectroscopy and unit cell
size data demonstrated that Pb did not replace Fe within the structure of hematite or goethite, but
was incorporated into defects or nanopores within the iron (oxyhydr)oxides.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Iron(III) (oxyhydr)oxide phases (e.g., ferrihydrite, goethite and
hematite) are common in many natural and contaminated land
environments (e.g., rivers and acid mine drainage systems), and
play an important role in a number of industrial processes (e.g., fer-
ric oxide-based water purification systems) (Cornell and Schwert-
mann, 2003; Hassellov and von der Kammer, 2008). These phases
have the ability to sequester (via adsorption and incorporation)
large quantities of dissolved ions, including Pb, due to their high
surface areas (up to 100’s m2/g) and reactivity, which make them
a key control on the geochemistry of many environmental systems
(Cornell and Schwertmann, 2003). For example, Kaste et al. (2006)
showed that atmospherically deposited Pb can be remobilized and
transported on iron oxide particles within top-soils. Colloidal iron
(oxyhydr)oxide particles have also been described as the main
transport vector for Pb in rivers (e.g., Hassellov and von der Kam-
mer, 2008), and a variety of toxic elements (e.g., As) in acid mine
drainage systems (Hudson-Edwards et al., 1999; Kimball et al.,
1995). However, the mechanism by which Pb becomes incorpo-
rated into specific iron (oxyhydr)oxide phases, and the factors
which affect these processes (e.g., solution composition) are poorly
understood.

Poorly-ordered nanoparticulate ferrihydrite (5Fe2O3�9H2O) is
usually the first phase formed when iron (oxyhydr)oxides precipi-
tate directly from solutions at near neutral pH. This phase is
thermodynamically unstable and will transform to crystalline
phases such as hematite (a-Fe2O3) or goethite (a-FeOOH) when
suspended in solution. The mechanisms of transformation to
hematite and goethite under various chemical conditions (e.g.,
pH) have been well documented (Davidson et al., 2008; Fischer
and Schwertmann, 1975; Loan et al., 2008, 2006; Murray et al.,
2009; Schwertmann and Murad, 1983; Schwertmann et al., 2004;
Shaw et al., 2005; Vu et al., 2010). These studies show that goethite
and hematite form from ferrihydrite via two different mechanisms.
Hematite crystallizes via initial aggregation of ferrihydrite nano-
particles, followed by the crystallization within the individual
aggregates to form hematite, whereas, goethite forms via the disso-
lution of ferrihydrite and re-precipitation of goethite crystals
(Fischer and Schwertmann, 1975; Schwertmann and Murad,
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1983). The transformation rate and proportions of hematite and
goethite in the crystalline end-products are strongly influenced
by pH and temperature (e.g., Davidson et al., 2008; Vu et al.,
2010). Generally, hematite is dominant at near neutral pH and high
temperatures, whereas goethite is favoured at high and low pH,
and lower temperatures (Schwertmann et al., 1999, 2004; Schw-
ertmann and Murad, 1983). Furthermore, for both phases, increas-
ing pH and temperature results in an increase in the crystallization
rate (Davidson et al., 2008; Schwertmann and Murad, 1983; Schw-
ertmann et al., 2004; Vu et al., 2010). Finally, the presence of var-
ious dissolved anions (e.g., SO2�

4 ) have been shown to alter the
transformation pathway and rate of crystallization (Baltpurvins
et al., 1996, 1997; Jang et al., 2003; Lin et al., 2003). Specifically,
the presence of SO2�

4 retards the rate of ferrihydrite crystallization,
and favours the formation of hematite over goethite (Baltpurvins
et al., 1996; Lin et al., 2003).

Lead has been shown to adsorb onto the surface of iron (oxy-
hydr)oxide phases via an inner sphere edge-sharing, bidentate
complex (Bargar et al., 1997b; Ostergren et al., 2000a; Trivedi
et al., 2003). In the presence of SO2�

4 , studies have reported en-
hanced trace metal (including Pb) adsorption to iron (oxy-
hydr)oxides via ternary complexes (Collins et al., 1999; Elzinga
et al., 2001; Ostergren et al., 2000a; Swedlund et al., 2003). The fate
of Pb during the crystallization of co-precipitated Pb-ferrihydrite
has been investigated at low temperatures (670 �C) and near neu-
tral pH (Ford et al., 1997, 1999; Martinez and McBride, 1998a,b;
Martinez et al., 1999). In these studies Pb-doped ferrihydrite trans-
formed to a mixture of goethite, hematite and lepidocrocite (e.g.,
Ford et al., 1999). During the transformation, a significant propor-
tion of the Pb is incorporated within the iron (oxyhydr)oxide, but is
subsequently expelled back into solution during the latter stages of
crystallization, with only 10% of the coprecipitated Pb remaining
within the final end-product (Ford et al., 1997, 1999). However,
none of these studies obtained monomineralic crystalline end-
products and thus the mechanism of incorporation is unknown.
Furthermore, the partitioning of Pb (i.e., dissolved, surface ad-
sorbed or incorporated) during ferrihydrite crystallization, and
how this relates to the crystallization mechanism, and end-prod-
ucts are not currently known. We have recently shown that during
the hydrothermal (T = 160–240 �C) transformation of ferrihydrite
to hematite at high pH (pH � 13), �70% of Pb initially adsorbed
to ferrihydrite became trapped during ferrihydrite aggregation
prior to full crystallization of hematite. However, �10% of this Pb
was then released during the latter stage of hematite crystalliza-
tion (Vu et al., 2010). Finally, despite the prevalence of SO2�

4 in
the environment (e.g., oceans and acid mine drainage systems),
there are no systematic studies of the effect of this anion on Pb
incorporation into iron (oxyhydr)oxide phases.

In summary, to understand the role of iron (oxyhydr)oxide min-
erals on the mobility of Pb in environmental systems, a quantita-
tive understanding of the Pb incorporation mechanism during
the crystallization of iron (oxyhydr)oxide phases, and the factors
which control the amount of Pb incorporation, is required. In this
study we have used controlled crystallization experiments to
investigate (1) the fate of Pb adsorbed to ferrihydrite during the
crystallization to hematite/goethite (pH 5) or goethite (pH 13),
(2) the molecular-scale mechanism of Pb incorporation into these
phases, and (3) the effect of SO2�

4 on the fate and uptake mecha-
nism of Pb.
2. Material and methods

Ferrihydrite was synthesized following the procedure of Cornell
and Schwertmann (2003) and characterized as described in Vu
et al. (2010). The density of ferrihydrite within the slurry was
determined from the weight loss of a known amount of slurry (in
triplicate) upon drying at 50 �C for 24 h. Prior to use in adsorption
and transformation experiments the ferrihydrite was stored at 4 �C
for up to 5 days.

All adsorption experiments were conducted in 125 ml polyeth-
ylene bottles under open air conditions. Lead stock solutions
(50 mM) were prepared by dissolving Pb(NO3)2 in 0.5 M HNO3,
and a SO2�

4 stock solution (750 mM) was prepared by dissolving
Na2SO4 in deionised (DI) water. Ferrihydrite suspensions with ad-
sorbed Pb or Pb and SO2�

4 were aged with the aim of crystalizing
to predominantly hematite at pH 5 or goethite at pH 13 (more de-
tails below). To ensure undersaturated conditions with respect to
any Pb phases, the speciation of Pb at the conditions of our exper-
iments were modelled using Geochemist Workbench (Bethke,
2004; details in Supplementary material text and Fig. S1). Further-
more, using the approach of Langmuir (1997) we estimated the fer-
rihydrite adsorption capacity to ensure that the Pb concentration
we used did not surpass the maximum adsorption capacity of
our ferrihydrite. Surface coverage was 13.3% and C was 0.1 mmol
Pb/1 g ferrihydrite (see Supplementary material text).

To prepare the pH 5 experiments, a slurry equivalent of 0.1 g
ferrihydrite was equilibrated for 24 h with 100 ml of 0.1 M NaNO3

solution titrated to pH 5 using 0.1 M HNO3. After 24 h, Pb or Pb and
SO2�

4 were added from the stock solutions to reach 0.1 mM Pb and
1.5 mM SO2�

4 . In experiments where both Pb and SO2�
4 were pres-

ent, the Pb was added first and allowed to adsorb to the ferrihy-
drite prior to the addition of SO2�

4 to avoid formation of any
PbSO4 solid phases. Subsequently, after 30 min of equilibration,
SO2�

4 was spiked into the slurries in two increments, with 3 h be-
tween the two additions. During the adsorption experiments, the
suspensions were constantly stirred. Changes in pH caused by
the addition of the Pb or SO2�

4 were corrected by addition of 1 M
NaOH or 1 M HNO3. After 24 h the adsorption was considered com-
pleted and the final pH was recorded and readjusted to 5, if re-
quired. The suspensions were then immediately used in the
transformation experiments.

To prepare a batch of samples equilibrated at pH 13, a slurry
equivalent of 0.1 g ferrihydrite was equilibrated with 100 ml of a
1 M NaOH and 0.1 M NaNO3 solution with initial Pb concentration
of 0.1 mM. A 30 min adsorption time was chosen in order to avoid
transformation of ferrihydrite to goethite (this time was chosen
after conducting test experiments of equilibrating ferrihydrite at
pH 13.2 from 10 min to 55 min, see Supplementary material
Fig. S2 and Vu et al., 2010). Following this equilibration the slurries
were used in the crystallization experiments described below.

The transformation experiments at pH 5 were performed by
aging the samples containing Pb or Pb and SO2�

4 adsorbed ferrihy-
drite slurry at 92 �C. Any loss due to evaporation was maintained
by adding DI water (total changes in volumes were less than 5%).
The pH was measured and readjusted daily to 5 using 0.1 M NaOH
(pH of slurries always in range 4.5 to 5). After 2, 8, 24, 48, 72, 96
and 120 h, a sample was cooled and either used in desorption
experiments (see below) or centrifuged for solid extraction and
characterization. The resulting solids were either frozen immedi-
ately in liquid N2 (for X-ray spectroscopic analysis) or washed thor-
oughly by DI water and freeze-dried (for analyses of the specific
surface area, X-ray diffraction and electron microscopy). The
supernatants were filtered using 0.2-lm cellulose acetate filters.
One aliquot of the supernatants was used directly for SO2�

4 analysis
while another was acidified to 0.5 M HNO3 for Pb and Fe analysis.
The crystallization of Pb adsorbed ferrihydrite at pH 13 was carried
out and sampled as above, but with the experiments performed at
room temperature (�21 �C). Experiments were conducted for
5 days and samples collected after 2, 8, 24, 48, 72, 96 and 120 h.

Chemical extractions were performed to quantify the speciation
of Pb during the crystallization process using the procedure of Vu



Fig. 1. X-ray Powder Diffraction patterns from solid phases during the crystalliza-
tion of ferrihydrite with Pb at 92 �C and pH 5, in the absence of SO2�

4 . FHY = fer-
rihydrite, GT = goethite and HM = hematite.

H.P. Vu et al. / Applied Geochemistry 39 (2013) 119–128 121
et al. (2010). The mass balance of Pb in each experiment can be de-
fined as the sum of Pb in solution (Pb-SL), surface adsorbed Pb (Pb-
SF) and incorporated Pb (Pb-INC) via:

ðPb-TÞ ¼ ðPb-SLÞ þ ðPb-SFÞ þ ðPb-INCÞ ð1Þ

where (Pb-T) is the total amount of Pb initially added into the sys-
tem. Firstly, the proportion of Pb in solution was determined from
the amount of Pb in the filtered supernatant of each sample. Sec-
ondly, an experimental suspension was titrated quickly to pH 2
using 1 M HNO3 (pH 5 system) or 3 M HNO3 (pH 13 system) and
equilibrated for 30 min. This led to the desorption of Pb from the
iron (oxyhydr)oxide surfaces (Ford et al., 1997; Kparmwang,
2003; Li et al., 2005). The stability of ferrihydrite, goethite and
hematite at pH 2 were tested by equilibrating these minerals with
a solution at pH 2 then monitoring dissolved Fe over time (Supple-
mentary material, Fig. S9). In the ferrihydrite stability experiments
the concentration of dissolved Fe after 30 min of equilibrium at pH
2 was 0.17 mM, corresponding to 1.5% of the total ferrihydrite,
which is considered as a negligible amount. After desorption, the
resulting solid and liquid samples were separated by centrifugation.
The extracted solution contained Pb which was the sum of Pb in
solution and surface adsorbed Pb. The surface bound Pb (Pb-SF)
was calculated by subtracting Pb in solution (Pb-SL) from the
amount of Pb extracted at pH 2 for 30 min. In addition, dissolved
Fe in the extracted solutions was also quantified to determine if
any iron (oxyhydr)oxide dissolved during the acid desorption pro-
cess. Finally, the incorporated Pb (Pb-INC) was determined by mass
balance from the difference between the Pb-T and Pb-SL + Pb-SF.

The solid materials from the synthesis, adsorption and crystal-
lization experiments were characterized by X-ray Powder Diffrac-
tion (XRD, Philips PW1050 X-ray diffractometer, Cu Ka fitted
with a post sample monochromator to remove the Fe fluorescence
signal). Additional XRD data were collected from selected samples
with a silicon internal standard present to ensure accurate 2h cal-
ibration. These data were used to determine the unit cell dimen-
sion of the crystalline phases present within the samples. Unit
cell dimensions for the crystalline end-products were calculated
using the Unitcell software (Holland and Redfern, 1997). Rietveld
analysis of the XRD data was carried out using Topas 4–2 (Bruker,
2009) to calculate the amount of ferrihydrite, hematite and goe-
thite in all solid samples. The freeze-dried samples were imaged
using a Field Emission Gun Scanning Electron Microscope (FEG-
SEM, LEO1530, operated at 3 keV) and a FEG-Transmission Electron
Microscope (FEG-TEM, Phillips, CM200, operated at 197 keV) fitted
with an ultra-thin window energy dispersive X-ray (EDX) spec-
trometer (Oxford Instruments ISIS). BET surface area was measured
using a Gemini V2365 system (Micromeritics Instrument Corp.).

X-ray absorption spectra (XAS) at the Pb-LIII edge (13,055 eV)
were collected at station 16.5 of the Synchrotron Radiation Source
(SRS), Daresbury Laboratory, United Kingdom. Various samples
were analyzed including the Pb adsorbed ferrihydrite starting
materials, reaction end-products and end-product samples with
surface Pb removed by desorption at pH 2. All experimental sam-
ples were analyzed using a liquid nitrogen cryostat with the sam-
ples at 77 K. The absorption edge spectra were aligned at 13,055 eV
using Pb metal foil, and collected in fluorescence mode using a 30-
element Ge solid-state detector. XAS spectra of the following min-
erals or chemical reagent: anglesite (PbSO4), plattnerite (PbO2),
lanarkite (Pb2(SO4)O), cerussite (PbCO3), PbO and Pb(NO3)2 were
collected as Pb standards in transmission mode. All XAS data was
fitted using the EXCURV98 software (Binsted, 1998) to extract
the coordination numbers, bonding distances and atom types to
the nearest neighbour atoms surrounding the central atom (Pb).
The Debye Waller factors (2r2) were initially unconstrained when
fitting the EXAFS data. Initial fitting suggested that the Debye
Waller factors for most shells were close to 0.02 Å2. The Debye
Waller factors were then fixed at 0.02 Å2 for all shells to reduce
the number of variable in each fits, and to ensure consistent fitting
between the datasets.

The aqueous concentration of Pb was quantified by atomic
absorption spectrometry (AAS) using a Varian AAS-10 spectrome-
ter. Sulphate was analyzed by ion chromatography using a Dionex
DX-600 with an EDS50A UVD 17OU detector, an Ionpac AS16 col-
umn, a GS50 gradient pump and an AS50 autosampler. Finally,
aqueous Fe concentrations were analyzed by the ferrozine method
(Viollier et al., 2000) using a Cecil CE 3041 UV/VIS spectrophotom-
eter. All reported errors for the solution analyses represented stan-
dard deviation from duplicate experiments or of two repeated
experiments.

3. Result and discussion

3.1. Transformation of ferrihydrite at pH 5 and 13

The XRD data showed that in all pH 5 experiments ferrihydrite
crystallized to a mixture of hematite and goethite (Fig. 1 and Sup-
plementary material Fig. S3 and Table S1). The crystallization oc-
curred in two stages, with stage one (0–8 h) being characterized
by the presence of ferrihydrite as evidenced by two broad XRD
peaks typical of 2-line ferrihydrite. In stage two, both goethite
and hematite crystallized with the broad peaks for ferrihydrite ab-
sent from the XRD patterns at the end of the experiment (96 h).

Photomicrographs of the crystalline end-products (96 h) con-
firmed hematite and goethite as the phases present (Fig. 2, and
Supplementary material Fig. S6a–c). Hematite was present as 30–
120 nm rhombohedral crystals, while goethite consisted of
needle-like crystals 50–200 nm in length. The corresponding
TEM-EDX analyses revealed that Pb was associated with both
phases (insets in Fig. 2, and Supplementary material Fig. S7).

The formation of a mixture of hematite and goethite is contrary
to a similar study where the pure hematite crystallization was ob-
served at 92 �C and pH 6.5 (Combes et al., 1990). However, Combes
et al. (1990) used a ferrihydrite gel that was crystalized without
the removal of the original electrolyte following ferrihydrite syn-
thesis. The presence of other ions (e.g., Na+ and NO�3 ) would have
increased the ionic strength of the background electrolyte, which
is known to favour hematite formation over goethite (Cornell and
Giovanoli, 1985; Schwertmann et al., 1999). In addition, the differ-
ence in pH also contributed to the difference in mineral content in
the end-products. Combes et al. (1990) conducted transformation
experiments at pH 6.5 which favours the formation of hematite,



Fig. 2. Transmission Electron Microscope (TEM) images of reaction end products after 96 h (GT = goethite and HM = hematite) from the ferrihydrite crystallization
experiments at pH 5 and 92 �C in the (a) presence of Pb and absence of SO2�

4 , (b) the presence of Pb and SO2�
4 . Inset TEM-EDX spectra showing that Pb was associated with

hematite/goethite end-product (the presence of Cu in the spectra is due to the TEM grids).

Fig. 4. X-ray Powder Diffraction patterns from the crystallization of ferrihydrite
with adsorbed Pb at pH 13 (GT = goethite).
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while our transformation experiments were conducted at pH 5
thus a mixture of hematite and goethite was formed.

The proportions of ferrihydrite, goethite and hematite with time
during the transformations at pH 5 as determined by Rietveld anal-
ysis are presented in Fig. 3, Supporting material Fig. S5 and Tables
S1. A linear relationship between log (amount of ferrihydrite in
sample) and time (Supporting material Fig. S4) suggested that
the transformation of ferrihydrite at pH 5 was a first-order reac-
tion, which is consistent with previous studies of the transforma-
tion of ferrihydrite (Baltpurvins et al., 1996; Lin et al., 2003;
Schwertmann and Murad, 1983). Rietveld analysis indicates that
the end products of the reaction are 53–55% hematite and 44–
38% goethite with 3–7% residual ferrihydrite (Table S1), with little
effect of SO2�

4 on the proportion of hematite vs. goethite
crystallized.

In contrast, at pH 13 and ambient temperatures, the XRD data
showed that in the presence of Pb, ferrihydrite crystallized to goe-
thite only (Fig. 4 and Supplementary material Table S2). In these
transformation experiments, an induction period (62 h) was fol-
lowed by the crystallization of goethite (Table S2) which was com-
plete by 24 h. The formation of goethite in our experiments (at pH
13 and room temperature) is consistent with previous studies at
Fig. 3. The proportion of ferrihydrite, goethite and hematite with time from the
experiment at pH 5 and 92 �C in the presence of Pb and the absence of SO2�

4 .
low temperatures and alkaline conditions, which showed that goe-
thite was the stable end-product of ferrihydrite crystallization un-
der these conditions (Cornell and Giovanoli, 1985; Schwertmann
and Murad, 1983; Schwertmann et al., 2004).

Imaging of the end-product materials confirmed needle-like
goethite crystals 50–150 nm in length, as the sole reaction product
(Fig. 5 and Supplementary material Fig. S6d). The goethite crystals
were noticeably thinner than the goethite observed in the pH 5 and
92 �C experiments (Fig. 2). Also, TEM-EDX analyses indicated that
Pb was associated with the goethite (Fig. 5, inset).
3.2. The fate of Pb during hematite and goethite crystallization

3.2.1. Pb partitioning during ferrihydrite transformation at pH 5 and
92 �C

The Pb speciation data (Fig. 6, Supplementary material Fig. S8
and Table S3) showed that during ferrihydrite crystallization at
pH 5 Pb partitioning changed via a two-stage process, reflecting
the two-stages of crystallization at pH 5. In addition, the presence
of SO2�

4 did not significantly affect the Pb partitioning during crys-
tallization. The first stage (between 0 to 8 h) coincided with the
period prior to the initiation of crystallization (Fig. 1), while the
second stage (from 8 h to the end of the experiments) overlapped



Fig. 5. Photomicrograph of goethite formed from ferrihydrite crystallized at pH 13
for 120 h in the presence of Pb, and corresponding TEM-EDX spectra (inset).

Fig. 6. (a) Partitioning of Pb during ferrihydrite crystallization at pH 5 and 92 �C, in
the presence of Pb and the absence of SO2�

4 , (b) corresponding changes in the
surface area of the solid phases. The dashed vertical line separates the first and the
second stage of Pb partitioning. Pb-SL = Pb in solution, Pb-SF = surface adsorbed Pb
and Pb-INC = incorporated Pb.

Fig. 7. Concentration of SO2�
4 in the supernatant solution during ferrihydrite

crystallization at pH 5 and 92 �C in the presence of Pb and SO2�
4 , and the surface area

of solid phases. The dashed vertical line separates the first and the second stage of
Pb partitioning.
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with the formation of hematite and goethite. At the beginning of
the experiments (0 h, Fig. 6 and Supplementary material Fig. S8)
Pb was fully adsorbed onto the starting ferrihydrite. During stage
one, a sharp increase in the proportion of Pb incorporated into
the solids (from 0% to �30%) occurred, which was mirrored by a
corresponding decrease in the surface bound Pb (from 100% to
�70%). The dissolved Pb remained relatively unchanged during
stage 1. Concomitantly, the surface area of the solids was high,
and in the SO2�

4 system the aqueous SO2�
4 concentration increased

significantly during stage one (Figs. 6 and 7 and Supplementary
material Fig. S8).

In the second stage (>8 h), the crystallization of hematite and
goethite was coincident with a decline in the proportion of incor-
porated Pb (from �30% to �20%) and a dramatic decline in the sur-
face area of the solids (from �210 m2/g to �50 m2/g, Fig. 6,
Supplementary material Fig. S8 and Table S3). During this stage
the dissolved Pb increased gradually from 1% to 18%, whereas the
adsorbed Pb decreased slightly, from �70% to �60%. In the pres-
ence of SO2�

4 during the second stage, the aqueous SO2�
4 concentra-

tion continued to rise from 63% to 78% and then levelled off (Fig. 7)
indicating that most of the SO2�

4 returned to the solution during
crystallization. It should be noted that small amounts of dissolved
Fe were detected in the desorption solutions (i.e., in samples taken
at 2, 8 and 24 h), which equated to dissolution of <3.0% of the total
ferrihydrite in the system. The partitioning of Pb data was thus
considered unaffected by this dissolution during desorption.

Vu et al. (2010) observed a similar Pb uptake process for hema-
tite formed at pH 13 and high temperature (160–240 �C) and sug-
gested that Pb incorporation was controlled by aggregation of
ferrihydrite nanoparticles occurring prior to hematite crystalliza-
tion, which trapped the adsorbed Pb ions within the aggregates.
Our results are partially consistent with this, and we suggest that
Pb is incorporated rapidly during the very early stages of crystalli-
zation prior the formation of significant amounts of crystalline
material. If the Pb is trapped due to aggregation of ferrihydrite, a
decrease in surface area of the solid phases would be expected dur-
ing this phase of the reaction (Vu et al., 2010), however we observe
an increase. The reason for this increase in surface area during the
early stages of the reaction is unclear. Potentially, the observed in-
crease may be due to errors associated with the BET measurement
of these high surface area materials. Alternatively, the decrease in
pH from 5 to 4.5 observed during the early stages of this experi-
ment or reduction in ionic strength due to the sample washing in
DI water may have caused disaggregation and an increase in the
surface area of the iron (oxyhydr)oxide samples (Cornell and
Schwertmann, 2003; Yuwono et al., 2012).



Fig. 8. (a) Partitioning of Pb during ferrihydrite crystallization at pH 13 in the
presence of Pb and (b) corresponding changes in the surface area of solid phases.
Pb-SL = Pb in solution, Pb-SF = surface adsorbed Pb and Pb-INC = incorporated Pb.
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The second stage of the crystallization reaction at pH 5, where
the ferrihydrite crystallized to hematite and goethite (Figs. 1 and
6, S3 and S8), was associated with the release of the incorporated
Pb into solution. Previous studies of hydrothermal hematite crys-
tallization at pH 13 (Vu et al., 2010) have suggested that Pb incor-
porated into defect sites during the initial ferrihydrite
aggregation, and was rejected during crystallization to hematite.
Our results from ferrihydrite crystallization at pH 5 are consistent
with this idea as approximately 10% of the Pb originally incorpo-
rated into the iron (oxyhydr)oxides during stage one was released
into the solution as the hematite and goethite crystallized. How-
ever, it should be noted that during the final stages of the reaction
(72–96 h) there was a small increase in the amount of hematite
relative to goethite. This suggests that, although the crystalliza-
tion of ferrihydrite is complete, the system may not be at equilib-
rium and with further aging all the goethite may transform to
hematite. This in turn may lead to a further release of Pb from
the solid phase.

The presence of SO2�
4 slightly enhanced the amount of Pb incor-

porated into the final crystalline product at pH 5, but by less than
5% (Fig. 6 and Supplementary material Fig. S8). The surface area of
the ferrihydrite used in the experiments with SO2�

4 was higher than
in the pure Pb experiments, which may have led to slightly more
Pb becoming trapped during particle aggregation. The difference
in the surface area of the starting ferrihydrite in the experiments
with and without sulphate is likely to be due to differences in
the batches of ferrihydrite syntheses for these two sets of experi-
ments and/or error of BET analysis, which can be up to 20 m2/g.
Previous studies have shown that SO2�

4 promoted the adsorption
of Pb on the surface of iron (oxyhydr)oxides (Elzinga et al., 2001;
Ostergren et al., 2000a; Swedlund et al., 2003), which could poten-
tially increase Pb uptake during crystallization. However, in our
experiments the SO2�

4 was desorbed during transformation, which
may explain why the increase in incorporated Pb was small. This is
also consistent with Pb local environment derived from the EXAFS
data (see below), which shows no difference between the system
with and without SO2�

4 . The release of SO2�
4 during hematite crys-

tallization is likely to be due to the decline in surface area of the
solids in the system (Fig. 6 and Supplementary material Fig. S8),
which led to a decline in the available surface sorption sites.

3.2.2. Pb partitioning during ferrihydrite transformation at pH 13 and
21 �C

The Pb partitioning data during the crystallization of ferrihy-
drite to goethite at high pH showed that all Pb was adsorbed to
the ferrihydrite at the beginning of the reaction (0 h, Fig. 8). During
the main phase of goethite crystallization (0–24 h, Fig. 8) there was
a sharp increase in incorporated Pb from 0% to 45% and a corre-
sponding decrease in adsorbed Pb (from 100% to 53%). Coincident
with this increase in incorporated Pb was a significant decrease
in the surface area of the solid phase (from 184 m2/g to 124 m2/
g). Following goethite crystallization (after 24 h, Fig. 8) only minor
changes in the Pb partitioning was observed with the slight de-
crease in adsorbed Pb from 53% to 45% being mirrored by a small
increase in dissolved and incorporated Pb. During this stage, the
surface area decreased further and levelled off around 110 m2/g
after 120 h (Fig. 8).

It should be noted that in the desorption experiments at pH 13,
significant amounts of dissolved Fe were measured in the solution
of the first two samples taken at 2 and 8 h. Calculations from the
concentration of dissolved Fe suggested that 34% and 24% of the to-
tal ferrihydrite were dissolved from the 2 and 8 h samples, respec-
tively. This may have led to an overestimation of the amount of
adsorbed Pb, and correspondingly an underestimation of incorpo-
rated Pb, at these time points. Goethite is known to form from fer-
rihydrite via a dissolution/re-precipitation mechanism
(Schwertmann and Murad, 1983), therefore the incorporation of
Pb is likely linked to this process. We suggest that as the goethite
particles are growing, Pb adsorbed onto surfaces becomes incorpo-
rated as crystal growth occurs. This is consistent with our observa-
tions, as the main phase of Pb incorporation i.e. within first 24 h, is
coincident with the goethite crystallization reaction (Figs. 4 and 8).
The amount of Pb incorporated into goethite at pH 13 and 21 �C
was larger than that incorporated in hematite/goethite formed at
pH 5 and 92 �C (�50% compared to �20%, Figs. 6 and 8, Supple-
mentary material Fig. S8). This higher uptake is likely to be due
to both the differences in crystallization mechanisms between
hematite and goethite, and because goethite has a higher capacity
for incorporating foreign cations compared to hematite (Cornell
and Schwertmann, 2003; and references therein). The goethite
crystallization reaction allows Pb incorporation throughout the en-
tire crystal growth process with Pb constantly incorporated into
the growing crystals. There is no indication that Pb is expelled from
the goethite during later stages of crystallization (incorporated Pb
is virtually constant after 24 h, Fig. 8), suggesting that any Pb incor-
porated in goethite may be non-labile in the long term.
3.3. Unit cell size analysis

The unit cell dimensions of the end-product hematite (pH 5)
and goethite (pH 13) samples crystallized in the presence of Pb
were mostly within error of those for pure hematite or goethite
synthesized at the same conditions (Table 1). Close examination
of the data indicates that the hematite c axis length and the
goethite b axis length show an increase above the error of the anal-
ysis. However, the increase is very small, and due to the lack of
consistency of this increase in all dimensions of each phase, we



Table 1
Unit cell parameters (in Å) for hematite and goethite samples, and uncertainties (2r, in Å) from calculation using the Unitcell program (Holland and Redfern, 1997); Dx (in Å)
represents the difference in the unit cell parameters between the hematite/goethite end-products in the presence of Pb, and pure hematite/goethite that was synthesized at the
same conditions.

Sample a Axis Da 2ra b Axis Db 2rb c Axis Dc 2rc

Hematite (end-product, �Pb) after 5 days 5.03492 – 0.00052 – – – 13.73176 – 0.00366
Hematite (end-product, +Pb) after 5 days 5.03453 �0.0004 0.00052 – – – 13.74450 +0.01274 0.00368

Hematite end� product;þ Pbþ SO2�
4

� �
after 5 days 5.03414 �0.0008 0.00052 – – – 13.74982 +0.01806 0.00368

Goethite (end-product, �Pb) after 5 days 4.61311 – 0.00174 9.94365 – 0.0019 3.02272 – 0.00038
Goethite (end-product, +Pb) after 5 days 4.61652 +0.00341 0.00174 9.95224 +0.00859 0.0019 3.02234 �0.00038 0.00038
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consider these to be negligible. Previous studies show that when
large cations (e.g. Cd2+) substitute directly for Fe3+ in the goethite
structure this leads to an increase in unit cell dimensions. For
example, substitution of Cd2+ (ionic radius = 0.95 Å) at 0.99 mol%
(Cd /(Fe + Cd) � 100)) produced an increase of 0.0115, 0.0037 and
0.0053 Å, in the a, b and c axis dimensions of goethite, respectively
(Sileo et al., 2003). Also, Larralde et al. (2012) reported that Sn2+

(ionic radius of 1.18 Å) substitution into goethite structure at
2.1 mol% led to increases in the a, b and c axis dimensions of
0.0157, 0.0037 and 0.0012 Å, respectively. This indicates that if
the Pb2+ in this study was directly substituting for Fe3+ it would
lead to an increase in all unit cell dimensions for goethite and/or
hematite. The unit cell results suggest that the Pb in both systems
(pH 5 and 13) is not directly substituted for Fe3+ in the structures of
hematite or goethite. This is not surprising as the ionic radius of
Pb2+ is almost double that of Fe3+ (i.e. 0.643 Å Fe3+ vs. 1.19 Å
Pb2+). This make Pb2+ highly incompatible within the structure of
hematite or goethite, as usually only small differences in ionic radii
are tolerated for direct substitution to occur (<±18% difference in
ionic radii, Cornell and Schwertmann, 2003).
Fig. 9. Normalized Pb X-ray Absorption Near Edge Structure spectra from the
ferrihydrite starting materials, end-products of the ferrihydrite crystallization
experiments, and standard phases. Eo for Pb LIII edge is at 13,055 eV. FHY = ferrihy-
drite (starting materials), GT = goethite (end-product of the transformations) and
HM = hematite (end-product of the transformations). Desorption samples had
surface adsorbed Pb removed.
3.4. XAS results and discussion

3.4.1. Pb-LIII edge X-ray Absorption Near Edge Structure (XANES)
analysis

Comparison of the size, shape and position of the peaks in the
Pb-XANES spectra of experimental samples and standards (Fig. 9)
indicated that none of the Pb-XANES spectra from the standards
matched those of the experimental samples. It is, therefore, likely
that Pb precipitates were absent in the experimental samples. This
finding is consistent with our modelling results which predicted
that all solutions were undersaturated with respect to solid Pb
phases (Supplementary material, Fig. S1 and text).

XANES spectra from samples at pH 5, including the desorption
samples, had a broad peak centred on approximately 13,070 eV
and a second broad maximum between 13,104 and 13,115 eV.
These peaks are broader and centred at slightly higher energy
(3–8 eV) compared to the peaks in the spectra from the initial
Pb-ferrihydrite. All the spectra from the pH 5 samples were very
similar to spectra of Pb4ðOHÞ4þ4 (aq) from Bargar et al. (1997a)
(Pb with distorted trigonal pyramid configuration). This indicates
that, consistent with previous studies, the Pb formed inner sphere
adsorption complexes on the iron (oxyhydr)oxides (e.g. ferrihy-
drite) surface with a similar coordination environments to
Pb4ðOHÞ4þ4 (aq) (Bargar et al., 1997b; Ostergren et al., 2000a,b; Triv-
edi et al., 2003).

XANES spectra from all the samples at pH 13 had maxima cen-
tred at approximately 13,075 and 13,120 eV. These XANES spectra
compare well to the Pb XANES spectra of PbðOHÞ�3 (aq) (Pb with
undistorted trigonal pyramid configuration, Bargar et al., 1997b).
This is consistent with the fact that at pH 13.5 > 99% of Pb2+ in solu-
tion is present as PbðOHÞ�3 (aq) (Baes and Messmer, 1976). We sug-
gest that this is indicative of inner sphere adsorption of Pb to the
goethite surface.

3.4.2. Extended X-ray Absorption Fine Structure (EXAFS) analysis
Fig. 10 shows the k3 weighted Pb-EXAFS and their Fourier trans-

forms for all the analyzed samples. The results from the fits of the
EXAFS are presented in Table 2.

Fitting the EXAFS spectra revealed that the first shell of atoms
surrounding the Pb in all samples consisted of 2–3 oxygen atoms
at distances ranging from 2.27 to 2.37 Å. A second shell of iron
atoms with a coordination number of 0.8–1.6 with bond distances
ranging from 3.30 to 3.36 Å was also fitted to the EXAFS spectra
from the starting material (i.e., Pb adsorbed to ferrihydrite at pH
5 and 13), but could not be fitted to the data from the crystalline
end-products.

The bond lengths and coordination numbers for Pb adsorbed to
ferrihydrite at pH 5 and 13 are consistent with previously studies
of Pb adsorption to ferrihydrite at neutral to slightly acidic condi-
tions (i.e., pH 4.5–7, Bargar et al., 1998; Ostergren et al., 2000a,b;
Trivedi et al., 2003), although minor differences are evident. Firstly,
the first shell oxygen bond distances (2.29–2.35 Å) are slightly lar-
ger than the reported values (2.27–2.32 Å) for Pb adsorption to iron



Fig. 10. (a) Pb EXAFS from starting materials and end-products of the ferrihydrite
crystallization experiments and (b) the corresponding Fourier transform plots
(dotted curves are fits to the data). FHY = ferrihydrite (starting materials),
GT = goethite (end-product of the transformations) and HM = hematite (end-
product of the transformations). Desorption samples had surface adsorbed Pb
removed.
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(oxyhydr)oxides (Bargar et al., 1997a,b; Elzinga et al., 2001;
Ostergren et al., 2000a; Trivedi et al., 2003; Weesner and Bleam,
1998) but within error of first shell bond distances of Pb adsorbed
Table 2
Pb-EXAFS fitting results for ferrihydrite adsorption samples (starting materials) and the end
R is interatomic distance (Å) and 2r2 is the Debye Waller factor (Å2). Debye Waller factor

Sample pH Description

FHY + Pb 5 Ferrihydrite with Pb, adsorption for 24 h

HM + Pb 5 Hematite and goethite with Pb, after trans
HM + Pb (desorption) 5 Hematite and goethite with Pb, after desor

FHY þ Pbþ SO2�
4

5 Ferrihydrite with Pb and SO2�
4 , adsorption

HMþ Pbþ SO2�
4

5 Hematite and goethite with Pb and SO2�
4 ,

HMþ Pbþ SO2�
4 ðdesorptionÞ 5 Hematite and goethite with Pb and SO2�

4 ,
FHY + Pb 13 Ferrihydrite with Pb, adsorption for 30 min

GT + Pb 13 Goethite with Pb, after transformation
GT + Pb (desorption) 13 Goethite with Pb, after desorption
to aluminium oxides (Bargar et al., 1997a). The difference in the
Pb–O bond distances between ours and previous studies could
stem from the difference in the temperatures at which the Pb-
XAS data were collected. The spectra in the current study were col-
lected at liquid nitrogen temperature (77 K), whereas the spectra
in the previous works were collected at room temperature (Bargar
et al., 1997a,b; Elzinga et al., 2001; Ostergren et al., 2000a,b; Rouff
et al., 2004; Strawn and Sparks, 1999; Trivedi et al., 2003). Bargar
et al. (1997a) has shown that freezing condition caused changes
in the Pb bonding environment, leading to more distant O in the
first shells being distinguished leading to longer apparent bond
distances. Secondly, the coordination numbers of the 2nd shell of
iron atoms is �1 lower than those reported by Trivedi et al.
(2003) for Pb adsorption to ferrihydrite at near neutral pH (CN
�2). However, the errors on the coordination numbers determined
from EXAFS analysis are relatively large (±1), therefore we suggest
that the values calculated in this study are within error of those
previously reported. This indicates that, consistent with previous
studies, Pb was adsorbed to ferrihydrite via a bidentate mononu-
clear inner sphere adsorption complex. This also indicates that
the adsorption mechanism of Pb to ferrihydrite does not change
from neutral pH to pH 13. The data also clearly showed no differ-
ence in bonding environment between the samples with and with-
out SO2�

4 at equivalent pH. This is consistent with observations
from Ostergren et al. (2000a) who also observed that the Pb–O
bond lengths and adsorption mechanism (inner sphere either edge
sharing or corner sharing complexes) were unaffected by the pres-
ence of SO2�

4 .
The first oxygen shell bond distances and coordination numbers

of the Pb associated with the crystalline end-products were very
similar to those of Pb adsorbed to ferrihydrite. However, the lack
of a second shell in the Pb EXAFS data from the end-product sam-
ples suggests that the Pb coordination environment has changed in
some way during the crystallization reaction. The chemical extrac-
tion data indicate that approximately 20–50% of the total Pb was
incorporated while 40% to �60% of the total Pb remained surface
bound. Thus, the EXAFS signal of the end-products was a compos-
ite of the Pb in a number of different coordination environments.
Data from the desorbed samples, which had most surface bound
Pb removed, did not show a significant second shell either. How-
ever, the concentration of Pb is 50–60% lower in the desorption
samples compared to the starting materials. This could account
for the poor quality of the data at k > 6 Å�1 which constrained
the ability to fit a second shell to these EXAFS data. This data indi-
cates that Pb was not substituting for Fe within the crystalline lat-
tice as this would likely lead to a large coordination number in the
second shell due to the presence of Fe backscatters at fixed geom-
etry and bond distances. It is more likely that Pb is present within
non-crystallographic site e.g., defects or nanopores, within the
hematite/goethite crystals. This is consistent with the unit cell size
-products of ferrihydrite crystallization at pH 5 and pH 13. CN is coordination number,
s were fixed at 0.02. Desorption samples had surface adsorbed Pb removed.

Bond type CN R (Å) R factor 2r2 (Å2)

Pb–O 2.5 2.35 57.9 0.02
Pb–Fe 0.9 3.35 51.4 0.02

formation Pb–O 2.2 2.31 48.8 0.02
ption Pb–O 1.9 2.37 48.2 0.02

for 24 h Pb–O 2.2 2.35 50.3 0.02

Pb–Fe 0.8 3.36 44.6 0.02

after transformation Pb–O 2.2 2.33 42.3 0.02

after desorption Pb–O 1.9 2.36 41.8 0.02

Pb–O 2.5 2.29 43.9 0.02
Pb–Fe 1.6 3.30 29.3 0.02
Pb–O 2.8 2.27 38.5 0.02
Pb–O 2.3 2.30 34.1 0.02
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analysis which also indicated a lack of direct substitution of Pb2+

for Fe3+ within the iron (oxyhydr)oxide structure.
4. Pb incorporation mechanism into hematite and goethite, and
implications for natural and contaminated environments

This study, in conjunction with our previous work (Vu et al.,
2010), shows that during the crystallization of hematite and goe-
thite from Pb-adsorbed ferrihydrite a significant proportion (be-
tween 20% and 70%) of the initially adsorbed Pb becomes
incorporated into hematite or goethite particles. At the lower tem-
peratures of the current study, the amount of adsorbed Pb incorpo-
rated into hematite (�20%) is much less than at high temperatures
(�70%, Vu et al., 2010). However, the mechanism of Pb incorpora-
tion was the same i.e., rapid incorporation of the adsorbed Pb prior
to the main crystallization phase. The EXAFS and unit cell analyses
indicate that the Pb is substituted into a non-crystallographic site
within the iron oxide lattice, possibly within defects. This is sup-
ported by the fact that Pb is expelled from the hematite during
crystallization, suggesting that the incorporated Pb is incompatible
with the crystalline structures, and is therefore released as the
crystallinity increases and defect density decreases. However, in
natural systems where the incorporated concentration of Pb is
likely to be significantly lower, the proportion of Pb released dur-
ing crystallization may be much less, as a lower concentration of
defect sites will be required. The incorporation of Pb into goethite
at ambient conditions and high pH occurs via absorption of Pb as
the goethite crystals grow, leading to a more gradual uptake over
the entire crystallization process when compared to hematite.
The XAS and unit cell data for Pb substitution into goethite indicate
that, similar to hematite, the Pb is taken up into a non-crystallo-
graphic site without affecting the bulk structure. However, there
was a lack of Pb rerelease during the later stages of crystallization
indicating that goethite may be better at retaining Pb relative to
hematite. This may be due to goethite having a higher capacity
for incorporating foreign cations or due to the change in Pb coordi-
nation environment between near neutral and alkaline pH (i.e., the
undistorted trigonal pyramid coordination of Pb at pH 13 may be
more easily accommodated than the distorted trigonal pyramid
coordination at pH 5). However, without further information no
further conclusions can be drawn. It should be noted that the rate
of iron (oxyhydr)oxide crystallization may be significantly slower
in natural systems compared to the experiments in this study,
due to lower temperatures and the effect of foreign ions. This
may lead to a significant decrease in the proportion of adsorbed
Pb incorporated during crystallization.

The results from this study highlight that crystallization and
crystal growth of iron (oxyhydr)oxides are the keys to Pb incorpo-
ration. Adsorbed Pb could become incorporated into goethite and
hematite in natural or anthropogenic environments where these
phases are actively forming or crystallizing. This includes several
key natural systems. For example, during weathering of iron bear-
ing silicate minerals (Banfield and Eggleton, 1988), iron (oxy-
hydr)oxides are formed during soil formation. A proportion of
adsorbed Pb present within this environment is likely to become
incorporated into the iron (oxyhydr)oxide particles. This can also
explain the reason for the significant link between Pb and Fe con-
centrations in soils and within fresh water colloids (e.g., in rivers,
Hassellov and von der Kammer, 2008; Kaste et al., 2006). Due to
the nanoparticulate size of these particles they can then be trans-
ported within rivers as colloidal particles for very long periods
(years) and distances (up to hundreds of kilometres, Gustafsson
et al., 2000; Kimball et al., 1995). The non-labile nature of the
incorporated Pb means that within fresh water systems the Pb will
not be dissociated. Lead can only be released from the solid if the
iron (oxyhydr)oxide particles are dissolved, which can only occur
at extremely acidic pH’s (1–2) or during reductive dissolution
e.g., if the colloids are buried within anaerobic sediments. How-
ever, during normal riverine conditions this is very unlikely imply-
ing that Pb could be transported over great distances into the
marine environment via this transport vector.

The incorporation of Pb into iron (oxyhydr)oxide phases is also
important for contaminated land systems, for example Pb is
strongly associated with these phases in acid mine drainage envi-
ronments (Hudson-Edwards et al., 1999; Kimball et al., 1995). Fi-
nally, 210Pb is a significant long-term risk for geological disposal
of radioactive waste. Interaction of 210Pb with iron (oxyhydr)oxides
in this system could lead to significant immobilization of 210Pb
within and/or close to the repository, limiting its transport to col-
loidal migration only.
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