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ABSTRACT: The transformation of ferrihydrite (5Fe2O3 3 9H2O) to hematite (R-Fe2O3) under alkaline condition in the
presence and absence of lead was for the first time investigated using in situ, time-resolved synchrotron-based energy dispersive
X-ray diffraction combined with off-line chemical characterization and imaging. The results showed that the crystallization of
hematite occurred via a two-stage processwith goethite (R-FeOOH) as an intermediate phase. The presence of lead enhanced the
formation of hematite and reduced the induction times (∼20-30%) but had little effect on themechanism of the transformation
reactions. The reaction rates for the two systems (with and without lead) ranged from 12 to 259� 10-4 s-1 and 19 to 461� 10-5

s-1 for the first and second stage, respectively. The activation energies of nucleation of the two systems were 16((3) and 9((2)
kJ/mol, while the activation energies for crystallization ranged from 41((7) to 77((14) kJ/mol. During the hematite
crystallization, the majority of the lead in the system was rapidly and irreversibly incorporated into the final hematite, while
only minor amounts of lead were released back into solution.

Introduction

Iron(III) (oxyhydr)oxides (e.g., goethite, R-FeOOH and
hematite, R-Fe2O3) phases are widespread in many natural
and engineered environments.1,2 In natural systems, they are
key components in the global biogeochemical cycle of iron
and are important in the storage and transport of iron inmany
living organisms (e.g., animals and plants).1 Iron(III)
(oxyhydr)oxides particles also have a large metal (e.g., Cr,
Pb, and Zn) sorption capacity due to their high surface area
and reactivity. These properties have been exploited in various
remediation technologies (e.g., groundwater treatment3,4) and
cause these phases to have a significant effect on the speciation
of many trace metals in the natural systems (e.g., rivers). In
particular, Pb has been shown to have a strong affinity to
iron(III) (oxyhydr)oxide phases in natural sediments and
engineered systems.5-7

Poorly ordered ferrihydrite (5Fe2O3 3 9H2O) is often the
first phase to formwhen ferric iron precipitates from solution,
but it is thermodynamically unstable and in aqueous solutions
it will gradually transform to crystalline phases such as
goethite and hematite.1 During this transformation, Pb ad-
sorbed to the ferrihydrite surface can become incorporated
into the crystalline end product, remain adsorbed to the
mineral surface, or be released back into solution.8,9 Under-
standing the link between the speciation of Pb and the crystal-
lization of iron (oxyhydr)oxide is key to developing
quantitative models for how Pb is sequestered within these
phases. The lack of such information prevents accurate pre-
dictions of the nature or fate of Pb in natural and engineered
environments. For example, iron (oxyhydr)oxide colloidal
particles are thought to be the main transport vector for Pb
in some natural systems (e.g., rivers) due to the significant
correlation between Fe and Pb concentrations in river sedi-
ments.5 However, the mechanism by which they become

incorporated into such iron (oxyhydr)oxide colloidal particles
is unknown. Furthermore, radioactive isotopes of Pb (e.g.,
210Pb) are thought to be a long-term risk associated with the
disposal of radioactive wastes in cementitious deep geological
repositories (pH> 12) which will contain large quantities of
corroding metallic iron.10 Understanding the mechanisms by
which Pb can become incorporated or released from iron
bearing minerals is therefore also key to developing risk
assessmentmodels to quantify the hazards these isotopes pose
to the environment surrounding such repositories.

Many studies have followed the formation and transforma-
tion of ferrihydrite under different chemical conditions.11-18

From this plethora of studies, it has been well established that
goethite and hematite form via two different mechanisms.
Goethite crystallizes from ferrihydrite via dissolution-
reprecipitation, while hematite forms via aggregation and
internal structural rearrangement of ferrihydrite nanoparti-
cles.11,12 In addition, it is known that the ratio of hematite to
goethite formed during such transformation reactions and the
rate of ferrihydrite crystallization are primarily controlled by
the solution pH and temperature. With increasing pH and
temperature, the crystallization rate increases17 and in general
hematite is favored at near neutral pH and high temperatures
while goethite formation is favored at high and low pH and
lower temperatures.11,17,19

With respect to Pb, studies related to the fate of Pb during
the crystallization of ferrihydrite have only been conducted at
low temperatures (e70 �C) and at near neutral pH.8,9,20-22

The results from these studies revealed that only a relatively
small proportion of the sorbed Pb (up to∼10%) can become
incorporated during the transformation, while up to∼20%of
the total Pb is released back into solution during the late stages
of crystallization.9,20,22 However, there is no quantitative
information available on how the speciation of Pb changes
during ferrihydrite crystallization and how these processes are
linked to the crystallization mechanisms of the individual
phases (e.g., hematite and goethite). Previous studies have
not obtained quantitative information on the phases forming
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(goethite and/or hematite); therefore, it is difficult to deter-
mine the processes that control the amount andmechanism of
Pb uptake during crystallization. The presence of Pb during
ferrihydrite crystallization has been shown to favor the for-
mation of hematite over other iron (oxyhdr)oxide phases
(e.g., goethite). However, in most experimental studies no
monomineralic end product was produced,8,9,20,22 and a
quantitative evaluation of the transformation mechanisms
and rates is still lacking. In addition, in these studies the
reaction products were a mixture of various proportions of
goethite, hematite, ferrihydrite, and lepidocrocite, and thus
this poses a challenge when trying to quantify the kinetics and
mechanisms of crystallization of each individual phase.
Finally, the aforementioned studies were carried out using
ex situ analysis techniques which looked only at a few steps in
the reaction progress and thus they could neither define
the influence nor the fate of Pb during the transformation
reactions.

Therefore, the aimof this studywas to quantify the role and
fate of Pb during the crystallization of ferrihydrite in order to
obtain a mechanistic understanding of how Pb becomes
incorporated or is released during the reaction and to evaluate
how this is linked to the mechanism of hematite and goethite
crystallization. We have examined these reactions at high pH
and temperatures and also evaluated the effect of Pb on the
kinetics andmechanismsofhematite formation. In contrast to
previous studies, we have for the first time employed an
integrated range of techniques that could follow all aspects
of the process both in the solids and solution phases at a high
temporal scale. We have used in situ, synchrotron-based
energy dispersive X-ray diffraction (EDXRD) to follow the
transformation reactions in a time-resolved manner and
combined these results with the quantification of the Pb
speciation, the changes in surface area and electron imaging
techniques. This unique multimethod approach to study
reactions has allowed a link between the key aspects of the
crystallization process and the uptake and release of Pb to be
established.

Experimental Methods

Ferrihydrite Preparation. Ferrihydrite was synthesized following
the procedure of Cornell and Schwertmann.1 Freshly prepared
ferrihydrite slurries were stored at 4 �C prior to the experiments.
For each batch of ferrihydrite, the dried weight was determined
from theweight loss of a knownamount of slurry (in triplicate) upon
drying a known aliquot at 50 �C for 24 h.

Adsorption and Transformation Experiments. Pb sorbed ferrihy-
drite (þPb system) was produced by mixing 2 g of ferrihydrite with
15 mL of a 1 M NaOH solution containing Pb(NO3)2. The final
concentration of Pb in the slurry was 13.3 mM Pb (0.52 μmol/m2)
and the final pH was 13.2 ((0.1). The mixture was equilibrated
under constant stirring for 30min, after which the high temperature
transformation experiments (i.e., in situ and ex situ transforma-
tions, see below) were immediately started. Corresponding experi-
ments with noPbpresent were carried out (-Pb system) butwith the
ferrihydrite also equilibrated with 1 M NaOH for 30 min prior to
initiation of the transformation reactions at high temperatures.

The crystallization of ferrihydrite was followed in situ using time-
resolved synchrotron-based EDXRD.23,24 The experiments were
performed on beamline 16.4 of the Synchrotron Radiation Source,
Daresbury Laboratory, UK. A detailed description of the experi-
mental protocol can be found in refs 15 and 16. The transformation
reactions were performed under isothermal conditions at tempera-
tures between 160 and 240 �C using a Teflon-lined steel hydrother-
mal cell. The temperature range chosen reflects the limitations of
beamtime access in order to use the EDXRD technique effectively.
Diffraction patterns of the cells contents were collected at 1 min

intervals and experiments were conducted for a maximum of 8.5 h
depending on the temperature.

Transformation experiments were also conducted off-line, ex situ
at 180 �Cusing similar Teflon-lined steel hydrothermal cells as in the
online, in situ experiments. The pH of the -Pb and þPb systems
remained unchanged at pH 13.2 ( 0.1 both after the adsorption
stage and during the transformation (both in situ and off-line
transformations). The off-line reactions were quenched at specific
times (i.e., 5, 10, 12, 17, 22, 32, 54, and 100 min) and the solid and
liquid phases were immediately separated by centrifugation. The
liquid phase was filtered through a 0.2 μm polycarbonate filter,
acidified to pH 2 using a 3 M HNO3 solution, and refrigerated at
4 �C prior to Pb analysis (see below). The solid phases were washed
three times with deionized water and freeze-dried.

Desorption Experiments: The Speciation of Pb. Chemical extrac-
tions were performed to quantify the speciation of Pb during the ex-
situ crystallization reactions. Specifically, the mass balance of Pb in
the system: Pb in solution (Pb-SL), surface adsorbed Pb (Pb-SF),
and incorporated Pb within the particles (Pb-INC) were deter-
mined via

ðPb-TÞ ¼ ðPb-SLÞþ ðPb-SFÞþ ðPb-INCÞ
where (Pb-T) is the total amount of Pb initially added into the
system. The proportion of Pb-SL was determined from the amount
of Pb in the filtered supernatant of the ex situ quenched samples.
Second, a duplicate of each quenched ex situ experimental slurry
(supernatant solution þ solids) was titrated quickly to pH 2 using
3MHNO3 and equilibrated for 30 min with stirring. This led to the
desorption of any Pb from the iron (oxyhydr)oxide surfaces. After
the desorption, the resulting solid and liquid samples were sepa-
rated. These desorption solutions contained two pools of Pb (a) in
solution (Pb-SL) and surface adsorbed (Pb-SF). In all cases, the
concentration of Pb was quantified by atomic absorption spectro-
metry (AAS) using a Varian AAS-10 spectrometer with the error
being the standard deviation from the mean of three repeated
measurements of two repeated off-line experiments. From the
solution analyses, the surface bound lead (Pb-SF) was then calcu-
lated by subtracting the Pb-SL from the amount of Pb extracted at
pH 2 for 30 min during the desorption. Finally, the incorporated Pb
(Pb-INC) was determined from the difference between the total lead
(Pb-T) and the sum of (Pb-SL þ Pb-SF).

Off-Line Solid Characterization. The solid phases in the experi-
ments (starting material, intermediate quenched samples and end
products) were characterized by conventional X-ray powder dif-
fraction (XRD, Philips PW1050X-ray diffractometer, CuKR) using
an internal silicon standard. Unit cell dimensions for the crystalline
end products were calculated using the software Unitcell.25 The
freeze-dried samples were imaged using a field emission gun scan-
ning electron microscope (FEG-SEM, LEO1530, 3 keV) and a
FEG-transmission electron microscope (FEG-TEM, Phillips,
CM200, 197 keV). The Brunauer-Emmett-Teller (BET) surface
areas of the quenched, washed, and freeze-dried solid products were
measured using a Gemini V2365 system (Micromeritics Instrument
Corp.)

Results and Discussion

Online, in Situ Transformation and off-Line, Ex Situ

Transformations. The time-resolved energy dispersive dif-
fraction data (Figures 1 and 2) showed that in the presence of
Pb (þPb system) and absence of Pb (-Pb system) ferrihy-
drite crystallized to goethite and hematite via a two-stage
process (see also Supporting Information, Figures 1 and 2).
During the first stage, a relatively short induction period
(360-745 s, Table 1) was followed by the growth of both
goethite and hematite peaks until the goethite peaks reached
amaximum intensity and begandecreasing.At this point, the
first stage of the transformation was complete (e.g., at 8 min,
Figures 1b and 2b). At any given temperature, the ratio
between goethite and hematite peak intensities during the
first stage of the reaction in the -Pb system was notably
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larger than in the þPb system (Figure 1a,b, and Supporting
Information, Figure S1a,c). During the second stage, hema-
tite continued to formwhile the diffraction peaks for goethite
decreased, leading to a final end product of pure hematite (e.
g., end parts ofFigures 1b and 2b).Although ferrihydritewas
present at the beginning of all reactions, due to the low
resolution of the EDXRD technique26 and the poorly or-
dered nature of the starting ferrihydrite,27 no diffraction
peaks for ferrihydrite were observed. The evaluation of the
data showed that in the þPb system at all temperatures, the
induction times (first time of appearance of a Bragg peak, see
eq 1) were ∼20-30% shorter and the overall crystallization

reactions were faster compared to the-Pb system (Figures 1
and 2, Table 1, and Supporting Information, Figures S1
and S2).

The end of the reactions was determined from the lack of
change in the intensity of specific Bragg peaks (110 for HM).
The EDXRDpatterns were fitted usingXFIT28 to determine
the peak areas of the (110) peaks for HM and GT as a
function of time. To express the degree of reactions (R), the
resulting peak areaswere normalized to values between 0 and
1with 0 or 1 representing the initial peak area ofHMandGT
respectively and 1/0 at the end of the reactions representing
the maximum/minimum peak areas. The (110) diffraction

Figure 1. 3D time-resolved EDXRD plots representing the transformation of ferrihydrite to hematite at 240 �C for the -Pb (a) and þPb
systems (b). Note that the GT(110) peak is absent because this peak has a two theta of 21.24 which is off the scale of the figure.

Figure 2. Degree of transformation for the goethite (GT, 110) peak growth and decay, and hematite (HM, 110) peak growth in the two stages
(solid lines in (a) and (b) are the JMAK fits (see eq 1) for hematite growth) at 240 �C; (a) -Pb system and (b) þPb systems; (c) degree of
transformation for the HM (110) peak at different temperatures for the -Pb and (d) degree of transformation for the HM (110) peak at
different temperatures for the þPb system. Note the error bars in (c) and (d) are smaller than the symbols.
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peaks forHM(2θ of 35.64) andGT (2θ of 21.24) were chosen
to avoid any possible overlaps and interferences with other
peaks. The normalized values were subsequently fitted using
the Johnson-Mehl-Avrami-Kolmogorov (JMAK) kinetic
model29-31 using the following equation:

R ¼ 1-e-½kðt-toÞ�m ð1Þ
where R is the degree of the reaction, k (s-1) is the rate
constant, t (s) is time, to (s) is the induction time, and m is a
constant related to the mechanism of the reaction. The
obtained temperature-dependent rate constants and induc-
tion times were then used to calculate apparent activation
energies for nucleation (Ea(nucl)) and crystallization (Ea(cryst))
using a similar approach and equivalent EDXRD data
analysis procedures to ref 15.

Fitting the diffraction normalized peak areas using the
JMAK kinetic model yielded values for induction times (to),
rate constants (k), and exponential factors (m) for the crystal-
lization of hematite in stages 1 and 2, and the decay of
goethite in stage 2 (Table 1). In a first fitting step, the three
main parameters from eq 1 (k, to, andm) were all regressed as
free parameters via a nonlinear regression. For them values,
this fitting resulted in averagem values of 0.8( 0.1 and 2.2(
0.5 for the first and the second stage of the þPb system and
averagem values of 0.9( 0.3 and 2.4( 0.5 for the first stage
and the second stage in the -Pb system, respectively. Pre-
vious studies of hematite and goethite crystallization from
ferrihydrite suggested a first-order reaction equivalent to
m= 1;15,16 therefore, the data for the first stage of the reac-
tion were refitted with m fixed to 1. For the second stage,

both systems have average m values within an error of 2;
therefore, the data for the second stage was refitted with m
fixed at 2. Refitting of all data sets withm fixed to 1 and 2 for
the first and second stages respectively but with k and to as
regressed variables yielded reaction rates within the errors
with the initial fitting, but for consistency and comparison
with the literature, m of 1 and 2 were used. The kinetic data
revealed that in both the þPb and -Pb system with increas-
ing temperature, to decreased while k increased. In addition,
in the þPb system the crystallization of hematite started on
average∼20-30% earlier (see to in Table 1) than in the-Pb
system. The correlation between induction times and reac-
tion rates with temperatures suggests that the transforma-
tions were thermally activated processes. In each stage for
both systems, the rates for hematite growth were similar
(Table 1 and Figure 3) indicating that the presence of Pb had
little influence on the reaction rates. In both systems, an m
value of 1 for the first stage provided the best fit to the data,
while for the second stage an average m value close to 2 was
obtained, indicating that the transformation mechanisms
remained consistent across the temperature range of this
study. Anm value of 1 for the first stage of hematite crystal-
lization (from ferrihydrite) suggests a pseudo first order
reaction, which is consistent with previous studies of ferrihy-
drite crystallization to hematite.9,11,12,15,16 An m value of 2
for the second stage of crystallization suggests that goethite
crystallized to hematite via a 2D growth mechanism.32

The platelike morphology of the final hematite particles
(Figure 4) also supports this conclusion. Finally, the rate
constants andm values derived from the JMAK fitting of the

Table 1. Kinetic Parameters for the Growth of Hematite and Decay of Goethite in the þPb and -Pb Systems for Both Stagesa

-Pb system þPb system

Stage 1 (m = 1) Stage 2 (m = 2) Stage 1 (m = 1) Stage 2 (m = 2)

T (�C)
to
(s)

time interval
(min)

hematite k
(10-4 s-1)

time interval
(min)

hematite k
(10-5 s-1)

goethite k
(10-5 s-1)

to
(s)

time interval
(min)

hematite k
(10-4 s-1)

time interval
(min)

hematite k
(10-5 s-1)

goethite k
(10-5 s-1)

160 745 (36) 14-48 12 (1) 91-249 19 (1)
180 706 (14) 12-26 46 (4) 30-100 38 (2) 530 (10) 9-22 43 (3) 26-75 61 (2) 68 (4)
200 598 (6) 10-17 78 (7) 19-43 166 (20) 137 (11) 418 (5) 7-12 96 (9) 13-29 210 (4) 217 (18)
220 541 (5) 9-13 139 (27) 16-27 248 (49) 441 (58) 421 (4) 7-12 123 (13) 13-23 332 (13) 312 (25)
240 540 (3) 9-13 152 (13) 14-23 461 (29) 511 (84) 360 (2) 6-8 259 (36) 9-18 408 (41) 398 (42)

Ea (nucl) 9 ((2) 16 ((3)
Ea (cryst) 41 ((7) 77((14) 67((8) 73((11)

a Standard errors for the activation energies and errors for to and k, in brackets, were calculated by regression. Shown also are the time intervals for
each temperature for each stage respectively, as well as the m values used for each stage. Unit for activation energies is kJ/mol.

Figure 3. Arrhenius plots of (a) rates of hematite growth for both crystallization stages and (b) induction times for hematite in the 1st stage for
both the þPb and -Pb system (some error bars are smaller than the symbols).
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time-resolved data were also confirmed by fitting the data
using a double log approach33 (Supporting Information,
Figure S3, Table S1 and associated text) indicating the
excellent correlation between these two fitting approaches.

It has been previously shown that adsorbed ions, including
Pb2þ, can enhance the aggregation of colloids (e.g., hematite
and kaolinite),1,34 by neutralizing their surface charge and
therefore reducing the electrostatic energy barrier between
the particles and subsequently promoting aggregation. Cal-
culation of surface coverage of Pb on the initial ferrihydrite
yielded a maximum adsorption capacity of 1.5 mmol (see
Supporting Information text for more details). The total
concentration of Pb initially added into theþPb system was
0.2 mmol or about 13% of the maximum adsorption capa-
city, indicating that the surface of the ferrihydrite was only
partially neutralized by Pb adsorption. We suggest that this
process favored the aggregation of the ferrihydrite particles
which in turn enhanced the formation of hematite. This
hypothesis is also supported by the substantially shorter
induction times in the þPb experiments (∼20-30% shorter
than in the -Pb system, Table 1). Although there are
differences in terms of conditions of transformation when
compared to previous studies (e.g., pH and temperature), the
enhancement of hematite formation by the presence of Pb in
the current study is comparable to previous results.9

Despite the large difference in induction times between the
þ Pb and -Pb systems, the derived Ea(nucl.) values for
hematite in both systems are similar (9 ( 2 and 16 ( 3 kJ/
mol) although lower than previously reported values at
equivalent conditions (25 kJ/mol16). This difference is likely
a consequence of the higher solid/liquid ratio (133 g/L used
in the present study compared to 100 g/L used for thework in
ref 16) and the presence of Pb (see above). In addition, it was
shown previously35 that the rate of aggregation of colloids is
linked to the concentration of particles in the suspension via

dN

dt
¼ -kaN

2 ð2Þ

where N is the concentration of particles in suspension at
time t, ka (ka= Raβ) is the rate constant with Ra being amass
transport coefficient (m3 s-1) and β the collision efficiency.
From the above equation, it can be seen that if the concen-
tration of particles increases the rate of aggregation of
particles also increases. In the current study, both factors
(i.e., the higher concentration of ferrihydrite and the pre-
sence of Pb) enhanced the aggregation of our starting

ferrihydrite and thus this may have lowered the energy
required to overcome the barrier for hematite nucleation.

The calculated Ea(cryst.) for the two systems in both stages
(Table 1) are within the ranges of activation energies pre-
viously reported for these reactions.15,16 Furthermore var-
ious studies16,18,36 have concluded that hematite crystallized
from goethite via a water aided topotactic reaction that
followed a 2D growth pathway. The activation energies
derived from the current study on the crystallization of
hematite from goethite (2nd stage, þPb and -Pb system)
are consistent with this mechanism.

SEM and TEM images (Figure 4) and XRD data
(Supporting Information, Figure S4) of the quenched reac-
tion products from the off-line transformation experiments
at 180 �C in the þPb system further verified the two-stage
crystallization, with hematite as sole end product. The
micrographs showed that after 12 min of reaction ferrihy-
drite, goethite, and hematite were all present (Figure 4a),
while after 54 min only goethite and hematite were visible
(Figure 4b). Finally, at the end of the reaction (6.5 h)
hematite was the only phase present (Figure 4c, Supporting
Information, Figure S3). Goethite was present as needlelike
crystals of between 50 and 500 nm, while hematite was
present as platy crystals about 100-500 nm in size. In
order to evaluate the association of Pb with the various
phases during the reaction, energy dispersive X-ray analyses
(EDS) of the individual phases by TEM was used. The data
(Figure 5) revealed that Pb was associated with the hematite
and goethite phases throughout the transformation, indicat-
ing that the bulk concentration of Pb in each of these phases
was >0.1 atomic% (detection limit of the EDS analysis).37

In contrast to the results in this work, previous studies that
followed the crystallization of ferrihydrite at high pH con-
cluded that goethite was the stable end product at pH∼13.38

However, a recent study where poorly ordered schwertman-
nite (Fe8O8(OH)6SO4) was reacted at high pH (13.2), high
temperatures (60-240 �C) and at a high solid to solution
ratio (100 g of ferrihydrite/L solution) showed that above
150 �C the sole end product was also hematite, and that the
reaction progressed also via a two-stage process with ferri-
hydrite and goethite as intermediates.16 The authors16 sug-
gested that the formation of hematite in their systemwas due
to (a) the presence of sulfate (from the dissolution of
schwertmannite) and (b) the high temperature conditions.
Other studies suggested that a high solid to solution ratio
may also be the reason for hematite formation at high pH.39

Figure 4. Photomicrographs of time-dependent changes in the solid phases (FHY= ferrihydrite, GT= goethite, and HM=hematite) from
quenched off-line transformation experiments at 180 �C, in the þPb system (a) after 12 min, (b) after 54 min, and (c) after 6.5 h.
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Therefore, we conclude that the combination of an initial
high solid to solution ratio (133 g of ferrihydrite/L solution)
and high temperature (160-240 �C) conditions favored the
formation of a pure hematite end product in the present
study. In addition, fitting the goethite peak intensity decrease
during the second stage yielded rate constants similar to
those for the growth of hematite (Table 1), indicating a direct
transformation of goethite to hematite, analogous to that
reported in ref 16.

Speciation of Pb during the Transformation and Interaction

of Pb with Iron (Oxyhydr)oxides. The solution chemistry
data for the þPb system (Figure 6) as well as the EDS
analyses (Figure 5) revealed that Pb was associated with
the solid phases (ferrihydrite, goethite, and hematite)
throughout the crystallization process. In the starting ferri-
hydrite (0 min, Figure 6), Pb was fully adsorbed (∼100%) to
the ferrihydrite surface. However, soon after the crystal-
lization reaction was initiated (after 12 min), a significant
increase in Pb-INC (from 0 to ∼80%) and a corresponding
decrease in Pb-SF (100% to∼20%) occurred. In conjunction
with this, a significant decrease in the surface area of the solid
phases (from 193 down to 49 m2/g) was observed. Most of
this change in surface area and Pb speciation occurs before
any XRD peaks for hematite were detected, indicating that
the Pb was incorporated into the ferrihydrite aggregates
before the crystallization process began. The EDXRD data
(Figure 6b, triangles) reveals that hematite formation was
initiated after approximately 9 min, and after 12 min about
20% of hematite had crystallized. From 12 to 22 min, an
additional, but more gradual rise in the amount of hematite
(from 20 to about 30%) was observed. Continuing nuclea-
tion and growth of hematite (and goethite, and the full
consumption of ferrihydrite, Supporting Information, Fig-
ure S4) coincided with a slower decline in the surface areas of
the solids (from 49 down to 35 m2/g) during this later part of
stage 1 (12-22 min, Figure 6). However, during this latter

part of stage 1, the Pb-INC, the Pb-SF, and the Pb-SL
remained unchanged.

During the second crystallization stage (after the 22nd
min), hematite crystallized steadily from goethite until the
transformation was completed and hematite was the sole
solid phase present. Pb-INC decreased from 77 to 67% ,and
this was accompanied by a corresponding small increase in
the Pb-SF and Pb-SL (22-29% and 0.4-3.2%, respec-
tively). Again the surface areas of the solid phases (goethite
and hematite) further decreased (from 35 m2/g at the begin-
ning of this stage to 12 m2/g at the end of the reaction), and
this corresponded to the final disappearance of goethite and
predominance of hematite at the end of stage 2 (Figure 6).

The data presented above revealed that the largest propor-
tion (∼80%) of Pb in the system became incorporated into
the solid phases very close to the beginning of the reactions
but clearly prior to the initiation of the first crystallization
stage (Figure 6), and thus the mechanism of Pb incorpora-
tion was controlled by a process, which occurred prior to
hematite/goethite crystallization. Fischer and Schwertmann
suggested that hematite formation from ferrihydrite pro-
ceeds first via the aggregation of the poorly order ferrihydrite
nanoparticle followed by their crystallization and that the
crystallization involves internal rearrangements within the
hydrated ferrihydrite nanoparticle aggregates.12 The data
from this study indicate that the incorporation of Pb into the
iron phases occurs fast and is controlled by this aggrega-
tion process, which occurs prior to the initiation of hema-
tite crystallization. We suggest that when the ferrihydrite

Figure 5. TEM-EDS spectra showing that Pb was associated with
goethite (a) and hematite (b) during the transformation (the pre-
sence of Cu in the pattern is due to the TEM grid). *Some counts
from Fe and Cu may be hidden within the main O peak. Figure 6. Partitioning of Pb during the transformation of ferrihy-

drite to hematite in the þPb system (a) and the degree of transfor-
mation (R) from the EDXRD data for HM (same data as in
Figure 2d and Supporting Information, Figure S1d) and the change
in surface area (SA) of the solid fractions at 180 �C (b). Pb-SL=Pb
in solution; Pb-SF= surface adsorbed Pb; Pb-INC= incorporated
Pb within particles. Some of the error bars are smaller than the
symbols. Vertical dotted line at 22 min delineates the first and
second stage of crystallization.
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nanoparticles aggregate, the adsorbed Pb on the surface
will be retained at the interface between the ferrihydrite
nanoparticles, and consequently, during the crystallization,
the Pb will become irreversibly incorporated within the
interstices of the hematite particles (Figure 7). This is
supported by the rapid decrease in SA during the initial
induction period. The ionic radius of Pb2þ (1.19 Å) is about
double that of Fe3þ (0.643 Å), and thus it is unlikely that Pb
would replace Fe3þ in the structure of newly formed iron
(oxyhydr)oxides. However, the high proportion of Pb in the
hematite or goethite particles (large Pb-INC pool) could
stem from its incorporation into structural defects caused by
the trapping of the Pb within the crystals of hematite and/or
goethite during the aggregation/growth process of the first
stage of crystallization. Goethite was formed during this first
stage of crystallization, but it starts to form at the same time
as hematite. However, goethite constitutes only a small
proportion of the total amount of crystalline material
(comparing the ratio of goethite and hematite intensity in
Figure 1a,b, and Supporting Information, Figure S1a,c) at
the end of the first phase. Therefore, we conclude that the
aggregation of ferrihydrite prior to hematite formation is the
dominant process controlling Pb incorporation.

For the transformation of goethite to hematite in the
second stage, the Pb sorbed onto the surface of goethite as
well as any Pb present in the structural defects of goethite will
become incorporated within the hematite structure upon
transformation. Goethite is known to have a higher capacity
of incorporating foreign cations into its structure than
hematite,1,40 and therefore any transformation will result
in the decline in the Pb-INC pool during this stage of the
reaction. Our data confirms this trend as the Pb-INC pool
decreases from 77 to 67% during this stage (Figure 6).
Evaluating the potential effects of the incorporated Pb on
the unit cell size of the end product hematite revealed that the
a and c parameters of the hematite were barely affected
(expanded by 0.04 and 0.01%, respectively, Supporting
Information, Table S2), further supporting the hypothesis
that Pb is not directly substituting for Fe in the structure of
hematite. Martinez et al.22 suggested that the release of Pb
into solution during hematite crystallization may be due to a
reduction in sorption sites which results in a lower retention
capacity of the solid. The results from the present study show
that as hematite crystallizes, during the second stage, the
amount of surface bound Pb (Pb-SF) actually increases and
that the increase in labile Pb (Pb-SL and Pb-SF) is due to Pb
being expelled from the defects in the hematite structure. The
crystallization of hematite (specifically at high temperatures)
will reduce the number of defects in the structure, therefore
reducing the number of structural defect sites in which the Pb
can be accommodated.40 The expelled Pb will subsequently

either be adsorbed to the particle surfaces or released into
solution.

Previous studies that followed the aging of ferrihydrite
with adsorbed or coprecipitated Pb at low temperatures
(room to 70 �C)8,9,20-22 showed that (a) the end products
were usually non-monomineralic, (b) the largest proportion of
the total Pb was released back into solution during ferrihy-
drite crystallization, and (c) only 10%of the total Pb became
incorporated into the structure of the end products. The
calculated Pb mol % relative to Fe (Pb/(Fe þ Pb)*100)
indicate that the hematite end product contains ∼0.76%
Pb. This value is lower than the maximum Pb2þ which can
substitute in some iron (oxyhydr)oxide phases, for example,
up to 2.8% in goethite.41 However, compared to other
studies that produced hematite and goethite by aging ferri-
hydrite with adsorbed or coprecipitated Pb,9,20,22 the pro-
portion of Pb incorporated (up to 70%) is much higher and
the speed of uptake much more rapid (<12 min at 180 �C).
This clearly demonstrates that the chemical and physical
conditions in these reactions were optimized for Pb incor-
poration into the hematite end product. We suggest that the
high solid/solution ratio and the rapid rate of crystallization,
facilitated by the high pH and temperature, are the main
factors controlling this enhanced uptake process. First, the
high temperature and the solid/solution ratio caused the
rapid aggregation of the ferrihydrite nanoparticle (see ref 1
and references therein and ref 35), and this helped trap the
adsorbed Pbwithin the aggregates. Second, the rapid crystal-
lization kinetics for hematite (∼70 min at 180 �C) is faster
than the release of Pb from the particles and allows the Pb to
be retained within the structure.

Conclusion

The present study is one of the first to have shown that at
high pH and high temperatures goethite is an intermediate
phase in the transformation of ferrihydrite to hematite and
that large amounts (up to 70%) of the Pb in the system can
become irreversibly incorporated within the hematite parti-
cles, while only a small proportion of the total Pb is released
back into solution during the crystallization. Our data indi-
cate thatPb is rapidly sequesteredprior to the start of hematite
crystallization, and this process is controlled by the aggre-
gation of the ferrihydrite nanoparticles, which trap the Pb
ions within the aggregates. This detailed information on
the mechanism and kinetics of Pb uptake and iron
(oxyhydr)oxide crystallizationwas obtained due to the unique
experimental and analytical approach utilized within the
research, which combines in situ diffraction, chemical extrac-
tions, and surface area analyses. The results of this study show
how the incorporation of Pb can be enhanced by the chemical
and physical conditions of iron (oxyhydr)oxide crystalliza-
tion. These findings are particularly relevant to the long-term
geological disposal/storage of intermediate-level radioactive
waste and Pb transport associated with iron-rich colloidal
particles in natural environments.
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