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ABSTRACT: Understanding the association of rare earth elements (REEs)
with iron (oxyhydr)oxides is of great interest in the recovery of REEs from
regolith and weathered soils in the world. The objective of this study was to
understand the effects of 1 mg L−1 REEs on the ferrihydrite transformation
process. Ferrihydrite was synthesized at pH 5 and 7 in the presence of REEs, and
the transformation products were characterized using X-ray diffraction, Fe K-
edge X-ray absorption spectroscopy, and transmission electron microscopy.
During the phase transformation process after 60−120 days, the retention of
REEs varied with the REE atomic number. In general, heavy REEs preferably
partitioned in aged (≥90 days) ferrihydrite more than light REEs, especially at
pH 5. At pH 5, the transformation of ferrihydrite to goethite was retarded by
∼12% when REEs were present. The average structural substitution of REEs was
as high as ∼550 mg kg−1, and the substitution of heavy REEs such as Yb and Lu
was a critical factor to suppress the ferrihydrite transformation. At pH 7, the formation of hematite was retarded by ∼10%, and the
structural incorporation of REEs was more important than adsorbed REEs during the first 30 days. There was no REE-specific
retention in aged iron (oxyhydr)oxides at pH 7. The results of this study may explain the association of REEs with iron
(oxyhydr)oxides, especially heavy REEs in mildly acidic regolith and weathered soils. This study advanced our understanding of the
aqueous geochemical behavior of REEs in iron (oxyhydr)oxide-rich supergene environments.
KEYWORDS: rare earth element, ferrihydrite, hematite, goethite, transformation, adsorption, substitution

■ INTRODUCTION

Rare earth elements (REEs) are a coherent suite of elements
consisting of lanthanides as well as scandium (Sc) and yttrium
(Y). REEs exist in a trivalent oxidation state, except for Ce and
Eu, which are also stable under some conditions in tetra- and
divalent oxidation states, respectively. Besides the difference in
valence, REEs have slight variations in physical and chemical
properties due to the lanthanide contraction effect, i.e., the
decrease in ionic radii from La3+ (1.032 Å) to Lu3+ (0.861 Å)
across the group. Both variations allow discrepancies among
REEs (e.g., Ce and Eu anomalies),1,2 light REEs (LREEs, La−
Eu),3 and heavy REEs (HREEs, Gd−Lu and Y) during natural
geochemical processes.3−7

As the fourth most abundant element on Earth, iron is
redox-active and ubiquitous as iron (oxyhydr)oxide minerals in
suboxic to oxic soils, sediments, and regolith. Because of their
reactive surface, they are effective in scavenging REEs, often
resulting in the enrichment of REEs. Regolith-hosted REE
deposits are dominantly located in the weathering crusts of
granites and soils in South China, with a few deposits, and
potential prospects recently discovered and explored in
Southeast Asia,8−11 Madagascar,12 and the Southeastern
United States.13 The ore grades range from 140 to 6500 mg
kg−1 (typically ∼800 mg kg−1) of REEs, and some of the

deposits are remarkably enriched in HREEs.14 Iron (oxyhydr)-
oxides are ubiquitous in these deposits and are important sinks
of REEs in weathered soils.15−17 The sorption of REEs on iron
(oxyhydr)oxides occurs over a wide range of pH.18−20 As a
redox-sensitive REE, Ce(III) can be oxidized after its
adsorption on the iron (oxyhydr)oxide surface, contributing
to the pronounced positive Ce anomaly, which is characteristic
of marine hydrogenetic ferromanganese crusts.21 Besides
adsorption and oxidation, REEs can also coprecipitate with
Fe during the weathering of granite22 and structurally
incorporate in iron (oxyhydr)oxides,23 resulting in a higher
removal of REEs than the adsorption on pre-exist iron
(oxyhydr)oxides.24

Thus, understanding the fate of REEs in iron (oxyhydr)-
oxides is a major economic interest because the REE recovery
technologies are dependent on their ion exchangeability and
solubility in iron (oxyhydr)oxides. In the Fe geochemical cycle,
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amorphous iron (oxyhydr)oxide (e.g., ferrihydrite) is a
thermodynamically metastable phase that transforms into
crystalline iron (oxyhydr)oxides (e.g., hematite and goethite)
under (sub)oxic conditions. Along with phase transformation,
various metal ions are often associated with ferrihydrite,
leading to the variation of stability and mobility of metals in
terrestrial environments. Aging studies of ferrihydrite with
metals (e.g., Cd(II), Mn(II), Ni(II), and Pb(II)) showed that
the transformation reactions were influenced by the structural
incorporation of metals into recrystallized oxides.25,26 A few
studies showed that the phase transformation of ferrihydrite
was also affected by adsorbed REEs (e.g., Lu(III)).27,28

However, the mechanisms responsible for the suppressed
ferrihydrite transformation by REEs are not clearly understood.
Based on the results of above discussions, it was

hypothesized that the transformation products of ferrihydrite
coprecipitated with REEs are REE specific. Considering the
smaller difference of ionic radii with Fe(III), HREEs (e.g.,
Tb(III): 0.923 Å, Ho(III): 0.901 Å, and Lu(III): 0.861 Å) are
easily incorporated within the structure of iron (oxyhydr)-
oxides than LREEs (e.g., La(III): 1.032 Å, Ce(III): 1.010 Å,,
and Nd(III), 0.983 Å).29,30 During the formation and
transformation process of iron (oxyhydr)oxides, LREEs could
be scavenged by ferrihydrite through adsorption. Accordingly,
the objective of this study was to investigate the phase
transformation products of ferrihydrite impacted by LREEs
and HREEs using powder X-ray diffraction (XRD), trans-
mission electron spectroscopy (TEM), and Fe K-edge X-ray
absorption spectroscopy (XAS).

■ MATERIALS AND METHODS
Materials. All chemicals (e.g., FeCl3, Nd(NO3)3·6H2O, and

Yb(NO3)3·5H2O) (Sigma−Aldrich, St. Louis, MO) used were
ACS grade. All the solutions were prepared with ultrapure
water (18.25 MΩ cm−1) under atmospheric conditions unless
otherwise mentioned in the text. The mixed REE stock
solution was obtained after diluting an 100 μg mL−1

inductively coupled plasma mass spectrometry (ICP-MS)
standard solution containing La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, and Lu (AccuStandard, CT) except
for Pm.
Synthesis of Iron (Oxyhydr)oxide with and without

REEs. To investigate the partitioning of LREEs and HREEs
during the transformation of iron (oxyhydr)oxides under
atmospheric pressure, a group of REEs was mixed simulta-
neously with ferric chloride solution (500 mg L−1). The Fe/
REEs ratio of 100:3 was chosen to observe the effect of REEs
on the ferrihydrite transformation. The concentration of each
rare earth element was 1 mg L−1, and the negative saturation
index value for each REE hydroxide (Table S1), which was
calculated using Visual MINTEQ version 3.131 and/or
manually, suggested that REEs retained in ferrihydrite were
either adsorbed and/or substituted in the structure. The
mixture of Fe and REEs was titrated to pH 5 and 7 using 0.01−
0.1 M NaOH. Brown suspensions were divided into
perfluoroalkoxy bottles that give a duplicate sample for each
sample period. Afterward, the bottles were sealed and stored in
an oven at 40 °C for 60 days, but the experiments at pH 5 were
carried out longer, up to 120 days, due to a slow
transformation process. These aging times allowed each
control system to transform ∼80% of ferrihydrite. The REE-
blank control experiments were also conducted to monitor
REE adsorption in the same reaction vessels at pH 5 and 7.

The bottles were periodically shaken during aging. The pH was
periodically adjusted with 0.1 M NaOH solution, with pH
variations less than 0.1 units. Kinetic samples were recovered
via centrifugation, while the dissolved concentrations of REEs
and Fe in the supernatant were analyzed using inductively
coupled plasma mass spectrometry (ICP-MS) (Thermo
iCAPQc, Guangzhou, China). After washing solids with
ultrapure water, the solids were freeze-dried and stored at
room temperature for XRD and XAS analyses. Reference iron
(oxyhydr)oxide standards (i.e., 2-line ferrihydrite, hematite,
and goethite) were synthesized according to the method
described by Schwertmann and Cornell.32 The ferrihydrite
without REEs was aged at pH 5 and 7 as a control experiment.
These two pH values were chosen to simulate the environ-
mentally relevant pH values in regolith and weathered soil
profiles in Southern China.14,33

To estimate the amount of REE structural substitution, the
following experiment was conducted. Approximately 5 mg of
kinetic sample was exchanged with 20 mL of 1 M NH4NO3 at
pH 5 (i.e., below isoelectric point, IEP of iron (oxyhydr)-
oxides) to remove adsorbed and diffused REEs in the solids.
The mineral suspension was shaken on an orbital shaker at 90
rpm. After a few hours, the sample was centrifuged at 7500g for
20 min. The recovered mineral paste was digested in 1 mL of 6
M HCl, and an aliquot was analyzed for dissolved REEs using
ICP-MS to estimate structurally incorporated REEs in iron
(oxyhydr)oxides.

Powder X-ray Diffraction. The phase of iron (oxyhydr)-
oxides with and without REEs was analyzed using XRD. XRD
patterns were acquired on a Rigaku DMAX Rapid II
diffractometer with Mo Kα radiation at 50 kV and 30 mA
with a 0.02° step size at a scan rate of 1° per second for
analysis. Bulk solid products were ground to less than 200
mesh and then loaded into Kapton fiber tubes with a diameter
of 0.3 mm. The two-dimensional data were converted to 2θ vs
intensity patterns using Rigaku’s 2DP software.

Transmission Electron Microscopy. The morphology of
aged iron (oxyhydr)oxides coprecipitated with REEs (REE-Fe
(oxyhydr)oxides) was investigated using a Thermo Scientific
FEI Talos F200S transmission electron microscope (Guangz-
hou, China), operated at an accelerating voltage of 200 kV.
The sonicated mineral suspensions in ultrapure water were
deposited on a porous carbon film supported by a copper grid.
Iron (oxyhydr)oxide phases were analyzed through selected
area electron diffraction (SAED) patterns and from fast
Fourier transforms (FFT) from high-resolution lattice-fringe
images.

Fe K-Edge X-ray Absorption Spectroscopy. Because
XRD is not sensitive to quantify amorphous phases such as
ferrihydrite, Fe K-edge extended X-ray absorption fine
structure spectroscopy (EXAFS) measurements were con-
ducted on Beamline 12-BM at Advanced Photon Source
(Argonne, IL). An aliquot of each freeze-dried sample was
diluted with boron nitride at 5−10% by wt. The mixture was
poured in a nylon washer that was sealed with Kapton tape.
Measurements were performed at room temperature in
transmission mode. The energy was calibrated by setting the
first inflection point of a Fe foil to 7112 eV. Reference and
sample spectra were processed and analyzed using the software
code Athena.34 The E0 was fixed at 7126.99 eV. The spectra
were normalized by subtracting a first-order polynomial fitted
to the data from −150 to −30 eV before the edge and
subsequently dividing through a second-order polynomial
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fitted to the data from 150 to 527 eV above the edge. The
spectra were extracted using the Autobk algorithm. For the
interpretation of the experimental spectra by linear combina-
tion fitting (LCF) over the k-range 2−10 Å−1, three reference
samples including ferrihydrite, goethite, and hematite were
used (Figure S1).
Neodymium and Ytterbium Adsorption in Iron

(Oxyhydr)oxides. To better understand the pH-dependent
adsorption of LREEs and HREEs in the transformation

products of ferrihydrite, neodymium (Nd) and ytterbium
(Yb) were chosen as representative LREEs and HREEs to
conduct batch adsorption experiments in ferrihydrite synthe-
sized at pH 5 and 7, hematite, and goethite under the following
reaction conditions (ionic strength: 0.01 mol L−1 KCl, 25 °C).
These iron (oxyhydr)oxides were identified in XRD and XAS
analyses. Accordingly, iron (oxyhydr)oxide stock suspensions
(∼0.8 g L−1) were prepared in a background electrolyte
solution and then sonificated for 30 s. After 2−3 days of

Figure 1. X-ray diffraction patterns of Fe (oxyhydr)oxide phases in the presence of REEs during aging (0−120 days) at pH 5 (a) and 7 (b).

Figure 2. Linear combination fit (LCF) analysis of Fe K-edge X-ray absorption spectroscopy (XAS) spectra of aged REE-ferrihydrite (i.e.,
ferrihydrite coprecipitated with REEs) at pH 5 (a−c) and 7 (d−f). Closed squares represent samples with REEs (FR) and open squares represent
control samples that are without REEs. The results of LCF of Fe K-edge XAS analysis are shown in Figures S2 and S3.
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hydration on an orbital shaker, ∼9 mL of iron (oxyhydr)oxides
suspension was transferred into a tube. pH of the suspension
was adjusted to 4.0−9.0 in 0.5 pH unit increment using 0.1
mol L−1 HCl and NaOH. One mL of 1 mg L−1 Nd/Yb stock
solution was added. The final volume was adjusted to 10 mL
using the background electrolyte to make the final suspension
density of 0.86 g L−1 for ferrihydrite, 0.80 g L−1 for goethite,
and 0.71 g L−1 hematite. The final suspension density of
goethite and hematite was based on the reaction condition of
the aging experiment assuming 100% of ferrihydrite was
transformed to goethite or hematite. The tubes were shaken at
200 rpm for 24 h. After equilibration, aliquots were recovered
via centrifugation at 23 723g for 10 min. and then filtered
through a 0.22 μm membrane filter. After acidification with 2%
HNO3, the concentrations of Nd and Yb were analyzed using
ICP-MS (Thermo iCAPQc, Guangzhou, China).
ζ-Potential Measurements. ζ-Potential measurements

were conducted in ferrihydrite synthesized at pH 5 and 7,
hematite, and goethite using a Zetasizer Nano ZS 90 (Malvern
Instruments Ltd., Malvern, U.K.). The electric field strength
was approximately 3.95 V mm−1. Verification of the instrument
was performed using a polystyrene latex standard. A mineral

suspension (0.5 g L−1) was prepared in 0.01 mol L−1 NaNO3
and sonicated. pH was adjusted to 4−9 with 0.01−0.1 M
HNO3/NaOH. After 24 h of equilibration, the ζ-potential was
measured three times for each sample.

■ RESULTS AND DISCUSSION
The results of XRD, XAS, and TEM analyses of the
transformation products are summarized in Figures 1−3 and
S2−S5. To further distinguish the effect of REEs on the
transformation of iron (oxyhydr)oxides, the phase composition
was quantified by the LCF of Fe K-edge EXAFS analysis using
ferrihydrite, goethite, and hematite (Figure 2, Tables S2, and
S3).
The conditions of the transformation of ferrihydrite have

been studied by Schwertmann et al.35,36 According to their
studies, the rate and degree of transformation increased with
increasing pH and temperature. Especially, the value of pH is
determinant for the formation of different iron (oxyhydr)-
oxides. Protons or hydroxyl groups promote dissolution of
Fe(III) at acidic or alkaline pH values (e.g., 2−5 and 10−14,
respectively) and favor the formation of goethite through a
dissolution−recrystallization process. Conversely, at near-

Figure 3. Transmission electron microscopy images of aged Fe (oxyhydr)oxides coprecipitated with REEs at pH 5, (a) t = 0 day, (b) 7 days, (c) 15
days, (d) 60 days, and (e) 120 days and at pH 7, (f) t = 0 day, (g) 7 days, (h) 15 days, and (i) 60 days.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.1c00159
ACS Earth Space Chem. 2021, 5, 2768−2777

2771

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00159/suppl_file/sp1c00159_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00159/suppl_file/sp1c00159_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00159/suppl_file/sp1c00159_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00159?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00159?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00159?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00159?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


neutral pH, dissolution of Fe(III) was minimum, and the
condition favored the formation of hematite through a solid-
state transformation process. Based on the above information,
the discussion section was organized according to the
experimental pH values (5 and 7) that strongly influence the
transformation processes of ferrihydrite.
Transformation Products of Aged REE-Ferrihydrite at

pH 5. According to the XRD analyses, the dominant mineral
phase of the precipitate was two-line ferrihydrite at t=0, with
board reflections at 16° (2.50 Å) and 27° (1.51 Å) (Figure 1a).
The XAS analysis showed that the transformation of
ferrihydrite in the presence of REEs was always slower than
the system without REEs (Figure 2a). After seven days, ∼5% of
ferrihydrite was transformed in the absence of REEs, while the
only ferrihydrite without goethite or hematite existed with
REEs (Table S2). TEM images showed that the precipitates
were aggregates of fine particles in the size of 2−3 nm, which
exhibited two bright rings with lattice spacings of 2.5 and 1.5 Å
in selected area electron diffraction (SAED),37 corresponding
to (110) and (115) planes of 2-line ferrihydrite (Figure 3a). In
the absence of REEs, the Fe precipitate produced under the

same condition showed identical morphology and mineral
phase (Data not shown).
With increasing aging time, most Fe was insoluble (Figure

S6), while the precipitate of Fe and REEs was kept as the phase
of ferrihydrite until 15 days (Figure 1). Then, it was gradually
transformed into goethite and hematite. This was verified by
the appearance of new reflections on the XRD patterns of
reaction products at 20, 25, and 30 days, i.e., (104) and (110)
of hematite at 15° (2.70 Å) and 16° (2.50 Å), respectively, as
well as the (110) of goethite at 10° (4.18 Å) (Figure 1).
After 60 days, the XRD patterns became well resolved and

corresponded well to the standard card of hematite (JCPDS:
33-0664) and goethite (JCPDS: 29-0713). Without the
presence of REEs, the transformation of ferrihydrite was
mostly parallel, with similar mineral phases of end products
and transformation progress, whereas the transformation rate
and phase composition were slightly different. For example, the
XRD patterns of ferrihydrite did not show obvious changes
until 15 days of aging (Figure S1a).
Then, the diffraction at 15.5° (2.56 Å) was split into two

peaks at 15° (2.70 Å) and 16° (2.50 Å), indexed of (104) and

Figure 4. Total REE sorption in aged REE-ferrihydrite at (a) pH 5 and (b) pH 7. The values were calculated from the ICP-MS data. Structurally
incorporated REEs in aged REE-ferrihydrite at (c) pH 5 and (d) pH 7. The values were calculated via digestion of aged samples after removal of
adsorbed REEs.
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(110) of hematite, respectively. After 20 days, the (110)
diffraction of goethite appeared at 10° (4.18 Å) (2θ).
However, the formation and crystallization of goethite seemed
to be inhibited by the addition of REEs, since the diffraction
intensity ratio of (110)hematite to (111)goethite was 0.93 without
REEs, obviously lower than that with REEs (1.07).
Besides phase composition, the morphology of precipitate

also greatly varied during aging with REEs. According to the
TEM observation, the particle size of ferrihydrite increased
from 2−3 to 5 nm within 7 days (Figure 3b). After 15 days of
incubation, not only hematite that was detected by XRD but
also goethite was observed (Figure 3c). Both the formations of
hematite and goethite were consolidated by the fast Fourier
transform (FFT) pattern (Figure 3c). The FFT image clearly
displays the fringe spacings of 4.15, 2.58, 2.45, and 2.0 Å,
which were consistent with the d-values of (110), (021),
(111), and (131) reflection planes of orthorhombic goethite,
respectively. For hematite, the FFT image displays spot
patterns corresponding to the six sets of reflections of
hematite. The absence of goethite by XRD was probably
ascribed to its low content (<5%) and poor crystallinity.
Goethite displayed a lath shape with particle size of 30-40 nm,

while hematite with a smaller size (10−30 nm) did not show a
regular shape. The conspicuous appearance of hematite and
goethite was seen after 60 days (Figure 3d,e), accompanied by
the increase of the particle size. Goethite and hematite
displayed needle and rhombohedra shapes, with sizes of 180
and 80−90 nm, respectively (Figure 3e). In the presence of
REEs, the transformation products were lath-shape goethite
and rhombohedron hematite without a clear morphology
(Figure S5). The length of goethite (∼100 nm) was smaller
than that of goethite without REEs, whereas the size of
hematite was larger than its counterpart. (Figure S5).
Moreover, it is necessary to mention that ferrihydrite was
still found in the aged sample after 120 days. With increasing
aging time to seven days, the XAS spectra feature at ∼5 Å−1

gradually changed, indicating the formation of goethite and/or
hematite (Figures S1 and S3a). As the samples were aged, the
content of ferrihydrite gradually decreased and achieved 30.4
and 22.2% with and without REEs, respectively, after 120 days
(Figure 2 and Table S2). This suggests that the presence of
REEs retarded the transformation of ferrihydrite. However, the
production of hematite was not affected by the introduction of
REEs, wherein both cases, ∼33% was detected in the final iron

Figure 5. pH adsorption edge of Nd and Yb in ferrihydrite synthesized at pH 5 (a), ferrihydrite synthesized at pH 7 (b), goethite (c), and hematite
(d).
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(oxyhydr)oxide composition after 120 days. As for goethite, its
formation with the presence of REEs was about 10% lower
than that without REEs. Therefore, REEs selectively sup-
pressed the formation of goethite rather than hematite, which
is in accord with the XRD results.
Mechanisms of REE-Suppressed Goethite Formation

at pH 5. The formation of goethite was suppressed by REEs at
pH 5 (Figure 2c). For goethite to form, dissolution of Fe must
occur first, and this can be suppressed by REE sorption.
Figure 4 shows the concentration of REEs in solids during

aging. It is important to note that the total REE sorption or
partitioning in solids represents a sum of diffused, adsorbed,
and structurally incorporated REE ions (Figure 4a). There was
an increase in REE retention in ferrihydrite from 0 to 15 days,
and then, REE retention started to decrease after 15 days. This
is due to a decrease in the surface area since more crystalline
phases were formed with aging (Figure 2b,c). It is possible that
the aggregation of ferrihydrite also reduced the specific surface
area of ferrihydrite,38 which caused the considerable release of
REEs. It is difficult to observe the trend of REE-specific
retention because pH 5 is below the IEP of major iron
(oxyhydr)oxides (Figure S7). The adsorption of REEs should
be minimal if any adsorption occurred. Accordingly, adsorption
of LREEs and HREEs was evaluated in three iron (oxyhydr)-
oxides using Nd and Yb, which represent LREEs and HREEs,
respectively (Figure 5). At pH 5, there was a small amount
(∼200−220 mg kg−1) of adsorption of Nd and Yb in all of the
three iron (oxyhydr)oxides.
The total sorption of REEs (∼400−1100 mg kg−1 for Nd

and ∼700−1100 mg kg−1 for Yb) during the ferrihydrite
transformation at 0−120 days (Figure 4a) cannot be explained
by only the adsorption reaction. One should also consider that
the structural incorporation of REEs contributes to the overall
sorption of REEs (Figure 4a) at pH 5. The structurally
incorporated REEs (Figure 4c) showed that ∼380−480 mg
kg−1 of REEs were already incorporated at t = 0, and the
substituted REE concentration increased after 15 days. Then,
REEs were released back into the solution with increasing
aging time due to the transformation of ferrihydrite to goethite.
At the beginning of aging (0−60 days), most REEs were

sorbed uniformly, except for the negative anomalies of La and
Gd with higher covalency (Figure 4a). La3+ and Gd3+ have
different electronic configurations compared to other REEs,
i.e., La3+:[Xe]4f0 and Gd3+:[Xe]4f7. The 4f electrons shield the
nuclear charge less effectively than electrons in other orbitals.39

Therefore, La3+ with empty 4f orbital is more covalent than
other REEs, while Gd3+ with the half-filled 4f orbital electrons
is more stable than its adjacent REEs in solution. Thus, when
REEs were effectively coprecipitated with Fe, La and Gd
preferred to remain in solution, giving rise to the distinct La
and Gd anomalies in solution.
In general, more HREEs were incorporated in the structure

than LREEs after 120 days (Figure 4c). When the fractions of
structurally incorporated Nd and Yb were compared (Figure
4a,c), more Yb was incorporated in the structure than Nd.
After 120 days, ∼200 mg kg−1 of Nd was incorporated (Figure
4c), which was ∼50% of the total Nd (Figure 4a), while Yb in
the structure was ∼550 mg kg−1 (Figure 4c), which was ∼80%
of the total Yb (Figure 4a). Due to the smaller ionic radii and
greater affinity of HREEs with iron (oxyhydr)oxides, more
HREEs were associated with iron (oxyhydr)oxides.
Finck et al.27 reported that Lu, one of HREEs, incorporation

in hematite and goethite after Lu coprecipitated with

ferrihydrite was aged for 12 years at room temperature.27

LREEs and HREEs behaved incoherently due to the subtle
difference of their effective radii and affinities to iron oxides.
The ionic radii of REE(III) decrease from La3+ (1.032 Å, 6-
coordination) to Lu3+ (0.861 Å, 6-coordination), which are
larger than those of Fe3+ (0.645 Å, 6-coordination).40

Considering the close ionic radii of HREEs to Fe, HREEs
are more preferably incorporated into goethite or hematite
than LREEs. In this experiment, we did not observe four
upward-curved segments (I: La−Nd, II: Nd−Gd, III: Gd−Ho,
IV: Ho−Lu) that were reported by Bau.39 This is probably due
to the initial concentration of REEs in this study, which was
two orders of magnitude greater than Bau’s study. Competitive
adsorption of REEs might have also diminished the trend.
In summary, dissolution of ferrihydrite and recrystallization

of Fe(III) were suppressed by both adsorption and structural
incorporation of REEs at pH 5. These two reactions are equally
important at pH 5. A similar phenomenon was also found with
the presence of Cu2+.41 Low levels of Cu2+ (9 mol %)
suppressed the formation of goethite by hindering the
dissolution of ferrihydrite. Fei et al. also reported that La
and Ho adsorption retarded the phase transformation of
ferrihydrite after 60 days at room temperature.42

Transformation Products of Aged REE-Ferrihydrite at
pH 7. Neutral pH is an optimum pH to promote the
transformation of ferrihydrite to hematite. No goethite was
formed in the systems at pH 7 with and without REEs (Figures
1b and S1b). At pH 7, according to XRD (Figure 1b) and
TEM analyses (Figure 3f), 2−3 nm nanosized ferrihydrite was
the only initial solid phase in both cases with or without REEs.
In the former case, hematite began to form after 5 days, as
evident in the new reflections at 15° (2.70 Å) and 16° (2.50 Å)
(2θ) (Figure 1b) on the XRD patterns, corresponding to (104)
and (110) planes of hematite, respectively. TEM images
showed that the particle size of ferrihydrite increased from 2−3
to 10 nm in the initial 7 days. Meanwhile, the occurrence of
hematite with an unclear border was also confirmed by the
FFT pattern (Figure 3g), with a particle size of 40 nm. Thus,
the size of ferrihydrite and hematite was larger than those (5
nm) formed at the same aging time under pH 5. With
increasing aging time from 15 to 60 days, more distinguishable
hematite particles appeared (Figure 3g−i). Their grains were
present as a loose structure, and the size slightly grew to ca. 50
nm (Figure 3h,i). After 60 days, the XRD patterns of hematite
became clearer. The rhombohedral shape of hematite was
clearly observed without significant alteration of the particle
size (Figure 3i). Interestingly, the diffraction peaks of hematite
were sharper in control than those with REEs (Figures 1b and
S1b), suggesting that REEs reduced the crystallinity of
hematite. At pH 7, both transformation products contain
cubic and spherical hematite and the addition did not alter the
morphology of hematite (Figure S8).
As shown in XAS spectra (Figure S4a), an increase in aging

time gradually changed the shape of the peak at ∼5 Å, which
resembles the spectrum of hematite (Figures S2 and S4). The
LCF analysis showed that the transformation products were
not different between the control and the system with REEs
during the initial 15 days (Figure 2d). With increasing aging
time to 30 days, however, the content of hematite in the
solution with REEs was less than that in the solution without
REEs. The content of ferrihydrite was 41.7 and 58.9% with and
without REEs, respectively (Table S3), suggesting the REEs
suppressed the transformation of ferrihydrite to hematite. After
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60 days, the difference in hematite formation was more evident
with and without REEs (Table S3). No goethite formation was
observed (Figure 2f).
Mechanisms of REE-Suppressed Hematite Formation

at pH 7. Both Fe and REE are easily hydrolyzed and
precipitated at pH 7 from the solution. Figure S8 shows the
first hydrolysis constants (log β1) of REEs at 25 °C and zero
ionic strength, according to the study by Klungness and
Byrne.43 The log β1 values of REEs increase with the atomic
number but show a noticeable negative Gd anomaly. The first
hydrolysis constant (log β1) of Fe is −2.19.44 This suggests
that Fe is more hydrolytic than REEs. In fact, the dissolved Fe
concentration was near negligible during aging (Figure S6).
At pH 7, according to the LCF XAS analysis, the formation

of hematite was suppressed by addition of REEs (Figure 2e).
The transformation from ferrihydrite to hematite requires
internal aggregation and rearrangement.41,45 At neutral pH
conditions, there was a strong affinity of REEs onto ferrihydrite
surfaces (Figure 4b). Figure 5 shows a strong adsorption of Nd
and Yb, which represent LREEs and HREEs, respectively, in
iron (oxyhydr)oxides at pH 7, which is near IEP values of all
iron (oxyhydr)oxides (Figure S7). Nd and Yb adsorption in
reference iron (oxyhydr)oxides was maximized to ∼1400−
1700 mg kg−1 at pH 7 (Figure 5). Neutral pH near and or
above IEP of the three iron (oxyhydr)oxides enhanced the
adsorption (Figure S7). Nd and Yb adsorption at pH < IEP
can be indirectly explained by the formation of inner-sphere
surface complexes. This strong adsorption might support no
net changes in total REE sorption with increasing aging time
(Figure 4b). However, the concentration of structurally
incorporated REEs changed with aging (Figure 4d). In general,
there was a decreasing trend in REE structural incorporation
from 30 to 60 days (Figure 4d). During the period, ferrihydrite
began to transform into hematite (Figure 2d,e) and the
rearrangement of REE-iron polymers led to less structural
incorporation of REEs after 30 days. The change was more
pronounced in HREEs, and there was a small change in the
substitution of LREE (e.g., Ce). It is possible that Ce(III) was
oxidized after adsorption to ferrihydrite,21,40 contributing to
the anomaly. Since Ksp of Ce(IV)(OH)4(s) (2.00 × 10−48)46 is
much lower than that of Ce(III)(OH)3(s) (1.6 × 10−20), the
presence of surface-catalyzed Ce(OH)4 will not allow the
rearrangement of iron polymers. The oxidative precipitation of
Ce(IV)(OH)4 (s) on iron (oxyhydr)oxides is possible.
Therefore, there was no obvious change in Ce structural
incorporation with aging. The accumulation of Ce was
previously reported in marine hydrogenetic ferromanganese
crusts.21 Unfortunately, the Ce(IV) was not directly observed
due to its low concentration in solids and in mixture with other
REEs.
Light REEs (e.g., Nd(III): 0.983 Å) adsorbed on iron

polymers could also obstruct the olation/aggregation of
ferrihydrite particles because the ionic radii of LREE(III) are
much larger than those of Fe(III) (0.645 Å) and HREEs (e.g.,
Lu(III): 0.861 Å).39 Meanwhile, the adsorbed LREEs on
ferrihydrite surface could lead to the structural mismatch
between these nanoparticles and subsequently hinder these
particles’ oriented attachment, which has been demonstrated
to be an important pathway for mineral growth in supergene
environments.47 In other words, LREE sorption stabilized the
ferrihydrite surfaces. In fact, ∼40% of initial ferrihydrite
remained after 60 days (Figure 2d). A similar stabilization
effect of Cd2+ adsorption on ferrihydrite was reported at

neutral pH.48 The effects of Ce3+, Nd3+, Tb3+, and
Lu3+adsorption are also known to stabilize ferrihydrite at pH
7 under reduced conditions.30 Compared with the results of
the pH 5 system, the total REE sorption in ferrihydrite at pH 7
was much greater, especially for LREEs. The retardation of
ferrihydrite transformation was contributed mainly by the
structural incorporation of both LREEs and HREEs. When
fractions of structurally incorporated LREEs and HREEs were
compared (Figure 4d), there was no clear trend of structural
incorporation of REEs between LREEs and HREES in aged
samples except for the anomaly of Ce.

■ CONCLUSIONS
In the present study, effects of REEs at 1 mg L−1 on the
transformation products of ferrihydrite were investigated at pH
5 and 7. It was clear that the formation of goethite and
hematite was perturbed by REEs at pH 5 and 7, respectively.
The underlying mechanisms (i.e., adsorption and or structural
incorporation of REEs) by which they interact with iron
(oxyhydr)oxides are different, as discussed above. More
importantly, REEs were readily sequestered in iron (oxyhydr)-
oxides at both pH values, and more REEs were structurally
incorporated in iron (oxyhydr)oxides at pH 7 than at pH 5. At
pH 5, however, more HREEs were preferentially sequestered
by iron (oxyhydr)oxides during the transformation process,
which is of significant importance for the understanding of the
incoherent behavior of REEs during the formation of
secondary minerals like iron (oxyhydr)oxides in a mildly
acidic environment.22 The study provides important geo-
chemical information, i.e., structural distribution of REEs in
iron (oxyhydr)oxides, which is useful in improving the
recovery technology of REEs from regolith-hosted deposits,
acidic weathered soils and sediments.
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