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ABSTRACT: Ferrihydrite (FHY), a widespread Fe(III)
(hydr)oxide, is abundant in earth surface and critical in
affecting the environmental behavior of soil elements, such as
rare earth elements (henceforth referred to REEs). Under
anoxic conditions, the coexisting Fe(II) induces FHY
conversion to the minerals with high crystallinity, such as
lepidocrocite, goethite, or magnetite, where the phase
transformation processes were affected by the coexisting
ions. The interactions between REE ions (henceforth referred
to Ln(III)) and FHY in the transformation system, however,
are still not well understood. We therefore investigated
Fe(II)aq-induced FHY transformation affected by four kinds of
Ln(III) (Ce3+, Nd3+, Tb3+, and Lu3+). The discernible inhibition was found among the different treatments with different
Ln(III), and both the FHY transformation and Fe atom exchange ratios decreased with coexistent Ln(III) that have larger
atomic number. In this study, the Fe atom exchange ratios with different coexistent Ln(III) were linearly negatively depended
on the molar enthalpy values of Ln(III), which are explained by the molar enthalpy considered to be important in affecting the
adsorption behaviors of Ln(III). Furthermore, the adsorption behaviors can affect the incorporation efficiency of the Ln(III), so
as to affect the Fe atom exchange and FHY phase transformation. The Ln(III) with larger atomic number can be stabilized
more, which results from the effects of incompatible REEs in determining the efficiency of immobilizing Ln(III) in the
transformed iron (hydr)oxides. Our research suggested the important role of FHY in the distribution of REEs and the key
properties of REEs in affecting their different distribution characteristics in earth surface environments.

KEYWORDS: Iron mineral, phase transformation, REEs, immobilization, molar enthalpy

1. INTRODUCTION

Ferrihydrite (FHY) is the first type of iron (hydr)oxide during
the iron mineralization in environments,1−4 and it has been
widely observed in mine waste and acidic mine drainage
environments.5−7 In comparison with the crystalline iron
minerals, FHY is metastable and poorly crystalline4,8,9 and can
be easily converted to the iron (hydr)oxides with high
crystallinity, like goethite and hematite, in environments.10,11

Because of the small particle size, large surface area, and high
reaction activity, FHY has been recognized as an important
scavenger for a multiple of elements in environments.4,12

Therefore, FHY is critical in contamination retention in
environments.

The FHY phase transformation is more distinct than other
iron (hydr)oxide in environments. Fe(II)aq can be oxidized
into Fe(III) and then precipitate as “reactive” FHY after the
continuing adsorption of Fe(II)aq on the FHY, then it would
be transformed to goethite and lepidocrocite phases.13,14 The
Fe atom exchange and electron transfer (ETAE) have been
considered as a main driving force in the iron oxides
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recrystallization induced by Fe(II)aq.
15−17 The environmental

behavior of metallic elements affected by the FHY trans-
formation, via adsorption, enwrapping, and substitution, as well
as metallic ions would also affect the phase transformation
process.18,19 Considering the significant varying conditions of
FHY transformation, it is important for us to understand the
secondary mineral forming processes, so as to predicate the
movement of contaminative element and the reactivity of iron
pool in natural environment.
Rare earth elements (REEs) are referred to group 3 of the

Periodic Table. The lanthanide family of REEs was constituted
from La with atomic numbers from 57 to Lu with atomic
numbers from 71. The mean content of REEs is relatively high
in the Earth’s upper crust.20−22 REEs are commonly classified
as heavy REEs (Gd−Lu) and light REEs (La−Eu) according to
an opposite direction of 4f electron spin after Gd.23 The iron
(hydr)oxides of colloid and sediment significantly affect the
geochemical behavior of REEs, such as stabilization, transport,
and fractionation, in natural environments.24,25 Fe- and Mn-
(hydr)oxides have been reported to enrich heavy REEs, while
clay colloids tend to enrich light REEs.26,27 Thereby, the
processes of FHY formation and transformation impose an
important effect on the REEs’ geochemical behavior in
environment.28−31

The decreased REE’s ionic radii from La3+ (103 pm) to Lu3+

(86 pm) was related with their increase of atomic number. The
REEs with small ionic radii can facilely substitute the other
main metal cations in minerals due to their equivalent ionic
radii.32,33 Quinn et al. reported that the molar enthalpies for
Ln(III) sorption on amorphous ferric hydroxide increase with
the increase of REE atomic number, which imposed a
significant effect on the stability of Ln(III).34 REEs are
incompatible elements (total distribution coefficient D < 1),
which lead to their visible fractionation during the process of
mineral partial melting.23,35 The physicochemical properties of
REEs are considered to be the most important factors that
affect their environmental behavior in environments.36

Although the effects of REEs and the stabilization of REEs
during the FHY phase transformation have been reported,37

the most critical physicochemical properties of REEs that
affected the phase transformation processes and the stabiliza-
tion of REEs, as far as we know, still remained unclosed.
Therefore, four kinds of Ln(III) (Ce3+, Nd3+, Tb3+, and

Lu3+) were selected for investigating the distribution of these
REE ions in this study. We characterized the constituents of
formed secondary minerals by XRD, for discussing the effects
of different Ln(III) on the transformational products of FHY.
The relative quantities of formed secondary minerals are
analyzed by Rietveld quantitative analysis using powder XRD
patterns. We detail the changes of Fe atom exchange, and the
immobilization efficiencies of Ln(III), via analyzing the
compositions of four stable Fe isotopes and the concentrations
of Ln(III) in dissolved, adsorbed, and structural fraction. This
research focused on the disparities of varying REE stabilization
by considering their differing physicochemical properties. The
results are expected to help us understand the geochemical
behavior of REEs in earth surface, especially the Fe-enriched
REE mining area.

2. MATERIALS AND METHODS
2.1. Preparation and Characterization of FHY. The

laboratory-synthetic FHY was prepared according the previous
reports.12,38 Briefly, a 0.08 g/L of Fe(NO3)3 solution was

obtained in water (MQ water) first, and the solution’s pH
value was titrated to pH 7−8. After sequential agitation, the
resulting suspension was aged at room temperature for 6−7 h.
Afterward, the suspension was decanted into several 15 mL
centrifuge tubes, then centrifuged and washed with MQ water
for 6−7 times. After being freeze-dried, the X-ray diffraction
(XRD) of the powders was performed on a Bruker D8 advance
diffractometer (Bruker Corporation, Billerica, MA, USA),
operating with Cu−Kα radiation at 40 mA and 40 kV at
room temperature, for demonstrating the FHY phase.
Additionally, the fresh FHY was stored at 4 °C and used for
the batch experiments within 3 days.
The formed secondary minerals in the transformation

experiment were collected inside the anoxic chamber (93%
N2, 7% H2) (Coy, Grass Lake, MI, USA). The crystal phases of
the formed secondary minerals was also characterized by XRD.
To quantitatively determine the composition of the formed
secondary minerals, the total patter solution (TOPAS)
program was employed for the Rietveld quantitative analysis
via adding the standard reference. The details of the analytic
methods were reported in previous research.39

The morphological characterizations of the formed secon-
dary minerals were analyzed with transmission electron
microscopy (TEM) (Philips-CM12, FEI, Hillsboro, USA).
The powdery samples were prepared according to a previous
method.12 After that, the TEM data were obtained with the
dried Cu grids at 200 kV.

2.2. Experiments of FHY Phase Transformation
Induced by Fe(II)aq. The total batch experiments were
conducted in the anoxic chamber. The O2 concentration inside
the anoxic chamber was maintained to less than 1 ppm by
palladium catalysts. Additionally, all liquids were purged with
high-purity N2 (>99.999% pure) before being transferred into
the anoxic chamber. After that, 48 h were needed to equilibrate
the anoxic condition with the anaerobic atmosphere. The stock
solution of 57Fe(II) was prepared inside the anoxic chamber, 5
M HCl was used to dissolve the enriched 57Fe(0) (Isoflex, 57Fe
> 96%) metal, then the enriched 57Fe(II) solution was diluted
to 100 mM. Ln(III) solutions (100 mM) were prepared with
their corresponding chloride salts being dissolved inside the
anoxic chamber.
Inside the anoxic chamber, each reactor of 15 mL plastic

tube contained 20 mM FHY and 0 or 1 mM Fe(II) with 0 or 1
mM Ln(III). The 1,4-piperazinediethanesulfonic acid (PIPES)
was used as the buffer reagent with KBr as the background
electrolyte.40 pH values of reaction suspensions were adjusted
to around 7.0 before the reaction. Significantly, the additive
order of reagents followed FHY, buffer solution, Ln(III), and
Fe(II). The reactors were sealed with Teflon-coated butyl
rubber stoppers and crimp seals after all of the chemicals were
added, then covered with Al foil and placed on the rotator.
Afterward, sampling was done with triplicate centrifuge tubes
at specified time points (0, 2, 5, 15, 30, and 60 days) for
needed analyses.
First, the 15 mL reactors were transferred outside of the

anoxic chamber and centrifuged at 9500 rpm for 10 min. The
0.22 μm filters (Millipore, Burlington, MA, USA) were used to
filter the resulting supernatant inside the anoxic chamber. The
filtrate was acidified by adding 50 μL of concentrated HCl and
referred to as dissolved fraction for analysis of the
concentrations of Ln(II) and Fe(II)aq and the isotopic
composition of Feaq. The 0.4 M HCl (10 mL) was used to
disperse remaining solid, then the centrifuge tubes were placed
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on the rotator for 10 min. The extractive supernatant was
referred to as adsorbed fraction for analysis of the adsorbed
Fe(II) (Fe(II)exter) and Ln(III) (Ln(III)exter).

18,41,42 At length,
the remaining solid was completely dissolved in concentrated
HCl. The concentrated HCl extract were referred to as
structural fraction for analysis of the residual Fe (Fesolid) and
Ln(III) (Ln(III)solid). Another batch experiment was per-
formed in the same way in which the solid was collected for
phase analysis after the suspension was centrifuged and filtered
removing the supernatant.
2.3. Determinations of Fe Isotope Compositions and

the Different Species Concentrations of Fe and Ln(III).
To determine the Fe(II) and Fe(III) concentration, the Fe(II)-
selective reagent ferrozine was used in this study.43 The
Ln(III) concentrations were analyzed on an inductively
coupled plasma optical emission spectrometry (ICP-OES,
PerkinElmer Optima 8000, Waltham, MA, USA). The iron
isotopic fractions were determined on an inductively coupled
plasma mass spectrometry (ICP-MS, PerkinElmer NexION
300D, Waltham, MA, USA). The details of analytical
procedures were consistent with those previously described.37

After measuring the total counts over all four channels (i.e.,
54Fe, 56Fe, 57Fe and 58Fe), each isotope channel was divided by
the sum of the total counts to obtain the iron isotope fractions
( f). Then, the iron atom exchange percentages in the solids
were calculated according to the following equation:44,45

=
−

−
×

N f f

N f f
Fe atom exchange (%)

( )

( )
100

aq aq
i

Fe II
t

Fh
Tot

Fe II
t

Fh
i

( )

( ) (1)

where Naq is the moles of Fe(II)aq in the solution, NFh
Tot is the

total moles of Fe in the solids, faq
i is the initial isotopic fractions

of Fe(II)aq, f Fh
i is the initial isotopic fractions of FHY, and f Fe(II)

t

is the isotopic fraction of Fe(II)aq at the reaction time of t.

3. RESULTS

3.1. Fe(II)aq-induced Phase Transformation of FHY
Affected by Different Ln(III). The constituents of formed
secondary minerals during the FHY phase transformation
induced by Fe(II)aq were determined using XRD (Figure 1).
The results indicated the varying effects of different Ln(III) on
FHY phase transformation rates and pathways in the system. In
the control treatment without Fe(II) and Ln(III), there was no
discernible phase transformation of FHY throughout the
studied reaction time (data not shown). In the treatment
with Fe(II) (CK), however, an efficient phase transformation
of FHY was observed (Figure 1A), in which a number of FHY
were transformed to goethite and magnetite after 60 days of
incubation. In the treatments with Ln(III) (Ce3+, Nd3+, Tb3+,
and Lu3+), the phase transformation pathway of FHY were
changed. FHY were transformed to lepidocrocite phase first,
and then some formed lepidocrocite was further transformed
to goethite, in which no magnetite was detected all through the
experimental period (Figure 1). The phase transformation
pathway of FHY induced by Fe(II)aq was changed with
different Ln(III). In the light Ln(III) (Ce(III) and Nd(III))
treatments, FHY was converted to lepidocrocite. Goethite
phase was found at 10 days in the Nd(III) treatments, while no
goethite phase was formed in Ce(III) treatment. In the heavy
Ln(III) (Tb(III) and Lu(III)) treatments, FHY were
converted to lepidocrocite and goethite, and goethite phase
was the only product at the end of the incubation.
To further study the effects of different Ln(III) on the FHY

transformation with the coexistence of Fe(II)aq, the phase
compositions of formed products in different treatments were

Figure 1. X-ray diffraction (XRD) patterns of the FHY transformation products induced by Fe(II)aq in different treatments with (A) no Ln(III)
(CK treatment); (B) Ce(III); (C) Nd(III); (D) Tb(III); and (E) Lu(III). Experimental conditions: [Fe(II)aq] = 2 mM, [FHY] = 2 g/L, pH of 7.0
buffered by 25 mM 1,4-piperazinediethanesulfonic acid (PIPES)/KBr.
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quantitatively analyzed, the details of the analytical method
were discussed above. Figure 2 shows the changes of relative
quantities of secondary minerals in the transformational
products. The quantitative results of formed secondary
minerals indicate that the coexistent Ln(III) inhibited the
phase transformation of FHY. In the CK treatment only with
Fe(II), the relative quantity of goethite and magnetite was
18.2% and 62.3% after incubation for 5 days, and the
composition of FHY was gradually decreased and completely
disappeared after 10 days. At the beginning of the incubation
(5 days), magnetite was formed in the CK treatment, and then

the magnetite composition increased following the decrease of
goethite. In the treatment with Ce(III), FHY was converted to
lepidocrocite throughout the duration of the experiments. In
the treatment with Nd(III), parts of FHY were converted to
lepidocrocite first and then to goethite at 10 days, and the
relative quantities of FHY, goethite, and lepidocrocite were
21.2%, 26.2%, and 52.6%, respectively, at the end of incubation
(60 days). In the treatment with Tb(III) and Lu(III), little
FHY was converted to lepidocrocite and goethite, in which the
compositions of goethite increased and lepidocrocite decreased
during the incubation. The relative FHY and goethite were

Figure 2. Temporal changes of the compositions of formed secondary minerals during the Fe(II)aq-induced FHY transformation in different
treatments with (A) no Ln(III) (CK treatment); (B) Ce(III); (C) Nd(III); (D) Tb(III); and (E) Lu(III). The same experimental conditions are
provided in Figure 1.

Figure 3. Transmission electron microscope (TEM) images of transformed products after the Fe(II)aq-induced FHY transformation reaction for 60
days in different treatments with (A) FHY (before reaction); (B) no Ln(III) (CK treatment); (C) Ce(III); (D) Nd(III); (E) Tb(III); and (F)
Lu(III).
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66.5% and 33.5% in Tb(III) treatment, while 80.6% and 19.4%
in Lu(III) treatment, respectively. No magnetite was formed in
all Ln(III) treatments.
The TEM images for the obtained solid at the end of

reaction with or without Ln(III) also indicate the significant
disparities among the mineral morphologies of the transforma-
tional products (Figure 3). The star-shaped particles could be
found in the CK treatment (Figure 3B), which indicated the
formation of goethite and magnetite in a high crystallinity. The
lath-shaped lepidocrocite and acicular goethite were detected
in the Ce(III) and Nd(III) treatment (Figure 3C,D). Goethite
can also be observed in Nd(III), Tb(III), and Lu(III)
treatments (Figure 3E,F).
3.2. Effects of Ln(III) on ETAE between FHY and

Fe(II)aq. To explore the influencing mechanism of Ln(III) on
the process of FHY phase transformation, the quantitatively Fe
atom exchanges were studied through reacting 1 mM 57Fe
labeled Fe(II)aq with 20 mM FHY in natural Fe isotope
composition abundance at pH 7.0 with the coexistence of
different Ln(III). The four stable Fe isotope compositions
( f nFe) changed in dissolved, adsorbed, and residual fractions,
which were used to calculate the Fe atom exchange ratio with
eq 1.
The f57Fe in the dissolved fraction decreased rapidly at the

beginning of the reaction, then continually decreased in
subsequent days slowly (Figure 4). Simultaneously, the f56Fe in
the dissolved fraction increased rapidly, but then continually
increased on subsequent days slowly. Conversely, the f57Fe in
residual fraction slightly increased and f56Fe decreased slowly
at the first stage of the reaction, then remained approximately
constant. Compared with the Tb(III) and Lu(III) treatments,
the extents of change of f57Fe and f56Fe in both dissolved and
residual fractions in Ce(III) and Nd(III) treatments were
discernibly larger.
The results of Fe atom exchange ratios are shown in Figure

5. It should be noted that the recrystallized fraction of the
solids could be calculated by homogeneous model, due to the
continuous re-equilibration between the solid and the fluid.46

Although the distributions of phases (ferrihydrite, lepidocro-
cite, and goethite) were not homogeneous in our system, in the
study, the all Fe(III) (hydr)oxides in a treatment were
considered as a holistic Fe(III) phase. The coexisting Ln(III)
resulted in the disparities of exchange efficiency between the
holistic Fe(III) phase and Fe(II)aq in different Ln(III)
treatment. Then the eq 1 was utilized in the relative context

for comparison of different treatments as demonstrated
previously,47,48 which can wholly reflect the effects of different
Ln(III) on the iron atom exchange ratios in this study with
different treatments.
The ratios gradually increased in the all treatments during

the first few days. In the CK treatment only with Fe(II), the Fe
atom exchange ratio reached 75% over 30 days. The Ln(III)
presence totally decreased the Fe atom exchange ratios
although with different extents with different Ln(III). In the
treatment with light Ln(III), including Ce and Nd, the ratios
were decreased to 60% and 38%, respectively. In the
treatments with heavy Ln(III), including Tb and Lu, the
ratios were further decreased to 33% and 23%, respectively.
The above results clearly suggest the inhibited Fe atom
exchange by the coexistent Ln(III) in the transformation
experiment, and in comparison, the heavy Ln(III) inhibited
more than light Ln(III).

3.3. Ln(III) Species Distribution During the FHY
Transformation Induced by Fe(II)aq. Previous studies
suggest that FHY transformation induced by Fe(II)aq can
incorporate the adsorbed metal ions into the structure of
formed secondary minerals. The processes involving the metal
ions with higher binding abilities resulted in larger stabilized
amounts of metal ions in the formed products.19 To explore
the distribution behavior of Ln(III) during the FHY phase
transformation, the concentrations of Ln(III) in dissolved,

Figure 4. Temporal changes of four Fe isotopic compositions in aqueous solution during the Fe(II)aq-induced FHY transformation in different
treatments with (A) no Ln(III) (CK treatment); (B) Ce(III); (C) Nd(III); (D) Tb(III); and (E) Lu(III). Experimental conditions: [Fe(II)aq] = 2
mM, [FHY] = 2 g/L, pH of 7.0 buffered by 25 mM 1,4-piperazinediethanesulfonic acid (PIPES)/KBr.

Figure 5. Temporal changes of Fe atom exchange ratios during the
Fe(II)aq-induced transformation of FHY in different treatments with
the same experimental conditions provided in Figure 4.
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adsorbed, and structural fraction were studied; the results were
shown in Figure 6. Except for the prominent changes during
the 5 days of incubation, the concentrations of the different
Ln(III) remain constant throughout the studied reaction time.
In comparison, the stabilized heavy Ln(III) percentages were
higher than light Ln(III) during the FHY phase trans-
formation. In the treatment with Ce(III), 12% of Ce(III)
was adsorbed on the surface and 17% of Ce(III) was
incorporated into the formed secondary minerals. In the
treatment with Nd(III), approximately 25% of Nb(III) was
adsorbed on the surface of solid and 30% of Nd(III) was
structurally stabilized by the formed products. In the treatment
with Tb(III), approximately 40% of Tb(III) was adsorbed on
the surface of solid and 45% of Tb(III) incorporated into the
secondary formed minerals. In comparison, approximately 41%
of Lu(III) was adsorbed on the surface of solid and 50% of
Lu(III) was incorporated into the formed secondary minerals.
In the comparative controls without Fe(II)aq, the coexistent
Ln(III) sharply adsorbed on the surface of FHY in a few hours.
After that, the reaction system reached the adsorption
equilibrium gradually (Figure 7). Additionally, we did not
detect any phase transformation when without Fe(II)aq.

4. DISCUSSION
4.1. Fe(II)aq-induced Phase Transformation of FHY

Affected by Different Ln(III). Previous studies indicated that
metal ions can obviously affect the transformation processes of
FHY in the system, which was ascribed to the disparities of
physicochemical properties, such as ionic strength, ion radii,
and binding ability.19,49,50 The metal ions with high binding
affinity can inhibit the ETAE, so as to change the FHY phase
transformation rates and products, in which the binding ability
of metal ions imposed negative effects on the FHY phase
transformation.19,51 Compared with chalcophile or siderophile

elements, REEs are lithophile elements and considered to be
more facile to combine with oxygen.23 The specific
physicochemical properties of REEs are expected to pose
important effects on the FHY phase transformation in the
study.
XRD and TEM results clearly manifested the different effects

of different Ln(III) on the formed secondary mineral products
in the transformation experiment. In CK treatment, FHY was
converted to goethite and magnetite; while in the Ln(III)
treatments, the decreased percentages of FHY transformation
followed the increase of REE atomic number. Furthermore, the
ratios of Fe atom exchange decreased as the REE atomic
number increased in the treatments with Ln(III). The
competition of Fe(II) with coexisting ions for the surface
adsorption on iron (hydr)oxides would be crucial to the iron
(hydr)oxide transformation.45,52 The more Fe(II) adsorbed on
FHY surface, the more iron atom exchange obtained and,
consequently, the more efficient the FHY transformation.19,53

The strong adsorption of Ln(III) in comparative controls
without Fe(II)aq indicated that the coexistent Ln(III) played a
critical role in inhibiting the FHY transformation in the
experiment (Figure 7). The FHY phase transformation rates
were correlated with the binding constants of metals with FHY
as demonstrated previously.19 In this study, however, the
disparate inhibition effects of different Ln(III) on the FHY
phase transformation cannot be simply ascribed to the binding
constants for Ln(III), because the binding constants of Ln(III)
are highly differentiated from previously studied heavy metal
ions.
The physicochemical properties of Ln(III), such as the

molar enthalpy values, imposed important effects on the
behavior of adsorbed Ln(III) and further affected the FHY
phase transformation and Ln(III) stabilization in the reaction
systems when with Ln(III). The positive adsorption enthalpy

Figure 6. Temporal changes of the ratio of different Ln(III) species during the Fe(II)aq-induced phase transformation of FHY in the presence (A)
Ce(III), (B) Nd(III), (C) Tb(III), and (D) Lu(III).

Figure 7. Temporal ratio changes of different Ln(III) species during adsorption on FHY: (A) Ce(III), (B) Nd(III), (C) Tb(III), and (D) Lu(III).
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suggests that the adsorption capability of the coexisting ion was
strengthened.54 In the present study, the positive adsorption
enthalpy impeded oriented attachment of formed secondary
minerals due to the surface charge variation of the particles. In
addition, the positive adsorption enthalpy plays a critical role
in accelerating the Ln(III) incorporation into the secondary
formed minerals. The disparate inhibition of Fe atom exchange
and the FHY phase transformation, therefore, were explained
from the positive molar enthalpy values of Ln(III). The
potential explanations were explored in this study, including
the adsorption behavior of Ln(III), the incorporation of
Ln(III), and the oriented attachment of particles.
Quinn et al. calculated the molar enthalpy values for Ln(III)

adsorption on amorphous ferric hydroxide based on a surface
complexation model.34 Generally, the chemical adsorption is
often exothermal, which means the molar enthalpy values are
less than 0.55 However, the calculated molar enthalpy values of
Ln(III) adsorption on the amorphous ferric hydroxide were
greater than 0, and the molar enthalpy values for Ln(III)
sorption increased with the increase of REE atomic number.34

These results indicate that the adsorption behavior of Ln(III)
on FHY was significantly different from other metal ions, so as
to affect the Fe atom exchange and FHY phase transformation.
Compared with light Ln(III), the molar enthalpy values of

heavy Ln(III) increased more distinctly. As we know, the
behaviors of the coexistent metal ions always played a critical
role in affecting iron oxide transformation with the coexistence
of Fe(II)aq.

18,19 The previous study indicated that the
structural incorporation of metal cations can inhibit the Fe
atom exchange.56 The adsorption behaviors of metal ions
influenced the incorporation efficiency of the metal ions during
Fe(II)aq-induced transformation of iron (hydr)oxides, which
further affected the Fe atom exchange.18,19,56 Additionally, the
disparities of the molar enthalpy indicated that the adsorption
behaviors of different Ln(III) were differentiated.34 Therefore,
the molar enthalpy values were considered to be important in
influencing the Fe atom exchange ratios and FHY phase
transformation in the study.
The linearly negative relationship between Fe atom

exchange ratios and the molar enthalpy values for Ln(III)
adsorption on amorphous ferric hydroxide can be found, as
Figure 8 shows (the data of La(III) and Ho(III) are quoted

from ref 37). Previous studies indicated that the surface
interactions with the species (e.g., organic matter and Si)
would decrease the attachment and formation efficiencies of
larger crystals.57−59 The previous study has reported the key
role of oriented aggregation growth in influencing the phase
transformation at low temperature.60 Furthermore, when the
reaction pH conditions were close to the point-of-zero charge
(pHPZC) of the solid phases, the oriented aggregation growth
can be accelerated.59,61 The adsorption of Ln(III) changed the
surface charge of the phases,62,63 so as to impede the formation
of larger crystals. Therefore, the lower Fe atom exchange ratios
obtained with Ln(III) in higher molar enthalpy values were
ascribed to the surface charge variation, which inhibited the
attachment and formation of larger crystals via impeding the
oriented aggregation growth.58,59,63

4.2. Different Stabilization Behavior of Different
Ln(III) during FHY Transformation Induced by Fe(II)aq.
The iron (hydr)oxides transformation induced by Fe(II)aq,
especially FHY, was reported to be efficient in immobilizing
the coexisting metals.64,65 REEs, such as Nd and Lu, could be
incorporated into the mineral structure by isomorphous
replacement and lattice enwrapping during the transforma-
tion.19,65−67 Here, the lattice enwrapping means the atoms of
Ln(III) are incorporated into vacancies of pores in the
transformed minerals.68,69 FHY, because of the large surface
area, has been confirmed to be more effective at adsorbing
Ln(III) on the surface than other iron (hydr)oxides. In our
experiments, the reaction systems reached the adsorption
equilibrium over 2 days. The ratio of adsorbed Ln(III) sharply
increased in the first 2 days, and vice versa, the ratios of
dissolved Ln(III) species sharply decreased. After that, the
ratio changes of the Ln(III) gradually diminished because of
the system’s adsorption equilibrium, although the phase
transformation and the Fe atom exchange still occurs.
Additionally, the stabilization and release of Ln(III)
synchronized since the Ln(III) were incorporated into the
structure of solid phases in the early stage of the reaction.18,70

Consequently, the stabilization efficiency of Ln(III) species
gradually decreased in the later stages. Therefore, the temporal
ratio changes of different Ln(III) species were negligible
(Figure 6).
In addition, our results clearly indicated that the percentages

of stabilized heavy Ln(III) were more than light Ln(III), and
the distribution of Ln(III) in the treatment with varying
Ln(III) were different. During the FHY transformation
induced by Fe(II)aq, the adsorbed and structural Ln(III)
increased with the increase of REE atomic number (Figure 6).
As previously reported, Cr(III) was more easily substituted
into iron (hydr)oxides because of the similar ionic radius
between Cr(III) and Fe(III).18,71 The stabilized amounts of
Ln(III) increased with the increase of REE atomic number,
which can be explained from ionic radius decreases and was
closer to that of Fe(III) across the trend of light to heavy
REE.37 Additionally, the charge and the chemical bond were
considered to be important in affecting the substituted
efficiency of the coexistent ions too. The ionic radius, charge,
and chemical bond also have been confirmed to be important
in affecting the compatibility of REE in rock-forming mineral
melts.35,36,72 The comprehensive effect of those factors affected
the substituted efficiency of REE significantly. Therefore, the
compatibility of REE was considered to be important in
inhibiting Fe atom exchange and phase transformation in the
experiment.

Figure 8. Relationship between the Fe atom exchange ratios and the
molar enthalpy values of Ln(III) adsorption on FHY (the data of
La(III) and Ho(III) are from ref 37).

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.8b00201
ACS Earth Space Chem. 2019, 3, 895−904

901

http://dx.doi.org/10.1021/acsearthspacechem.8b00201


Compared with the more incompatible elements, the less
incompatible elements are easier to be incorporated into the
structure minerals.35,73 For the four studied Ln(III), the
incompatible extent decreases with the increase of REE atomic
number,23,71,73 thereby more Ln(III) were stabilized as the
structural species for the heavy Ln(III) (Tb(III) and Lu(III))
with higher atomic number. The results of the relationship
between stabilizing Ln(III) percentages and the molar enthalpy
for Ln(III) adsorption was linearly positive. Considering the
Ln(III) with high molar enthalpy values inhibited the phase
transformation of FHY more, the Ln(III) could be more
facilely stabilized into the FHY phase than the formed
secondary phase through possible enwrapping, substitution,
or coprecipitation. Overall, the percentages of stabilized
Ln(III) increased for the Ln(III) with larger atomic number
during the FHY phase transformation induced by Fe(II)aq.

5. CONCLUSIONS
FHY is a remarkable absorbent for stabilizing metal ions in
soils because its low crystallinity and small particle size. The
physicochemical properties of REEs can significantly influence
the efficiency and pathways of the FHY transformation in this
study. The coexistent Ln(III) inhibited the rates and products
of phase transformation of FHY, and the inhibition efficiencies
were different with different Ln(III). The adsorption behaviors
of Ln(III) influenced the incorporation efficiency and phase
transformation rate during the FHY transformation with the
coexistence of Fe(II)aq. The molar enthalpy values of Ln(III)
imposed important effects on the adsorption behavior of
Ln(III), which further influence the phase transformation rates
and Fe atom exchange. The physicochemical properties of
different Ln(III) also affect the stabilization of Ln(III) during
the phase transformation processes. The immobilization
efficiencies of different Ln(III) followed the descending
order of the percentages of Ln(III) incompatible in Ce < Nd
< Tb < Lu. The results were due to less incompatible elements
that are easier to be incorporated into the structure minerals.
We expect these findings are significant for assessing the key
factors that affect the mobility and transfer behavior of Ln(III)
in earth surface, especially the Fe-enriched REE mining area.
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