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(PO,*"), regulates the nucleation and growth of goethite (Gt) and hematite (Hm) during "g"i’
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the transformation of ferrihydrite (Fh). Our previous studies showed that oxyanion "
surface complexes control the rate and pathway of Fh transformation to Gt and Hm. Fh-NO;  Goethite mesocrystal  Goethite

However, how oxyanion surface complexes control the mechanism of Gt and Hm ™ s oo
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ABSTRACT: The presence of oxyanions, such as nitrate (NO;~) and phosphate P ////
&

nucleation and growth during the Fh transformation is still unclear. We used synchrotron
scattering methods and cryogenic transmission electron microscopy to investigate the o8
effects of NO;~ outer-sphere complexes and PO,>” inner-sphere complexes on the
mechanism of Gt and Hm formation from Fh. Our TEM results indicated that Gt particles
form through a two-step model in which Fh particles first transform to Gt nanoparticles and then crystallographically align and grow
to larger particles by oriented attachment (OA). In contrast, for the formation of Hm, imaging shows that Fh particles first aggregate
and then transform to Hm through interface nucleation. This is consistent with our X-ray scattering results, which demonstrate that
NO;~ outer-sphere and PO,*” inner-sphere complexes promote the formation of Gt and Hm, respectively. These results have
implications for understanding the coupled interactions of oxyanions and iron oxy-hydroxides in Earth-surface environments.

Fh-Po"' Fh aggregates .Hematite
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Bl INTRODUCTION Oxyanion surface complexes can significantly influence the
nucleation and growth mechanisms of Hm and Gt during the
Fh transformation. A recent study’* demonstrated that inner-
sphere complexation with oxalate on Fh alters the mechanism
of Hm formation, shifting from ion-by-ion growth to near-
interface nucleation and growth. Yuwono et al.* reported that
the strong binding of the organic compound alizarin to Fh
inhibits the aggregation of Gt during the Fh transformation.
Similarly, oxyanion surface complexes can control the pathway
of the Fh transformation into Gt and Hm. Our recent work”®*’
has shown that weak outer-sphere complexes of NO;~
promote the Gt formation, whereas strong inner-sphere
complexes of PO,>” induce Hm formation. In addition, for
oxyanions such as sulfate (SO,*”), which form a combination
of outer- and inner-sphere complexes on Fh, the pathway of Fh
transformation can change when one type of surface
complexation becomes increasingly dominant. For instance,
an increase in the fraction of SO,* inner-sphere complexes on
Fh with decreasing pH significantly gromotes the formation of
Hm during the Fh transformation.”

Iron oxy-hydroxides, such as ferrihydrite (Fh;
Fe,006;(OH),¢;), goethite (Gt; @-FeOOH), and hematite
(Hm; a-Fe,0;) are pervasive in Earth’s surface environ-
ments' " and play a significant role in (bio)geochemical
element cycling'™® due to their high surface area and surface
reactivity. Ferrihydrite, in particular, is thermodynamically
metastable and, in oxic conditions, undergoes transformation
into nanocrystalline Gt and Hm, which can subsequently grow
and form larger particles.””"” The reduction in accessible
surface area and surface reactivity of these iron oxy-hydroxides,
resulting from their phase transformation and growth, can
influence their interactions with oxyanions like nitrate (NO;~)
and phosphate (PO,*7).'® This, in turn, can impact nutrient
availability in soil and water, as well as lead to environmental
issues, such as eutrophication,'” and human health concerns,
including preterm birth.*

The transformation of Fh into Gt and Hm occurs through
two primary mechanisms. In the dissolution/recrystallization
pathway, the mass fraction of Gt and Hm increases at the
expense of dissolving Fh particles."**" The alternative pathway,
known as transformation by interface nucleation, involves Received: November 27, 2023 Emﬂm;”%
solid-state recrystallization through the nucleation of a new Revised:  February 28, 2024 ;
phase at the interface between two surfaces.'””>** These Acce}’ted‘ March 7, 2024
mechanisms share similarities with crystal growth processes, Published: March 20, 2024
specifically coarsening and oriented attachment (OA),
respectively.
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The oxyanion surface loading on Fh can also influence the
rate and pathway of Fh transformation.”” Previous studies' ">’
have demonstrated that an increase in PO,*>” and arsenate
(AsO,7%) surface loading on Fh enhances Hm formation
during the Fh transformation, attributed to the growing
presence of inner-sphere surface complexes on Fh. However,
extremely high surface loading of PO,’” and AsO,’” can
inhibit particle aggregation, leading to the complete
suppression of the Fh transformation.”” While these stud-
ies”*” have shown a correlation between the formation of Gt
and Hm with outer-sphere and inner-sphere complexes,
respectively, they have not provided mechanistic evidence
explaining how oxyanion surface complexes control the
nucleation and growth mechanism of Gt and Hm during the
Fh transformation.

The Fh transformation often occurs simultaneously with the
growth of Gt and Hm, which complicates the study of their
individual contributions.'® To address this challenge, it is
necessary to use different characterization methods that can
separately investigate the phase transformation and crystal
growth. Transmission electron microscopy (TEM) and X-ray
diffraction (XRD) are the most commonly used techniques to
study Fh transformation and the growth of its transformation
products. Cryogenic transmission electron microscopy (cryo-
TEM) holds particular importance in understanding the
mechanisms of nanoparticle nucleation and growth. This
significance arises from the fact that the drying process in
conventional TEM sample preparation often leads to nano-
particle aggregation artifacts, whereas cryo-TEM allows the
examination of nanoparticles in their true suspension state.

Researchers like Penn and co-workers'®'”?>**73* have used
TEM and cryo-TEM to investigate crystal growth by OA. They
have demonstrated that Gt growth from Fh follows a two-step
process: Fh initially transforms to Gt nanoparticles through
dissolution/recrystallization and then undergoes OA. In
another study,” in situ TEM was used to examine OA of
Fh. This study revealed that during OA, particles engage in
direction-specific interactions to achieve a perfect lattice match
with neighboring particles. It is worth noting that most of these
studies have focused on 6-line rather than 2-line Fh. This
preference arises from the fact that 2-line Fh exhibits lower
crystallinity and is more susceptible to dissolution compared to
6-line Fh, making it less ideal for studying growth through OA.

While XRD primarily provides information about the bulk
properties of particles, it remains a valuable tool for detecting
new phases that may form during the Fh transformation.
Studies on phase transformation, especially during the
transformation of 2-line Fh, have frequently relied on XRD
to calculate the Hm/Gt ratio.'>'**3 However, conducting
Rietveld refinement of XRD patterns poses challenges when
dealing with poorly crystalline 2-line Fh, especially at early
transformation stages.' Hence, supplementary characteriza-
tion techniques are essential to accurately quantify the mass
fractions of Gt and Hm.

In recent studies, we have introduced a new method using
pair distribution function (PDF) analysis to quantify the
abundance of Hm and Gt throughout the Fh trans-
formation.”®”” PDF analysis, which represents interatomic
distances between pairs of atoms and does not necessitate
long-range periodicity in their arrangements,”* offers reason-
able accuracy for quantifying the mass fraction of nanosized
Fh, Gt, and Hm. By integrating results from PDF and TEM, we
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gain a unique opportunity to investigate the formation and
growth of Gt and Hm during the Fh transformation.

This study examines the influence of adsorbed NO;~ and
PO,*” on the nucleation and growth of Gt and Hm during the
Fh transformation. The objective is to elucidate how oxyanion
surface complexes, ranging from weak outer-sphere complexes
for NO; to strong inner-sphere complexes for PO,*~, govern
the mechanisms underlying these processes. To the best of our
knowledge, this work represents the first systematic inves-
tigation of the mechanisms of Gt and Hm nucleation and
growth from Fh in the presence of different oxyanion surface
complexes. Our findings serve to characterize the respective
contributions of phase transformation and crystal growth
during the Fh transformation to the formation of Gt and Hm,
shedding light on how oxyanions influence these mechanisms.

B MATERIALS AND METHODS

Sample Preparation and Adsorption Experiment. 2-
line Fh was synthesized following a procedure adopted from
Schwertmann and Cornell.” While stirring, the pH of 0.2 M
Fe(NO;); (ACS grade, Fisher Scientific) solution was adjusted
to 7.5 + 0.2 using a 2 M NaOH solution within 25 min. The
resulting suspensions were then centrifuged and dialyzed in a
water bath to remove the excessive salts. The density of the
samples was measured by drying 2 mL of Fh suspension under
the hood for 24 h and then weighing the resulting solids. The
measured density was then used to calculate the S g/L of Fh
needed for the batch adsorption experiments. For the NO;™-
adsorption experiment (FhN), 100 mM NaNO; was mixed
with the Fh suspension in 50 mL centrifuge tubes. For the
PO,*" experiment (FhP), 0.6 mM Na,HPO, in the back-
ground of 100 mM NaNO;~ was used. NaNO;™ was used as a
background electrolyte in the FhP experiment to adjust the
ionic strength to 0.1 M, similar to the ionic strength used in the
FhN experiment. The molar (M) ratios of PO,* /Fh and
NO;™/Fh were 0.012 and 1.9, respectively. These surface
loadings were chosen to observe the impacts of each oxyanion
while still allowing the Fh transformation to reach a steady
state. Additionally, we prepared a set of Fh samples without
oxyanion as the control Fh.

To achieve equilibrium in the adsorption reactions, the pH
of all samples was adjusted to 5.5 + 0.2 using 1 M HNO; and
NaOH and then incubated at 25 °C for 24 h.>*~*” This pH
level, relevant to many soils (e.g., paddy soils) and aqueous
environments,”**" is ideal for studying the mechanism of Gt
and Hm formation from Fh. At this pH, both Gt and Hm can
form concurrently.'” Moreover, the adsorption of PO,*~ and
NO;~ can effectively occur at this pH through distinct
oxyanion surface complexes,”*” enabling a thorough exami-
nation of the impacts of oxyanion surface complexes on the
formation of Gt and Hm from Fh.

The samples were centrifuged for 10 min at 7000 rcf to
separate solids from the solution. The supernatant was then
filtered using a 0.22 pm centrifuge filter, and high-performance
liquid chromatography—ion conductivity (IC) was used to
measure the concentration of PO,*” and NO,™. This allowed
us to calculate the amounts of PO,*>~ and NO,™ adsorbed onto
the Fh surface.

Surface complexation modeling was used to predict the type
of PO,* binding on the Fh surface, with further details
provided in Text SI and Table S1. Additionally, we used in situ
attenuated total reflectance Fourier transform infrared spec-
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Figure 1. Synchrotron powder X-ray diffraction data for selected samples at (a) 0, (b) 72, (c) 120, and (d) 600 h of aging. The control Fh sample
reaches a steady state condition at 600 h, and this time point was selected to enable a comparison of FhN and FhP samples with the control Fh

under steady-state conditions.

troscopy (ATR-FTIR) to investigate NO;~ complexation on
Fh. Text S2 provides the details of the ATR-FTIR method.

Transformation Experiment. For the aging experiments,
the samples and control underwent centrifugation at 7000 rcf
for 10 min to separate solids from the solution. Subsequently,
the supernatant was carefully decanted, and the pH of the
resulting pastes was buffered by adding a quantity of 0.4 M
MES (C¢H;3NO,S). The paste was mixed with the buffer
solution by shaking. Further adjustment of the pH to 5.5 + 0.2
was achieved using 2 M NaOH. The prepared samples were
transferred into 10 mL of high-density polyethylene (HDPE)
plastic leakproof opaque bottles.

These samples were then placed inside a sealed water bath
within a mechanical convection laboratory oven (Thermo
Scientific Heratherm) and aged at 70 + 1.5 °C. This
temperature was chosen to accelerate the rate of Fh
transformation, enabling the observation of Gt and Hm
formation within a reasonable laboratory experiment time
frame. Additionally, this temperature allowed for the
concurrent formation of Gt and Hm.'” Subsequently, the
samples were periodically removed from the oven at various
time points (0, 24, 48, 72, 120, 168, 240, 360, 600, 888, and
1200 h) and subjected to centrifugation for 10 min at 7000 rcf
to recover the solids. The solution phase was filtered using 0.22
pum centrifuge filters, and the filtered solution was analyzed for
PO,*” and NO;~ using IC.

Synchrotron High-Energy X-ray Scattering. The aged
samples were characterized to identify and quantify the Fh
transformation products. To prepare these samples, the
recovered pastes were air-dried at room temperature in a
flowing atmosphere for 24 h, then crushed into fine powders
using a mortar and pestle. These powders were loaded in 1 mm
OD (outside diameter) polyimide capillaries and analyzed
using synchrotron high energy X-ray scattering at beamline 11-
ID-B at the Advanced Photon Source, Argonne National
Laboratory. Raw scattering data were processed using GSAS-II,
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and background subtraction, as well as the conversion of
reciprocal-space data into real-space PDFs, was performed
using xPDFsuite”’ with a max Q-space of 24—25 A™" for the
Fourier transform.

The abundance of Fh and the transformation products was
determined through linear combination fitting (LCF) of the
PDF data. PDF provides interatomic distances between pairs
of atoms specific to each mineralogical phase, making LCF an
ideal method for quantifying the proportions of Fh, Gt, and
Hm in mixed phases. Synthetic 2-line Fh, Gt, and Hm
reference PDFs were fitted for each sample, and LCF was
conducted from 0 to 20 A using WinXAS."” The final
abundance sum was normalized to 100%, and phase
concentrations at different time points were calculated as
percentages.

Cryogenic Transmission Electron Microscopy. Cryo-
TEM experiments were conducted to directly observe the
transformation of Fh to Gt and Hm. Samples were prepared by
pipetting three microliters of fresh and aged Fh suspension
onto a 400-mesh glow discharged ultrathin carbon grid (Ted
Pella, Inc.). The grid was blotted with filter paper and plunged
into liquid ethane to form vitreous ice. The frozen grid was
then imaged using an FEI Tecnai G* F30 TEM operating at
300 kV, equipped with a cryogenic sample stage and a Gatan
Summit K2 direct electron detector camera (Gatan, Inc.) for
imaging.

B RESULTS AND DISCUSSION

Oxyanion Surface Complexes and Adsorption Be-
havior. The details of PO,*~ and NO," surface complexes on
the Fh surface and their adsorption behaviors during the Fh
transformation have been extensively discussed by Namayan-
deh et al.”>*” The surface complexation modeling revealed that
PO,*” predominantly forms bidentate inner-sphere complexes
on Fh (Table S1). We attempted surface complexation
modeling for both oxyanion adsorptions, but it proved more
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Figure 2. Abundances of Fh, Gt, and Hm with time for (a) control Fh, (b) NO; -adsorbed Fh, and (c) PO,* -adsorbed Fh. The error bars
correspond to standard error (n = 3). Error bars are smaller than the symbol.

suitable for calculating inner-sphere complexation and could
not accurately predict outer-sphere complexes. As a result, we
turned to ATR-FTIR to examine NO;~ complexation. ATR-
FTIR analysis exhibited a broad peak at 1365 cm™}, attributed
to NO;™~ outer-sphere complexes (Figure S1), consistent with
previous studies.”"* ™' Additionally, the results indicated that
PO,*” was entirely adsorbed on Fh (0.6 mM) and was not
released into the solution during the Fh transformation, as no
PO,*” was detected in the solution phase throughout the aging
experiment. In contrast, IC analysis revealed that out of the
initial 100 mM NO;~ concentration, approximately 60.9 + 0.3
mM NO;~ was adsorbed, with approximately 5.8 mM
desorbing from the Fh surface with aging. Weak outer-sphere
complexes of NO;™ cannot compete with strong inner-sphere
complexes of PO,*”, and their adsorption on the Fh surface in
the FhP experiment was insignificant.

Phosphate inner-sphere and NO;~ outer-sphere complex-
ation reactions on Fh are as follows:

2=FeOH + 2H" + PQ,’~ < (=Fe0),P0,>” + 2H,0
=FeOH, + NO;” < [=FeOH, — NO;]

According to these reactions, the adsorption of PO,*”
through inner-sphere complexes results in the desorption of
water, while NO;™ maintains the degree of hydration on the Fh
surface. Previous density function theory (DFT) calculations””
showed that PO,*” is adsorbed on the Fh surface by displacing
two H,O molecules. Additionally, prior to adsorption, Fe-
(OH)-Fe is H-bonded to an H,0 molecule in aqueous
solution and HPO,*", while after adsorption, Fe-(OH)-Fe is
H-bonded to an O molecule in PO,>”, further dehydrating the
Fh surface. A stronger solvation effect (i.e., greater
dehydration) occurs during the formation of inner-sphere
complexes compared to outer-sphere species, leading to water
desorption during inner-sphere complexation.””™>" This is
because the Gibbs free energy (AG) of hydration is highly
negative for inner-sphere complexation, while for outer-sphere
complexes, AGyy, > 0.°° The ionic potential (IP = charge (Z)/
radius (r)) of NO;~ (0.50) is significantly smaller than that of
PO,*” (1.25), and unlike PO,>", NO,™ lacks the strength to
displace water molecules from the Fh surface.”*>”>* This leads
to the formation of NO;~ outer-sphere complexes.

Products, Pathway, and Rate of Fh Transformation.
Synchrotron powder XRD was used to identify the products of
the Fh transformation. Figure 1 shows the measured intensity

vs Q-space (Q = il zin o

calculated structures of Gt and Hm. The crystallinity of the
samples increased with aging, but their crystallization progress
differed in the presence of NO;~ and PO,*” compared to the
control Fh. Phosphate-adsorbed samples (FhP) showed slower
transformation progress than the control Fh and FhN samples.

) for all the samples, indexed with the
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Figure S2 illustrates synchrotron powder XRD for the samples
at the end of the aging experiments (T = 1200 h). Synchrotron
total scattering data were converted to real-space PDFs and the
LCF was analyzed to quantify the fractions of the newly
formed phases (Figure 2). The PDF data is presented in Figure
S3. At the end of the experiments (t = 1200 h), the Gt fraction
was higher for FhN (73.63 & 0.18%) compared to the control
Fh (62.2 + 0.01%). The lowest Gt fraction was observed for
Fh aged with adsorbed PO,*>~ (13.4 + 0.18). The Hm fraction
decreased from 30.3 + 0.13% for control Fh to 26.4 + 1.0% for
FhN but significantly increased to 68.8 + 0.56% for FhP.
These results suggest that NO;~ promotes Gt formation,
whereas PO,*~ promotes Hm formation.

We have recently developed a kinetic model that describes
the formation of Gt and Hm during the Fh transformation.”**”
Details regarding the derivation and calculation of this rate
model are provided in Text S3 and Figure S4. We used this
rate model to calculate the rates of Gt and Hm formation in
the presence of NO,~ and PO,’", as shown in Figure S5. To
illustrate the specific impacts of NO;~ and PO,*>” on the rates
of Gt and Hm formation, we subtracted the rate of the control
samples from that of the NO;~ and PO,*” adsorbed samples,
resulting in the differential rate (Figure 3). The dashed line in

0.1 7

-o-FhN Gt
= —+FhN Hm
§ -o-FhP Gt
< o ~A-FhP Hm
&
©
[

s
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Figure 3. Differential rate of Gt and Hm formation for NO; -
adsorbed Fh and PO,* -adsorbed Fh calculated by subtracting the
rates of the Fh control. The dashed line corresponds to the rates of Gt
and Hm formation in the control Fh. The x-axis was presented on a
logarithmic scale to allow for visualization of the early stage of
transformation.

Figure 3 represents the rate of control Fh, with values greater
than or smaller than zero, indicating a faster or slower rate of
transformation relative to the control, respectively. The results
for the first 72 h showed that the differential rate of Gt
formation was relatively zero and similar to that of control Fh
in the presence of NO;™. However, after 72 h, the differential
rate of Gt formation progressively increased for the FhN
sample. In contrast, the presence of PO,>” caused a significant
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Figure 4. TEM imaging. (a) Fresh Fh material at day O for control Fh, (b) acicular Gt (black arrows) and rhombohedral Hm (white arrow)
particles at day 3 for control Fh, (c) Gt and Hm particles at day S for control Fh. (d—f) Gt and Hm particles from day 2 to S for NO; -adsorbed
Fh, (g) growth of Gt on Hm particles, forming epitaxial twins (control Fh; day 3), (h) Gt twin pieces (white arrow) and dendritic twins (black
arrow) forming by nucleation of a Gt particle on the surface of another Gt crystal (FhN; day 5), and (i) Gt mesocrystals and Hm particles (inset)
formed from small primary subunits (control Fh; day 3). Features in panels (g—i) are frequently seen in the aged control Fh and NO; -adsorbed

samples across different time points.

decrease in the differential rate of Gt formation beyond ~24 h,
indicating that NO,~ promotes Gt formation, while PO,*"
suppresses it.

For FhN, the differential rate of Hm formation was nearly
zero and similar to control Fh in the presence of NO;~, with
only a slight decrease observed after 1000 h. Conversely, for
FhP, the differential rate of Hm formation remained constant
at zero for up to 72 h until approximately 360 h, after which it
exhibited a progressively accelerating trend until the end of the
experiment, surpassing zero. These findings suggest that NO;~
has minimal impact on Hm formation, while the presence of
PO,*" initially suppresses Hm formation, but it eventually
starts to promote it over time.

Particle Shape and Aggregation State. To investigate
the mechanism of Gt and Hm formation from Fh, we imaged
samples using Cryo-TEM at the onset of Fh transformation to
capture all changes from Fh to intermediate phases and to the
final products of the transformation. Cryo-TEM images
showed an increase in both Hm and Gt content with aging
for both control Fh and FhN (Figure 4a—f). In the fresh
samples, the Fh aggregates consisted of fractal-like particles
with no evidence of the presence of Gt and Hm (Figure 4a).
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The observed increase in the contrast of the Fh aggregates over
time (Figure 4a—f) suggests an increase in the crystallinity of
the primary particles with aging.'’ Acicular and nanorod-
shaged particles, consistent with the reported morphology of
Gt,””°°™% were observed in both the aged control Fh and FhN
samples (Figure 4b; black arrow). Additionally, Hm particles
with rhombohedral morphology were observed in the same
samples (Figure 4b; white arrow).'”*® Interestingly, Figure 4g
shows a close spatial relationship between Gt and Hm in the
aged samples, suggesting the growth of Gt on the surface of
Hm, a morphology consistent with epitaxial twinning.” This
occurs due to similarities in the interplanar spacings of Gt and
Hm, inducing heterogeneous nucleation and growth.z’59
Furthermore, Figure 4h provides evidence of twinned Gt
particles (white arrow) and dendritic twins (black arrow),
consistent with previous reports.59

Higher image magnification shows that Gt and Hm consist
of many small subunits (Figure 4g, i). The uniform contrast of
these subunit particles suggests a similar crystallographic
orientation consistent with OA.'® The aggregation-based
crystallization pathway is further supported by the formation
of Gt mesocrystals (Figure 4i), where Gt nanocrystals exhibit

https://doi.org/10.1021/acs.est.3c09955
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Figure 5. TEM imaging of PO,* -adsorbed samples. (a—c) Time-resolved TEM showing more particles formed with aging from day 5 to 10; Hm
particles were deformed compared with control and NO; -adsorbed Fh, (d) growth of Gt particles on Hm, forming epitaxial twins (arrows) (day
10), (e) large acicular Gt particle (day 7) and (f) two Hm-like aggregates formed of small primary subunits (day S).

Figure 6. (a) Gt mesocrystals in NO; -adsorbed samples after 3 days of aging. Fast Fourier transform (inset) shows that these particles are
crystalline. (b) Hm-like aggregates in PO,*-adsorbed samples after 5 days of aging. Fast Fourier transform (inset) shows that the samples have not
crystallized to Hm yet. (c) Hm-like aggregates in PO,* -adsorbed samples after 10 days of aging. Fast Fourier transform (inset) shows that this

particle is more crystalline compared to the day 5 sample.

crystallographic alignment but are not attached to any coherent
crystalline material.

Phosphate adsorption had a significant impact on the
morphologies of Gt and Hm during the Fh transformation.
Cryo-TEM showed limited evidence of Hm and Gt formation
from 0 to S days in the presence of PO,*” (Figure Sa—c),
which is consistent with our scattering results for the same
samples. The contrast of primary particles increased on days 7
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and 10, indicating the formation of more crystalline products
(Figure Sb,c). Aging in the presence of PO,*” resulted in
different Hm morphologies compared to the control Fh and
FhN samples. Phosphate adsorption deformed the Hm
rhombohedral observed in control Fh and led to the formation
of new shapes, such as hexagonal, pseudorhombohedral, or
irregular. As expected, based on the scattering results, the
abundance of Gt was lower for the FhP samples compared with
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the control Fh, although some particles were evident (Figure
Sd,e). Single acicular particles were the most common Gt
morphology, with sizes up to ~200 nm in length (Figure Se).
Epitaxial twins were also identified (Figure Sd). Twin pieces
and dendritic twins were not common.

Mechanism of Gt and Hm Formation. Impact of NO;~
and Gt Formation. Nitrate induced the formation of Gt over
Hm. The adsorption of NO;~ through outer-sphere complexes
on Fh can maintain the degree of hydration on the surface of
Fh. Additionally, the degree of hydration may increase on the
surface through the exchange of NO,~ hydration,*”!
including hydroxyl and oxygen,”® at pH 5.5 + 0.2 used in
this work. We recently proposed that this may promote the
dissolution/recrystallization pathway of Fh transformation.*®
The TEM results showed the same Gt and Hm morphologies
for both the control Fh and FhN samples, indicating that
NO;™ did not change the shape of Gt and Hm particles. This
seems reasonable because NO;~ forms weak outer-sphere
complexes on Fh, where there is no direct contact between
NO,~ and the surface.”® Cornell and Giovanoli®® showed that
epitaxial twins are formed when dissolution/recrystallization
slightly outweighs aggregation pathways.”” However, if
dissolution prevails (e.g, at pH > 12), other types of twins
are formed. Twin pieces and dendritic twins were common in
the control Fh and FhN samples (Figure 4h), suggesting that
dissolution/recrystallization was the dominant mechanism of
Gt formation.

The presence of Gt mesocrystals suggests that aggregation
and crystallization via OA were also important in the
transformation of Fh to large Gt particles for the control Fh
and FhN. Yuwono et al.’' showed the two-step formation of
Gt mesocrystals in which the Fh particles initially transform to
small Gt particles, and then the resulting particles align
crystallographically to form Gt mesocrystals. In another study,
Burleson and Penn'® showed that phase transformation from
Fh to Gt occurs through dissolution/recrystallization, while
OA dominates the growth of Gt nanodots to nanorods. Figure
6a shows Gt mesocrystals and the corresponding fast Fourier
transform (FFT) that indicates that these small primary units
were already transformed to crystalline products. This suggests
that Gt nanoparticles formed from Fh, and then crystallog-
raphy aligned and grew through OA. Our results agree with the
two-step model that both dissolution/recrystallization and OA
pathways were involved in the Gt formation. In addition, it is
consistent with our hypothesis that maintaining the degree of
hydration through NO;™ outer-sphere complexes may be
responsible for the higher rate of Gt formation for FhN
samples.

Impact of PO,>~ on Hm Formation. Phosphate significantly
suppressed the formation of Gt and favored the formation of
Hm. We attribute these effects to the formation of inner-sphere
PO,*” complexes that displace water (i.e, OH, and OH"),
thus suppressing the dissolution and recrystallization pathway.
This is supported by the significant decrease in Gt abundance
in the presence of PO,*”, which is consistent with previous
studies indicating that the structure and degree of hydration
can control the size and shape of Hm nanoparticles.””®> Also,
Torrent and Guzman® showed that the degree of hydration
played a significant role in the transformation of Fh, with a
lower degree of hydration decreasing the rate of Fh
transformation and favoring Hm over Gt formation, which
aligns with our results showing that PO,’~ promotes Hm
formation.
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The presence of PO,’” distorted the rhombohedral
morphology of Hm, but it did not change the shape of the
acicular Gt particles. This observation may suggest that Gt was
formed in the solution phase, confirming dissolution/
precipitation as the primary pathway for Gt formation. The
lower rate of Gt formation and the absence of twin pieces and
dendritic twins suggest that dissolution and recrystallization
were not dominant during Fh transformation in the presence
of PO

The mechanism of Hm and Gt formation differed during the
Fh transformation in the absence and presence of oxyanions.
Hematite particles are composed of many small subunits,
suggesting that Hm was also formed through a two-step
process, as reported by Soltis et al."” However, whether phase
transformation occurred through dissolution/recrystallization
has yet to be understood. Figure 6b shows Fh aggregates after
S days of aging. Although these aggregates have a shape similar
to that of Hm, their corresponding FFT showed that they are
not yet crystalline. However, their crystallinity increased on
day 10, as shown in Figure 6¢c. This suggests that unlike Gt,
Hm particles formed after aggregation of primary Fh particles.
In addition, the deformed shape of Hm particles suggests that
PO,*” was present on the Fh surface during the transformation
of primary units to Hm particles. The adsorption of ligands
such as PO,* on certain faces suppresses their growth in that
direction and creates an irregularity in the shape of Hm
crystals.” Also, the suppression of Gt formation suggests that
the dissolution-recrystallization pathway was not dominant
during the Fh transformation for FhP samples at these
experimental conditions. Therefore, we propose that primary
Fh particles aggregated and then underwent a transformation
to Hm, which involves interface nucleation as proposed by Li
et al*® Hematite particles nucleate at the interface between
different Fh surfaces and propagate through the remaining
primary particles through solid-state recrystallization.”” Tt is
noteworthy that our data cannot completely rule out the
simultaneous occurrence of other pathways that may also
control the Fh transformation to some extent. For example,
some particles may assemble before or after the phase
transformation or dissolution/recrystallization may precipitate
some Hm particles in the dimpled surface of large Hm
particles.

Phosphate adsorption can facilitate OA by removing water
from the interfaces and decreasing positive charges, thereby
reducing particle—particle repulsion on the surface. This is in
agreement with a previous study”’ and Derjaguin, Landau,
Verwey, and Overbeek (DLVO) theory, which shows that the
rate of OA increases with decreasing surface protona-
tion.'*>%* Although PO,’~ promotes the formation of
Hm, a higher PO, surface loading can inhibit the Fh
transformation, as shown by Namayandeh et al.”” High surface
loading of ligands such as PO,* can occupy the interfaces
between adjoining Fh particles, suppressing aggregation (i.e.,
interface nucleation), and inhibiting small subunits from
forming larger particles.”>® In addition, extreme surface
dehydration through PO,>” inner-sphere complexes removes
the minimum degree of water needed to nucleate new phases.
In this work, we used a relatively low surface loading of PO,*~
(0.012 PO,*"/Fh molar ratio) to ensure the Fh transformation
reaches completion, and both Gt and Hm can still form.

The present work provides mechanistic information about
how oxyanion surface complexes control the nucleation and
growth of Gt and Hm during the Fh transformation. We
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demonstrated that Fh transforms to Gt and Hm primarily
through dissolution/recrystallization and dehydration/aggre-
gation pathways, respectively, with NO;~ outer sphere
complexes promoting Gt and PO,’” inner-sphere complexes
Hm formation. Figure 7 shows a simplified schematic of the
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Figure 7. Simplistic schematic of the impact of oxyanion surface
complexes on the nucleation and growth of Gt and Hm during the Fh
transformation. (a) NO;~ outer-sphere complexes maintain the
hydration on the Fh surface and promote the dissolution/
recrystallization pathway, forming Gt particles. These small Gt
nanodots crystallographically align, form Gt mesocrystals, and then
grow into Gt rods. (b) PO,’” inner-sphere complexes dehydrate the
Fh surface, which promotes the aggregation of Fh particles. The Fh
aggregates then transform to Hm through the interface nucleation.

mechanism of Gt and Hm formation from Fh precursors in the
presence of oxyanions. We propose that the degree of
hydration on the Fh surface, regulated by oxyanion surface
complexes, is the main factor controlling the rate and pathway
of Fh transformation.

B IMPLICATIONS

Due to the increasing consumption of nitrogen and
phosphorus in the forms of fertilizers in agriculture,”>®
understanding the processes controlling the mobilization of
these nutrients in aqueous environments has become more
critical. This is because the high concentration of PO,*~ and
NO;™ causes detrimental environmental problems such as the
eutrophication of surface water.'” Previous studies have shown
that under certain chemical conditions, such as in oxidative
environments and acidic to intermediate pH levels, Fh, which
is widespread in aquatic environments, can immobilize PO,>~
and NO;7, primarily through surface complexation reac-
tions.”**”%” However, Fh is thermodynamically metastable
and transforms to larger and more c?fstalline Fe (oxy)-
hydroxides such as Gt and Hm.'"~'>°*® This process can
decrease the surface area and reactive sites on the Fh surface,
as well as dissolve Fh particles during transformation, which
may result in the release of PO,*~ and NO,™ into the water
from the Fh surface.”® Our results showed that NO,~ was
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released into solution while PO,>~ remained on the surface
during the Fh transformation. This was attributed to the
weaker binding of NO;™ on Fh and the higher dissolution of
Fh primary particles in the presence of NO;~ during Fh
transformation compared to that of the PO,* -adsorbed Fh.
We also showed that these oxyanions impact the nucleation
and growth of Gt and Hm during Fh transformation by
forming distinct surface complexes. We showed that more Gt is
formed in the presence of NO;™. This is attributed to the
maintaining hydration on the Fh surface through NO;™ outer-
sphere complexes, which induced the dissolution/recrystalliza-
tion. Results showed that Gt was formed in two steps: Fh
particles first transformed to Gt through dissolution/
recrystallization, and then crystallography aligned and grew
by OA to larger Gt particles. In addition, results showed that
the Gt formation was suppressed, and more Hm formed in the
presence of the adsorbed PO,’>”. We suggested that PO,*~
dehydrates the Fh surface through inner-sphere complexes,
suppresses the dissolution—crystallization pathway, and
promotes interface nucleation, which involves aggregation.
This was evidenced by cryo-TEM results showing that Fh
particles first aggregated and then transformed to Hm particles
through interface nucleation. This work introduces a new
combination of characterization methods that allow the study
of phase transformation and crystal growth of iron oxy-
hydroxides and the effects of oxyanion on these mechanisms.
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