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Synopsis

The formation of hematite from 2-line ferrihydrite occurs along several pathways. Material may first phase
transform into small hematite particles, followed by particle-mediated growth. 2-line ferrihydrite particles
may also aggregate, then form hematite via recrystallization. X-ray diffraction, conventional and cryogenic
transmission electron microscopy, preferential dissolution by oxalate buffer, and low temperature SQuID
magnetometry were employed to elucidate this process.

Abstract
® 2-line ferrihydrite ® Hematite

Aging time

Iron oxide nanoparticles are present throughout the Earth and undergo mineral phase
transformations that affect their stability and reactivity. The formation of the iron oxide hematite from
a 2-line ferrihydrite (2InFh) precursor requires both phase transformation and growth. Whether
phase transformation occurs before or after substantial particle growth, and by which mechanisms
particles grow, remain unclear. We conducted time-resolved studies employing X-ray diffraction,

room temperature and cryogenic transmission electron microscopy, preferential dissolution by
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oxalate buffer, and low temperature SQuID magnetometry to investigate the kinetics and mechanism
of hematite formation from 2InFh. A novel form of magnetic measurement was found to be
exquisitely sensitive to the presence of hematite, detecting its formation at far lower concentrations
than possible with X-ray diffraction. These results indicate that small hematite domains were present
even in as-prepared 2InFh suspensions as a side-product of 2InFh synthesis and that the hematite
domains increased in size and crystallinity with aging time at elevated temperatures. Second-order
kinetics reveals that the hematite growth is consistent with a particle-mediated growth mechanism,

possibly oriented attachment.

Introduction

Iron is the most abundant transition metal in the Earth’s crust and is required for many life
processes. Iron sequestration into, and release from, iron-bearing minerals plays important roles in
the movement of iron and energy through the environment. The iron biogeochemical cycle includes
a diversity of chemical transformations, from iron precipitation as oxides, sulfides, or other solids to
dissolution of iron-bearing solids; transport as dissolved species through soils and groundwater; and
abiotic and biotic redox reactions (e.qg., biotic reduction by Geobacter and Shewanella(1-3) and
oxidation by Gallionella and Leptothrix(4) bacteria).

Iron oxide and oxyhydroxide minerals, referred to collectively as the iron oxides, generally have high
redox reactivity, high surface activity, and high surface area (frequently >100 m?#g, even for naturally
occurring deposits).(5) At all stages of iron oxide growth and phase transformation, these minerals
can adsorb and desorb arsenic(6) and heavy metals such as zinc, cadmium, copper, nickel, lead,
and manganese,(7-10) facilitate reduction—oxidation reactions at their surfaces, (4, 11)dissolve and
reprecipitate,(12, 13) and grow into larger structures.(13) Changes in accessible surface area and
surface chemistry due to growth and mineral phase transformations affect the chemical behavior of
these minerals in environmental systems. Redox reactivity,(14) solubility,(15)and interactions with
heavy metals(7. 8. 10) are just three of many processes that can be affected.

The hydrous ferric oxide ferrihydrite (Fh, FesHO,-4H,0)(5) is a common early product of both biotic
and abiotic precipitation of iron.(5. 12) Fh is a poorly crystalline material that occurs only at the
nanoscale and is widely present in the crust, soils, and freshwater and marine systems.(12) Fh is
typically classified by the number of peaks observed in its X-ray diffraction patterns, e.g., 2-line or 6-

line. It is a precursor to other more crystalline iron oxides, such as hematite (Ht, Fe.O,) and goethite
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(Gt, a-FeOOH), two of the three most abundant naturally occurring iron oxides, and is metastable
with respect to these minerals.(5. 12, 16) Ferrihydrite, goethite, and hematite all share a common
framework of hexagonally close-packed oxygen atoms, which supports the idea of pseudomorphic
transformations among the three materials.(5) In fact, early work in the crystallography of ferrihydrite
hypothesized that it was an extremely defect-laden form of hematite,(17) and there still is no
consensus about its exact structure, or how it relates to the structure of hematite.(18-27)
Understanding phase transformations in iron oxides is important for understanding their past and
predicting their future interactions with the environment. For example, ferrihydrite is only found in
deposits dating from the Pleistocene or younger (<2.6 Mya) because older deposits have already
undergone phase transformation into thermodynamically more stable minerals.(12) Two important
mechanisms of phase transformation are closely linked to mechanisms of crystal growth. Indeed,
phase transformation and crystal growth often occur simultaneously, and it can be difficult to
separately characterize each of the contributing mechanisms.(28) Phase transformation by
dissolution precipitation (DP) is similar to crystal growth by coarsening, with the mass fraction of the
more stable phase increasing at the expense of the dissolving phase. Transformation by interface
nucleation (IN) occurs when the new crystal phase nucleates at the interface between two surfaces.
The new phase then propagates through the remaining volume of the precursor crystals via solid-
state recrystallization.(29) This may be induced by oriented or slightly misoriented alignment of two
precursor crystals at a particle—particle interface, similar to the assembly of crystallographically
aligned particles in growth by oriented attachment (OA).(30) OA is a nonclassical crystal growth
mechanism in which smaller crystals align in a crystallographically ordered manner prior to forming
larger crystals(31-33) and has been found to occur in a wide range of mineral systems, (31, 34-

41) including the iron oxides.(35. 42. 43) Just as coarsening and OA typically both operate
simultaneously but to different extents during crystal growth, so can DP and IN during phase
transformation.(44-46)

The transformation from ferrihydrite to both goethite and hematite has been well studied and is
dependent on the nature of the Fh (e.g., 2-line vs 6-line), temperature, (5. 47-50) pH,(47, 51-53)and
other synthesis conditions.(47. 52. 54-57) For example, at low pH levels, the growth of goethite

nanorods from a 6-line Fh (6InFh) precursor occurs via a multistep mechanism in which primary
particles first phase transform and then undergo OA.(42. 58) Though OA is the dominant growth
mechanism in the growth of goethite from 6InFh at low pH, the progressive loss of features like
dimples on particle surfaces is evidence for additional growth by coarsening.(58) On the other hand,

goethite growth at high pH is dominated by dissolution precipitation.(52)
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Phase transformation and growth can also occur when the starting material first assembles into
larger structures, then transforms to the new phase, as in the transformation from akaganeite to
hematite.(59) Many iron oxides exhibit size-dependent phase stability, in which changes in particle
size and surface area/volume ratio can increase or decrease total free energy.(16. 60) Phase
transformation to hematite is favored when akaganeite particles reach a critical size at which the
combined bulk and surface Gibbs free energy of the akaganeite particles is greater than that of
hematite particles of similar dimensions.(59) A complete picture of the factors favoring one growth
mechanism over another, or the order of aggregation and phase transformation, remains elusive.
Elucidating growth and phase transformation mechanisms for more poorly crystalline 2-line
ferrihydrite (2InFh) presents additional challenges due to difficulties associated with imaging poorly
crystalline material via transmission electron microscopy (TEM), the ongoing uncertainty over its
exact crystal structure,(18-23) and an inability to quantify the material via Rietveld refinement of X-
ray diffraction (XRD) patterns.(22) Much past research in phase transformation has drawn heavily
upon these techniques (e.qg., kinetics of 6-line ferrihydrite to goethite transformation based on TEM,
(54, 61) kinetics and mechanism of phase transformation in titania polymorphs based on XRD data,
(29. 44, 62) and kinetics and mechanism of phase transformation from akaganeite to hematite using
data from both XRD and TEM(59)). Because it is difficult or impossible to perform quantitative
analysis of 2InFh using TEM or XRD, additional characterization techniques were employed.

Low temperature magnetometry is a complementary technique that relies on the use of
superconducting quantum interference device (SQuID) sensors to measure induced and/or
remanent magnetization of a sample. Low temperature magnetometry has been an important tool in
the Earth and materials sciences, but remains underutilized in studies on the fundamentals of
nanoparticle growth and phase transformation. Magnetic measurements can provide information
about thermally dependent transitions that are diagnostic of mineral identity and can also be used to
estimate average particle sizes and the degree of structural order or crystalline defects in a sample.
(63-66) SQuID sensors are also exquisitely sensitive to small amounts of magnetic material,
particularly for ferromagnetic materials, and can detect mineral concentrations at levels far lower
than XRD methods.

In this study, we employ conventional and cryogenic transmission electron microscopy, X-ray
diffraction, oxalate dissolution, and low temperature magnetometry to elucidate the mechanism of
2InFh to hematite phase transformation. Magnetic measurements in particular lend critical insight

into this system, showing the hematite crystals were present at smaller sizes and lower quantities
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than detected previously, and that 2InFh particles possibly undergo phase transformation before

assembly into large hematite crystals.

Materials and Methods

Synthesis

All labware was washed in 4 M nitric acid and triple-rinsed with Milli-Q water (Millipore, 18.2 MQ-cm
resistivity) prior to use. Milli-Q was also used for all solutions and dialysis procedures.

Hematite was synthesized following a procedure adapted from Schwertmann and Cornell, Method 6.
(67) First, 2-line ferrihydrite (2InFh) was synthesized. While stirring, 300 mL of 0.89 M potassium
hydroxide (Mallinckrodt) was added to 500 mL of 0.20 M ferric nitrate (Fisher) in 100 mL aliquots. An
additional 200 mL of Milli-Q water was added with sufficient oxalic acid dihydrate (J. T.
Baker/Mallinckrodt Baker) to a produce a suspension with a total oxalate concentration of 2 mM. The
rich brown suspension was stirred for an additional 3 min.

The final suspension was placed into dialysis tubing (Spectra-Por #7 dialysis tubing, MWCO = 2000
g/mol) and dialyzed against Milli-Q water while refrigerated at 10 °C. No more than 250 mL of
ferrinydrite was dialyzed per 2 L of Milli-Q water. Water was changed every 1-2 h for four changes
and every 4 h for two additional changes. The samples were left in dialysis overnight following the
final water change. Dialyzed suspensions were combined and pH adjusted with potassium hydroxide
solution such that the final pH was 6.5 when the suspension was mixed with equal volumes of Milli-Q
water (pH = 5.7).

Samples were aged in a water bath at 90 °C, unless otherwise noted, in a series of 15 mL centrifuge
tubes. Each tube was filled with 2.5 mL of Milli-Q water, tightly capped, and placed in the water bath.
When the water temperature had reached 90 °C, 2.5 mL of room-temperature 2InFh stock
suspension was added to each tube. Tubes were quickly uncapped and recapped during this
process to minimize vapor loss. The hot injection step was performed at a rate of three tubes per
minute, and the time of 2InFh addition was recorded after every third tube so that the aging time
could be adjusted to compensate for the time required perform the hot injection step on each tube.
The temperature of the suspensions was monitored by thermometers placed into three additional
tubes prepared by the hot injection technique, and these samples reached 90 °C less than 15 min
after the injection of 2InFh stock suspension into the hot water. These tubes were equipped with
caps that fit closely around the thermometers to prevent changes in temperature due to evaporative

cooling.
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Three sealed centrifuge tubes were removed from the water bath at each designated sampling time
and immediately plunged into an ice bath. Cooling to room temperature or lower took less than 4 min
for all samples. Each sample was spilit into two aliquots: one for analysis via oxalate dissolution and
one for drying. The dry samples ranged in color from dark brown (initial) to reddish-orange (final).
Two additional samples of 2InFh were prepared with the dialysis step omitted, one with and one
without 2 mM oxalate. These samples were freeze-dried by freezing using liquid nitrogen

immediately after synthesis and drying under a vacuum in a lyophilizer.
X-ray Diffraction

Dried samples were ground with an agate mortar and pestle and front packed into an aluminum
sample holder fitted with a zero-background quartz window. X-ray diffraction (XRD) patterns were
collected with a PANalytical X’Pert Pro MPD theta—theta diffractometer with a cobalt K-a source
(wavelength 1.79 A) and an X'Celerator detector over the range of 20-80° 26. The experimental
results were compared with the reference powder diffraction file (PDF) for hematite (#33-664). 2InFh
does not have a PDF on file with the International Center for Diffraction Data, but it can be identified
by the presence of two broad peaks centered at approximately 1.5 and 2.5 A.(18-22. 68. 69)

Line broadening analysis was performed by applying the Scherrer equation(70) to the full width half-
maximum measurements of selected peaks obtained from fitting in X’Pert HighScore Plus. Past work
using this instrument indicates that a first standard deviation of 10—20% of the calculated particle

size is typical when replicate measurements are made of the same sample.(62. 71)
Synchrotron Diffraction

Wide-angle X-ray scattering (WAXS) data were collected at 90 keV (wavelength 0.1080 A) from
powdered samples placed inside hollow Kapton tubes at beamline 11-1D-C of the Advanced Photon
Source (APS) at Argonne National Laboratory using a Mar 2D image plate detector. Between 10 and
15 two- or 5 min exposures from an empty tube and each sample were acquired, respectively. The
program Fit2D(72) was used to calibrate the detector geometry using data acquired from a Si
standard to bin each 2D pattern onto a 1D g axis, where g = 41t sin 6/A, q is the momentum transfer,
0 is the scattering angle in degrees, and A is the wavelength of radiation. The WAXS patterns were

scaled prior to subtraction to reveal structural changes with time.

Preferential Dissolution/UV-vis

The method for the preferential dissolution of poorly crystalline iron oxides by ammonium oxalate
was adapted from the Soil Survey Laboratory Methods Manual (SSLMM), protocol 4G2a1a2.(73)
Aliquots of each suspension were diluted 1:10 with 0.2 M pH 3 ammonium oxalate buffer (oxalic acid

(JT Baker) and ammonium oxalate (Sigma-Aldrich)) into microcentrifuge tubes and allowed to sit in
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the dark in an ice bath for 3 min. The cold temperature and dark conditions were chosen to prevent
dissolution of the more crystalline iron oxides, such as hematite.(74) The digested samples were
then removed from the ice bath and centrifuged for 6 min. The supernatants were collected and
analyzed via ultraviolet—visible (UV—vis) spectroscopy. The ammonium oxalate buffer and digested
samples were stored in a refrigerator and used or measured within 48 h to minimize growth of
microorganisms.(73)

Supernatants were loaded into 1 cm quartz cuvettes, and the absorbance of 430 nm light was
measured using an Agilent 8453 UV-vis spectrometer.(73) For solutions too dilute for colorimetric
measurements with oxalate, a modified ferrozine assay was performed. The solutions were diluted
1:10 in Milli-Q water, and 100 pL of the diluted solution was added to 900 L of the ferrozine assay
solution, which contained 500 ppm ferrozine (Acros) in 0.2 M ammonium acetate (Fluka) and 5 mM
ascorbic acid (Acros). Each sample was prepared in triplicate, and absorbance was measured at
562 nm. The addition of ascorbic acid results in the reduction of dissolved Fe(lll) to Fe(ll), which
makes the assay sensitive to total iron, rather than selective to Fe(ll).(75) The dissolved iron in these
solutions is expected to be entirely Fe(lll).

In both cases, calibration curves were constructed from absorbance measurements of ferric nitrate

standard solutions in oxalate buffer or the ferrozine assay solution.
Transmission Electron Microscopy

Transmission electron microscopy (TEM) images were collected using an FEI Tecnai T12
microscope operating at 120 kV or an FEI Tecnai G2 F30 microscope operating at 300 kV. Both
microscopes are equipped with Gatan charge-coupled device (CCD) cameras and use Gatan Digital
Micrograph v3 to process images. Further image analysis was performed using Imaged (v1.43m and
later), a public domain NIH image processing and analysis program written by Rasband.

(76) Specimens were prepared by diluting 20 pL of sample into 3 mL of Milli-Q water, sonicating for
30 s, and placing a single drop of diluted suspension onto the carbon-coated side of a 200 mesh Cu
holey carbon grid (Structure Probe, Inc.). Grids were allowed to dry under ambient temperature and
humidity.

Cryogenic (cryo) TEM specimens were prepared using a Vitrobot (FEI Mark IV) under 100% relative
humidity. A 2InFh suspension aged at 90 °C for 6 h was previously quenched in an ice bath and
taken directly to the microscopy preparation lab. One specimen was vitrified without further
treatment. The second was treated via the oxalate dissolution process as described above and
vitrified 7 min after mixing with oxalate buffer (samples prepared for Fe(lll) analysis had a total

exposure time to oxalate buffer of 9—10 min).
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Three microliters of suspension were placed onto a 200 mesh Cu lacy carbon grid (Structure Probe,
Inc.), blotted with filter paper for 2 s, and plunged into liquid ethane (-183 °C) to vitrify the water and
form a relatively electron-transparent solid. The grid was then transferred to a storage box held
under liquid nitrogen (-178 °C). All subsequent handling of the prepared grids occurred under liquid
nitrogen to maintain cryogenic conditions. Samples were imaged using an FEI Tecnai G2 F30 TEM
fitted with a cryogenic sample stage and operated at 300 kV. Images were collected with a Gatan

charge-coupled device (CCD) camera using Gatan Digital Micrograph.
Preparation of Samples for Magnetic Measurements

The dried, ground samples were prepared for magnetic measurements after XRD patterns had been
collected. At least 100 mg of each sample was tightly packed into a gelatin or cellulose capsule.
Powdered sugar was used as a filler material to prevent unwanted vibration in samples with low
sample volume. The sample capsules were tared before loading and massed before the addition of

powdered sugar to obtain accurate iron oxide mass measurements.
Magnetic Measurements

All magnetic measurements were performed at the Institute for Rock Magnetism, University of
Minnesota, using a Quantum Designs Magnetic Properties Measurement System instrument
(MPMS-5S). Samples were first imparted with a 2.5 T room temperature saturation remanent
magnetization. The 2.5 T field was then turned off, and the intensity of the remanent magnetization
was measured during cooling from room temperature to 20 K and then back to room temperature in
the presence of either a £5 mT DC field. While it is possible to collect measurements in the MPMS
using a “zero-field” environment, in reality there are often small, temporally variable residual fields
that can create unwanted induced magnetizations in magnetic samples. It is possible to minimize
these residual fields to a value <0.5 mT prior to the beginning of an experiment; however, this
calibration process is time-consuming and is often rendered inaccurate after a 2.5 T field is
produced. The 5 mT DC fields used in this study allow us to create a controlled, repeatable magnetic
environment in which to measure the samples. An example of raw data as collected from the SQuID

magnetometer is shown in Figure 1A.
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Figure 1. An explanatory figure to demonstrate how magnetic data is processed. (A) The raw data as it is
collected from the SQuID magnetometer. The 2.5 T room temperature saturation magnetization is measured
during thermal cycling from 300 to 20 to 300 K in the presence of a positive or negative 5 mT DC bias field.
(B) An example of fitting a Curie—Weiss relationship to a subset of the data that is detected almost entirely by
the superparamagnetic ferrihydrite in the sample. (C) The residual magnetization in the sample (+5 mT DC
bias) after the contribution to magnetization from ferrihydrite has been removed. The dark gray box shows
the 240-265 K range of observed Morin transitions for grains 2100 nm.(65) The light gray box shows the
165-230 K range of observed Morin transitions for grains <90 nm.(65)

Magnetic data collected during thermal cycling were then fitted with a Curie—Weiss Law relationship.
There are several formulations of the Curie—Weiss relationship, and here we used the following,
which is optimized for data collected right up to a material’s blocking temperature,M =a/(T = b
where the specimen’s magnetization, M, is defined as the inverse relationship with temperature, T.
The coefficients a, b, and ¢ are parameters that are fit to the data. Earlier studies on the magnetic
properties of similar superparamagnetic ferrihydrite calculated blocking temperatures of ~35 K.(77.
78) A Curie—Weiss relationship was fitted to data collected between 55 and 130 K, which
corresponds to the interval that showed the most pronounced effects of ferrihydrite’s magnetic
blocking. It also avoided any data contamination from hematite, which is thought to only have a
minor defect moment at temperature below the Morin transition.

If the ferrihydrite samples in this study were simply collections of superparamagnetic ferrihydrite,
then the Curie-Weiss relationships would fit the data above 130 K very well. However, as can be
seen in Figure 1B, the Curie—Weiss relationship does not fit all of the data at temperatures above
130 K. The difference between this theoretical magnetic behavior and the data is primarily the effect
of trace quantities of hematite in the sample. Figure 1C shows an example of the how the magnetic
data were processed and how a nonspecialist in magnetic methods should interpret the results.
Changes in slope between the cooling and heating curves observed in the 240—-265 K range indicate
Morin transitions associated with hematite grains 2100 nm, while those in the 165-230 K range

indicate the Morin transitions for grains <90 nm.(79)

Results and Discussion

Major Phase Composition
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XRD results (Figure 2) demonstrate that the amount of hematite increased and ferrihydrite
decreased with time at 90 °C, until the sample consisted of pure hematite. In the unaged (0 h)

sample, only 2InFh peaks are visible.

Figure 2. X-ray diffraction patterns of samples collected after aging a suspension of 2-line ferrihydrite at pH
6.5 and 90 °C for 0-10 h. Co K-a radiation was used to collect the patterns. Diffraction peaks for 2-line
ferrihydrite are indicated with arrows (no PDF). Peaks for hematite are indicated with * (PDF #33-664).

Peaks at 53° 20 are background peaks from the Al sample holder. Patterns are vertically offset for clarity.

Low-intensity peaks for hematite are first visible after 2.5 h of aging, and only hematite peaks are
present after 10 h. Some, but not all, samples had detectable hematite after 2 h of aging. The color
of the nanoparticle suspensions changed from dark brown to red orange as hematite content
increased.

XRD patterns further demonstrate that the hematite crystal size increases with aging time. The size
of the crystals along several crystal directions, quantified by XRD line broadening analysis using the
Scherrer equation,(70) are shown as a function of aging time in Figure 3. Measurements from
experiments performed using two batches of 2InFh show an increase in crystal size along the Ht

(Q_1_ 2), (104), and (110) planes and are in good agreement.

-
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Figure 3. Hematite crystal domain lengths along (012), (104), and (110) as a function of aging time, with two
different batches of ferrihydrite (open and closed symbols) used as the starting material. Error bars represent

10% of the calculated domain length and approximate the first standard deviation.(62, 71)

Synchrotron X-ray diffraction measurements are also consistent with increasing hematite content

(Figure 4). Difference patterns were obtained by subtracting the synchrotron diffraction pattern of an
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unheated 2InFh sample from the patterns for aged samples (0.5—4.0 h). The small shoulder at ca.
2.4 A~ after 2.5 h of aging is the first indication of hematite in the sample, and this shoulder
coincides with the most intense of the peaks (at 2.3 A+) in the synchrotron diffraction pattern of pure
hematite, which is shown at the bottom of Figure 4. The hematite peaks beginning to emerge in the
difference patterns can be compared to the diffraction pattern for pure Ht aged for 36 h (not a

difference pattern) at the bottom of the figure.

-
]

Figure 4. Synchrotron X-ray diffraction patterns of 2-line ferrihydrite aged at pH 6.5 and 90 °C. The pattern
for pure hematite (aged for 36 h) is shown at the bottom. Difference XRD patterns for samples aged 0.5—4 h
are shown above and were calculated by subtracting the 0-h pattern from the measured pattern for each
aged sample. The first visible shoulder, indicating the presence of a small amount of hematite, is marked

with an arrow in the 2.5-h sample.

X-ray diffraction methods typically have detection limits of ca. parts per thousand, at best. Thus,
magnetic measurements, which can have substantially lower detection limits, were employed to
quantify hematite in samples collected at earlier times. Hematite can most clearly be observed in low
temperature magnetometry by its Morin transition ( Tu), which is observed as a sudden decrease in
magnetization during cooling as magnetic moments change from oriented within the mineral’s basal
plane at temperatures > T, to oriented normal to the basal plane at temperatures < Tu. There is a
grain-size dependence to the Morin transition, with grains =100 nm displaying magnetization loss
between 240 and 265 K, while grains <90 nm yield T, between 165 and 230 K.(65) In

general, T, also shifts to lower temperatures when particles have high internal strain, high surface to
volume ratios, are doped with non-Fe cations, or have high levels of defects.(64)Finally, hematite
grains that are exceedingly small or defect-rich can exhibit significant thermal hysteresis

in T, between heating and cooling.(65)

As with the XRD results, magnetic measurements show the mass fraction of hematite increased with
aging time. Magnetization curves for 2InFh synthesized and aged under different conditions are
displayed in Figure 5. Magnetic measurements demonstrate that suspensions of ferrihydrite
prepared with 2 mM oxalate, air-dried, and aged at 90 °C for 0-3 h show that hematite content,

particle size, and crystallinity increase with time (Eigure 5C—F). Each of the aged samples displays
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Morin transitions that are consistent with hematite grain size distributions include both larger grains
(=100 nm) that would produce standard T, as well as smaller grains (<90 nm) that would produce
depressed T, values. The magnetic contributions from small grains are more significant in samples
aged for shorter times. It is also notable that the difference between the cooling and heating cycles
becomes negligible as aging times increase, suggesting that the extent of crystalline defects
decreases in samples that have been aged for longer periods. In similar syntheses, the earliest

formation of hematite detectable via XRD did not occur until the suspension had been aged for 2.5 h.

Figure 5. Temperature vs residual magnetization upon cooling (gray dots) and heating (blue dots) for
differently aged 2-line ferrihydrite. Top row: Samples prepared without any aging at elevated temperature.
Left: 2InFh prepared without oxalate and freeze-dried immediately after synthesis. Middle: 2InFh prepared in
the presence of 2 mM oxalate and freeze-dried immediately after synthesis. Right: 2InFh prepared in the
presence of 2 mM oxalate, dialyzed at 10 °C for 24 h, and air-dried at room temperature. Bottom row: 2InFh
prepared in the presence of 2 mM oxalate, dialyzed at 10 °C for 24 h, aged for 1-3 h at 90 °C, and air-dried

at room temperature.

Both air-drying and the use of oxalate during synthesis were found to increase the amount and
crystallinity of hematite formed. A Ty, albeit with very low magnetization, is identifiable even in the
oxalate-free, freeze-dried 2InFh sample (Figure 5A), showing that a trace amount of small, defect-
rich hematite nanoparticles is present in the as-synthesized Fh. This demonstrates that hematite is
nucleating during the synthesis of the 2InFh precursor at levels that were undetectable by either X-
ray diffraction technique.

Oxalate is commonly used in hematite syntheses and may promote hematite formation.(57, 67,

80) The addition of 2 mM oxalate to a 2InFh synthesis that was subsequently freeze-dried increased
the amount of hematite formed and decreased its level of crystal defects (Figure 5B), and air-drying
a similar suspension further increased the amount and crystallinity of the hematite produced

(Figure 5C). This can be seen by an increase in residual magnetization and the amount of hysteresis
between cooling and heating. We conclude that some phase transformation occurred during the

days-long air-drying process.
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Increased magnetization at ca. 120 K, which was observed in several of the samples, corresponds
with the Verwey transition diagnostic of magnetite (Fe;O.).(63) Because of magnetite’s strong
ferrimagnetic character, signals of this amplitude may be due to the presence of only a single grain
of magnetite. There was no source of Fe(ll) in the 2InFh synthesis and very low quantities of
compounds with any reducing capacity (2 mM oxalate). Additionally, all syntheses and reactions
were performed in air, making the formation of magnetite during synthesis unlikely. Therefore, the

magnetite signal is attributed to very low levels of contamination (e.g., one to several nanoparticles).
Particle Shape and Aggregation State

TEM images (Figure 6) of samples aged for 0—6 h also show that hematite content increases with
aging time. Initially, little diffraction contrast is observed in the large aggregates of primary particles,
and diffraction contrast of the primary particles increases with aging time. The unaged and 2-h
sample are very similar in appearance, even though magnetic results indicate that small hematite
particles are present in greater amounts after aging. After 3 h, hematite particles were visually
identifiable in the images. Lattice fringes visible in the high-resolution image (Figure 6, middle right)
have spacing consistent with hematite (012) planes. Though the hematite particles appear to have a
wide range of morphologies, they are actually relatively monodisperse; a tilt series of TEM images
showed that a single particle could appear rhombahedral, hexagonal, or irregularly shaped

dependlng on |ts orientation relative to the electron beam (Figure S1).

Figure 6. Time-resolved TEM images from the synthesis of hematite from an aqueous suspension of 2-line
ferrihydrite aged at 90 °C. At 0 and 2 h, only primary particles are visible. After 3, 4, and 6 h, a mixture
primary particles and large hematite crystals can be seen. Three hour sample, right image: The earliest
sample in which hematite could be identified, based on lattice fringe spacing, was 3 h. The white line

parallels the hematite (012) lattice fringes.

Aggregation of nanoparticles is a common drying artifact of conventional TEM specimen preparation,
so an in situ technique, such as cryo-TEM, is needed to gain insight into the actual aggregation state
of the particles in suspension. Figure 7 shows a cryo-TEM image of a specimen vitrified after 6 h of

aging. The primary particles were highly aggregated, and large hematite crystals were always seen
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in proximity to these fractal-like structures. The small particles have a wide range of contrast, which
is most likely the consequence of diffraction contrast. Thus, we conclude that there is a range of
crystallinity in the small particles. The hematite crystals in the higher-magnification inset appears to
be made up of many small subunits, consistent in size with the primary particles, and are relatively
uniform in contrast, which would be expected if the particles were crystallographically aligned
(perhaps through OA). A small amount of nanorods was also seen, consistent in shape with

goethite, (5. 42) but goethite was not detected by any of the other characterization techniques.
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Figure 7. Cryo-TEM images of 2InFh aged for 6 h at 90 °C prior to vitrification. Primary particles—likely a mix
of 2InFh and hematite—and high-contrast, 30—80 nm hematite particles are both visible in the sample

vitrified after 6 h of aging. Inset: higher magnification image showing texture of a large hematite particle.

Kinetics

The consumption of primary particles—2InFh and similarly sized hematite—in the formation of large
hematite crystals was measured using preferential dissolution by an oxalate buffer. Preferential
dissolution by oxalate is commonly used in soil science to determine the content of poorly crystalline
iron in a soil sample by exploiting the difference in dissolution rates between poorly crystalline and
well-crystalline iron-containing minerals (e.9., Ko >> Kuomaie).(15. 73)Small hematite particles also
dissolve more rapidly than larger ones, presumably due to their higher surface area and an increase
in surface structural disorder (Figure S2). The amount of dissolved Fe(lll) is proportional to the
amount of iron contained in primary particles and can be used to determine the rate at which primary
particles are consumed to form large hematite particles.

Linear trends in a plot of inverse Fe(lll)., concentration vs time (Figure 8A) indicate that the
consumption of primary particles follows a second-order rate law. This is consistent with a particle-
mediated crystal growth mechanism, such as OA. Consumption of primary particles was also found
to be more rapid when 2InFh suspensions were aged at 90 °C, rather than 77 °C, showing that the
rate of this reaction is temperature-dependent. Though the mineral phase cannot be determined
from oxalate dissolution alone, a pellet consistent in color with the final hematite suspensions was

visible to the eye after centrifuging a sample that had been aged for 0.5 h at 90 °C and treated with
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the preferential dissolution process. This shows that preferential dissolution via oxalate can be used
to detect non-ferrihydrite phases at concentrations detectable only by SQuID magenetometry and

undetectable by the X-ray diffraction techniques.
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Figure 8. (A) Inverse concentration of Fe(lll) (aqg) after preferential dissolution by oxalate as a function of
aging time for samples aged at 77 (solid squares) and 90 (solid and open diamonds) °C. [Fe(lll)] is directly
proportional to the concentration of primary particles remaining at each sampling time. (B) Cryo-TEM image
of a sample treated with the preferential dissolution process for 7 min prior to vitrification. Many large

hematite particles remain, but few primary particles are visible.

Cryo-TEM images of a suspension aged for 6 h at 90 °C and treated with the preferential dissolution
procedure before vitrification (Figure 8B) show hematite crystals consistent in shape and size with
the predissolution sample (Figure 7) and the conventional TEM images. Very few small particles can
be seen, leading us to the conclusion that preferential dissolution by oxalate buffer was effective at

dissolving primary particles.
Implications for Phase Transformation and Growth

The formation of small hematite particles could occur along many possible pathways. Small hematite
domains were observed in the as-synthesized 2InFh, which could provide nucleation sites for the
propagation of hematite throughout an aggregate in a solid-state phase transformation. This is
similar to the final steps of the proposed model of akaganeite to hematite transformation presented
by Frandsen and Legg et al., in which additional akaganeite particles aggregate onto large hematite
particles and then phase transform.(59) On the other hand, ferrihydrite could transform into small
hematite particles, which then assemble via OA, as broadly proposed by Lin et al. (2013). In this
case, transformation could be induced via interface nucleation (IN) if two particles made transient
contact and formed an interface at which the new phase could nucleate, but did not form particle—
particle bonds before disaggregating. Hematite growth could also occur by the dissolution of
ferrinydrite and precipitation of the dissolved species onto pre-existing hematite nuclei. Finally, the

formation of hematite from the aggregation of ferrihydrite particles followed by solid-state phase
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transformation cannot be ruled out as an additional pathway concurrent with one or more of the
others proposed.

Our data support several of these possible pathways. The texture of the hematite particles observed
in TEM images supports a particle-mediated growth mechanism (Figures 6, 7, and S2) and only
rules out DP as the dominant route of hematite formation. Peak broadening analysis (Figure 3)
indicates that >20 nm hematite particles are present as early as 2 h of aging. The XRD data could
indicate that ferrihydrite aggregated into large structures prior to transformation or that small
hematite particles had already assembled into a larger structure via a process such as OA.

The observed diffraction contrast in TEM images (Figures 6 and 7) suggests that small crystalline
particles formed prior to aggregation into larger structures. The hematite structural intermediates
seen in Figures 7 and 8b (insets) are reminiscent of the structural intermediates interpreted as
evidence for OA in goethite crystal growth in which phase transformation precedes aggregation.(42.
81) Magnetometry results also support the hypothesis that small hematite particles form first,
followed by aggregation.

With the exception of DP, all of the proposed mechanisms are types of particle-mediated growth and
would be consistent with a second order rate law,(31) as observed via preferential dissolution
(Figure 8a). Particles may assemble before or after phase transformation. DP and coarsening may
also play a role, e.g., by filling in the dimpled surfaces of the large hematite nanopatrticles, such as
those seen in Figures 6, 7, and S1.(28. 82)

The order of phase transformation and crystal growth, and mechanisms by which these processes
occur, have important environmental impacts. Iron oxides play significant roles in the sequestration
of arsenic and heavy metals, and understanding the release of these elements due to dissolution or
their uptake during precipitation, phase transformation, and crystal growth will aid in making more

accurate predictions about the fate and transport of these elements through the environment.

Conclusion

Several possible mechanisms for phase transformation and growth of hematite from 2InFh have
been discussed. Low temperature magnetometry data demonstrate the presence of small, poorly
crystalline hematite particles at very early aging times and support the hypothesis that small 2InFh
particles first phase transform, then aggregate or serve as sites for aggregation of additional
ferrinydrite. Measurements of remanent magnetization detected and identified hematite at lower

concentrations and higher defect levels than the X-ray diffraction techniques used here. Evidence
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was also seen for the rapid formation of large hematite particles, supporting the hypothesis of
assembly followed by rapid transformation. Ultimately, we conclude that 2InFh undergoes phase
transformation before assembly into larger particles but do not exclude the possibility that both of the

proposed mechanisms operate simultaneously.
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