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ABSTRACT

Iron (oxyhydr)oxides are sensitive indicators of pH, Eh, temperature, microbial activity, and climate conditions
in the Critical Zone. The most ubiquitous and environmentally significant iron oxides in most soils are two-line
ferrihydrite, goethite, and hematite. Here we present a comprehensive study of the transformation of two-line
ferrihydrite to hematite and goethite over a wide range of temperature (25-170 °C) and initial pH (2—-13)
conditions through ex situ batch and in situ synchrotron X-ray diffraction (XRD) experiments.

Within the high time resolution of our experiments, goethite and hematite nucleated nearly simultaneously
from ferrihydrite in nearly equal concentrations by mass. Hematite increased in abundance relative to goethite
until a steady-state ratio was achieved, and both phases ceased growth on the depletion of ferrihydrite. Higher
temperatures and lower water activities favored hematite formation at all pH values studied. In both our batch
and our time-resolved, angle-dispersive synchrotron X-ray diffraction experiments, hematite was favored relative
to goethite at an initial pH of 3 to 5. In contrast, goethite preferentially formed in neutral (initial pH 7-8) and
highly alkaline conditions (initial pH > 11). Surprisingly, mildly alkaline conditions (initial pH 9-11) induced
the precipitation of a highly Fe-deficient (Feye. = ~0.80-0.90) variety of hematite known as “hydrohematite” in
greater concentrations than goethite. Our results are useful for the application of hematite-goethite ratios as

paleoclimate proxies for soil and sediment systems with low pH buffering capacities.

1. Introduction

Two-line ferrihydrite (referred to as ferrihydrite below), with an
approximate formula of Fedd 014(0OH),, is a poorly crystalline and
metastable iron oxyhydroxide that frequently occurs in aqueous envi-
ronments, such as in hydromorphic soils, rock-drainage waters,
groundwaters, and marine environments (Carlson and Schwertmann,
1981; Childs, 1992; Jambor and Dutrizac, 2003; Michel et al., 2007). In
many soil systems, ferrihydrite transforms to the thermodynamically
favored Fe (oxyhydr)oxides goethite (a-FeOOH) and hematite (a-Fe30s3),
typically over short timescales (Paterson, 1999; Lagroix et al., 2016).
Because of the ubiquity of Fe (oxyhydr)oxides in the Critical Zone, un-
derstanding the kinetics and mechanisms by which this transformation
occurs can yield insights into weathering processes on Earth and Mars
(Christensen et al., 2001; Fraeman et al., 2013; Chen et al., 2021). The

three most significant factors that influence the extent of transformation
are pH, temperature, and time (Schwertmann and Murad, 1983; Das
et al., 2011; Colombo et al., 2014; Lagroix et al., 2016). Although this
transformation has been extensively studied, the variable ratios of he-
matite to goethite in the reaction products have been reported for only
limited pH and temperature conditions (Vu et al., 2010; Das et al.,
2011).

The relative concentrations of hematite and goethite often are
quantified through the “hematite-goethite ratio”, which is calculated as
the wt% hematite/(wt% hematite + wt% goethite) in a mixture. This
ratio has been used as a pedoenvironmental indicator for water pre-
cipitation (Hyland et al., 2015; Long et al., 2016), global warming
(Lagroix et al., 2016), landscape dissection (Silva et al., 2020), and soil
relief (Camargo et al., 2013). Moreover, the relative concentrations of
hematite and goethite in soils have significant implications for metal
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adsorption, ion exchange, catalytic activity, magnetic properties, mi-
crobial activity, and physical properties (such as color and shear
strength) of soil systems (Carlson and Schwertmann, 1981; Childs, 1992;
Cornell and Schwertmann, 2003; Ferris, 2005; Vu et al., 2010; Parry,
2011). As hematite and goethite are abundant not only in nature but also
are important industrial materials, knowledge of the hematite-goethite
ratio under various synthesis conditions offers important technological
implications as well (Schwertmann and Cornell, 1992; Cornell and
Schwertmann, 2003).

Generally, hematite forms preferentially to goethite at higher tem-
peratures, lower moisture conditions, and with less organic matter, but
the relationship with pore solution pH is more complicated (Kampf and
Schwertmann, 1983). Many studies have indicated that the hematite-
goethite ratio has a high sensitivity to pH (Johnston and Lewis, 1983;
Schwertmann and Murad, 1983; Ocana et al., 1995; Das et al., 2011).
Schwertmann and his coauthors first quantitatively studied the trans-
formation of two-line ferrihydrite at low temperatures (4-25 °C) and pH
2.5-12 up to 10-12 years with pH adjustments every several months
(Schwertmann and Murad, 1983; Schwertmann et al., 1999, 2004).
Using XRD and Mossbauer spectra, their results showed that hematite
formation was maximized between pH 7 and 8, whereas goethite
dominated at pH 4 and pH 12.

More recent studies, using novel in-situ synchrotron XRD techniques,
have advanced the study of iron oxide transformations to a time-
resolution of minutes (Shaw et al., 2005; Vu et al., 2010; Brinza et al.,
2015; Peterson et al., 2018). However, some of these investigations
employed energy- rather than angle-dispersive approaches, inhibiting
the application of whole-pattern analysis by Rietveld methods (Shaw
etal., 2005; Vu et al., 2010; Brinza et al., 2015). Moreover, these studies
focused on Fe (oxyhydr)oxide transformations at a specific initial pH:
1.4 (Peterson et al., 2018), 8 (Brinza et al., 2015), 10.7 (Shaw et al.,
2005), and 13.2 or higher (Shaw et al., 2005; Vu et al., 2010). No studies
have interrogated ferrihydrite transformations with a time resolution of
seconds and over a range of pH concentrations, temperatures, and time.

In the present work, we highlight the transformation of ferrihydrite
to hematite and goethite over a wide range of unbuffered, initial pH
(2—11) and at temperatures from 25 to 170 °C. In addition, we per-
formed both in vitro batch experiments and in situ time-resolved exper-
iments, using two-line ferrihydrite synthesized in static systems from
unbuffered iron nitrate solutions without seeding. We monitored crystal
growth after setting the initial pH without additional adjustments in
order to avoid the dilution that would occur during long-term experi-
ments and to remove possible interferences between the buffers and the
precipitation of hydrous phases (Ling et al., 2015). In parallel, we
captured the transformation pathway in real-time by angle-dispersive
time-resolved X-ray diffraction (TRXRD). The application of Rietveld
analysis to our TRXRD data revealed the ratios of hematite to goethite
with high time resolution, allowing us to correlate the evolution of
crystal structure with pH, temperature, and reaction kinetics.

2. Materials and methods
2.1. Batch experiments

Ferrihydrite gels were prepared according to protocols modeled after
those of Schwertmann and Cornell (1992) and Das et al. (2011). 0.2 M Fe
(NO3)3 solutions were prepared by dissolving 0.20 g of Fe(NO3)3 9 HyO
(Sigma-Aldrich, ACS reagent, >98%) in 25 mL deionized (DI) water. 1 M
KOH solutions were prepared by dissolving 14.03 g of KOH (Sigma-
Aldrich, anhydrous, >99.95% trace metals basis) in 250 mL DI water.
25 mL volumes of 0.2 M Fe(NO3)3 solutions were then titrated with 1 M
KOH drop by drop to the initial pH of interest, ranging from 2 to 12.
Brown ferrihydrite precipitated as soon as the titration started, and the
viscosity of the ferrihydrite gel increased with higher pH as more fer-
rihydrite precipitated. The amounts of the 1 M KOH solutions used to
titrate to each target pH are summarized in Table S1. Two-line
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ferrihydrite formed as soon as KOH titrated the iron nitrate solutions,
as ascertained by XRD data. Each ferrihydrite gel was immediately
transferred to a perfluoroalkoxy alkane (PFA) digestion vessel and
sealed.

For ex-situ batch heating experiments between 70 °C and 170 °C, 25
mL of fresh ferrihydrite gel (with <4 h of aging at room temperature)
were heated in digestion vessels in a drying oven at temperatures 70, 80,
100, 110, 130, 150, and 170 °C. After 48 h of heating, the digestion
vessels were removed from the oven and cooled gradually to room
temperature. We then recorded the pH of the solution at room temper-
ature. Since the pH changed during the transformation, the “pH”
designated for each run refers to the initial pH only. The changes in pH
are shown in the Supporting Information (Table S2). Reaction products
were filtered using 0.05 pm membranes, washed with deionized water
three times, air-dried overnight in a fume hood, and weighed. Weights of
final products are shown in Fig. S1.

For the ex-situ room temperature (RT) batch experiments, 100 mL of
0.2 M Fe(NOs)3 solutions were titrated with 1 M KOH to the initial pH of
interest. The ferrihydrite gels at initial pH 2-11 were stored at a
constant-temperature of 25 °C for 40 to 1517 days. We extracted 10 mL
of the gels at 40, 300, 1240, and 1517 days. The changes in pH are
shown in Table 1 and in the Supporting Information (Table S3). All pH
measurements were conducted at room temperature. The reaction
products were filtered using 0.05 pm membranes, washed with deion-
ized water three times, air-dried overnight in a fume hood, and inves-
tigated using synchrotron XRD (Fig. S2).

2.1.1. X-ray diffraction of batch reaction products

Both conventional and synchrotron XRD were used to characterize
and quantify the reaction products in the batch experiments. Once a
powder had dried, it was disaggregated with acetone in an agate mortar
and pestle. The powder was then placed within a polyimide (Kapton)
capillary (outer diameter 0.8 mm). For the reaction products at T >
90 °C, XRD data were collected with a Rigaku DMAX-Rapid II micro-
diffractometer at 50 kV and 40 mA using a Mo source (A = 0.7107 fo\)
(Department of Mineral Sciences, US National Museum of Natural His-
tory). Samples were scanned from 4° to 44° 26 at 2 °/min and rotated
180° about phi (parallel to the length of the capillary) to minimize
preferred orientation. Diffraction rings were collected with an area de-
tector, and the integration step size was 0.02°. Due to the low concen-
tration of crystalline material in the Fe-rich mixture, for the reaction
products at 70 and 80 °C, ex-situ synchrotron XRD data were collected at
the GeoSoilEnviroCARS (GSECARS) 13-BM-C beamline at the Advanced
Photon Source (APS), Argonne National Laboratory (ANL). The X-ray
wavelength was 0.8266(2) 10%, and the distance from beam center to
sample was 96.415 mm. To reduce preferred orientation effects, the
capillary was rotated from O to 30° about phi during a 30 s exposure
time. Diffraction rings were collected using an area detector, and 2-
dimensional diffraction patterns were obtained by the integration of

Table 1
Changes in pH during the transformation of ferrihydrite to hematite (Hm) and
goethite (Gt).

Initial Temperature (80 °C), 48 h Temperature (130 °C), 48 h
Solution pH Final Hm/(Hm + Final Hm/(Hm +
Solution pH Gt) (wt%) Solution pH Gt) (Wt%)
2.00(3) 1.16(1) 0.765(5) 0.68(1) 1.000(1)
3.00(3) 2.28(1) 1.000(1) 1.69(1) 1.000(1)
4.00(4) 2.23(2) 1.000(1) 1.37(2) 1.000(1)
5.00(2) 2.47(2) 0.784(5) 1.94(2) 0.901(2)
6.00(4) 4.38(2) 0.450(8) 2.20(2) 0.545(1)
7.00(3) 7.51(3) 0.388(9) 2.46(2) 0.634(6)
8.00(9) 8.14(4) 0.576(6) 6.49(3) 0.635(2)
9.00(4) 9.90(1) 0.790(2) 11.35(1) 0.886(2)
10.00(4) 11.87(1) 0.809(2) 11.92(2) 0.852(2)
11.00(4) 12.30(2) 0.369(3) 12.24(2) 0.344(2)
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diffraction rings using Dioptas (Prescher and Prakapenka, 2015). All
XRD patterns were analyzed using the JADE Pro v8.5 software (ICDD,
Livermore, CA).

2.2. In situ, time-resolved synchrotron X-ray diffraction (TRXRD)
experiments

2.2.1. Sample preparation for TRXRD experiments

Analogously to our batch experiments, fresh 1 M Fe(NO3)3 solutions
were prepared by dissolving 40.39 g Fe(NO3)s ¢ 9 Hy0 in 100 mL DI
water, and fresh 5 M KOH was prepared by dissolving 28.05 g of KOH in
100 mL DI water. Starting ferrihydrite gels for the TRXRD experiments
were prepared by titrating 10 mL of 1 M Fe(NO3)3 solutions with 5 M
KOH until the initial pH of interest was achieved. The volumes of KOH
consumed to achieve the initial pH are presented in Supplementary In-
formation (Table S4). The ferrihydrite gel was then injected into a 1.00
mm thin-walled quartz glass capillary (Charles Supper Company) using
a syringe. The approximate volume of the ferrihydrite gel in each
capillary was 0.04 mL. Capillaries were sealed using a UV fast-curing
epoxy (Product #0G142-87, Epo-Tek) and a full-spectrum UV lamp
(EXFO X-Cite Series 120) for 10 min. X-ray diffraction and heating and
of the ferrihydrite gels were performed within 3 h of the time of injection
into the capillaries to keep the ferrihydrite fresh. Solution volumes,
headspaces of each capillary, UV epoxy curing time, and ferrihydrite
aging time were as similar as possible to maintain consistency among
samples. The starting pH concentrations for the ferrihydrite gels ranged
from 2 to 13. For the TRXRD experiments, no pH buffer was added to
maintain the pH. Because of the limited time available for synchrotron
data collection, the TRXRD experiments were conducted only at 130 °C
to maximize reaction rates.

2.2.2. Data collection conditions for time-resolved synchrotron X-ray
diffraction

The TRXRD experiments were conducted at the GSECARS 13-BM-C
beamline at the APS (Fig. 1). Each capillary was mounted on a goni-
ometer and heated with a He forced-gas heater designed and fabricated
at GSECARS, as described in Chen et al. (2021). The temperature was
calibrated by monitoring two phase transformations of RbNO3 (Alfa
Aesar, 99.8%, metals basis) loaded in the same type of thin-walled
quartz capillary. Based on this standardization, the temperature
measured by the thermocouple was within +1.5 °C of the actual tem-
perature. The heater raised the temperature from 22 °C to 130 °C within
10 s and then remained at 130 °C within 0.1 °C.

A LaBg SRM 660 standard (NIST) was used to determine the X-ray
wavelength, the sample-to-detector distance, and the beam center po-
sition. The X-ray wavelength for the TRXRD experiments was 0.8289(4)
A, and the sample-to-detector distance was 108.51 mm. The X-ray beam
was focused on the center of the heating window with a beam size of 0.3
mm in height and 0.4 mm in width (along the capillary length). Capil-
laries were slightly tilted at a 30° angle relative to the horizontal to

Fig. 1. Setup for time-resolved X-ray diffraction experiments at GSECARS 13-
BM-C, beamline at the Advanced Photon Source, Argonne National Laboratory.
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promote downward sedimentation of the precipitates. Preferred orien-
tation was minimized by rotating capillaries about phi from 0° to 30° at
a rate of 1°/s. The exposure time for each pattern was 30 s.

2.3. Rietveld structure refinement

Each powder pattern was fit using the General Structures Analysis
System I (GSAS I) program (Larson and Von Dreele, 2000; Toby, 2001).
The starting structure parameters for hematite (space group R3c) and
goethite (space group Pnma) were derived from Blake et al. (1966) and
Gualtieri and Venturelli (1999), respectively. Background, scale factor,
zero shift error, unit-cell, and peak profile parameters were allowed to
refine. The background was fitted with a shifted Chebyshev polynomial
with 12 coefficients. The large amorphous scattering humps from the
capillary and water were fit as part of the background. Peak profiles
were modeled using a pseudo-Voigt function with constant values for
the Cagliotti peak profile functions GU, GV, and GW as determined from
the refinement of a LaBg standard that was analyzed using the same
experimental protocols as the Fe (oxyhydr)oxide samples. Profile pa-
rameters sensitive to crystal size broadening (LX), strain broadening
(LY), anisotropic crystal size broadening (ptec), and anisotropic micro-
strain broadening (Spk) also were included. The d-spacing range for all
refinements was 5.0-1.3 A (26 range: 9° - 37.5°). After the above pa-
rameters had converged, atomic positions, isotropic temperature factors
(Uiso), and iron occupancies in hematite were allowed to refine. Repre-
sentative refinements of our reaction products are shown in the Sup-
porting Information (Tables S3, S4, and Fig. S3).

2.4. Characterization of crystal morphology

We observed end-product crystal morphologies and particle sizes
from our batch experiments using field emission scanning electron mi-
croscopy (FE-SEM) and transmission electron microscopy (TEM). For
SEM analyses, sample powders were ultrasonically dispersed in ethanol,
then transferred to and dried on double-sided sticky carbon tape, and
finally coated with 5 nm of iridium (Ir) to prevent sample charging. The
SEM images were obtained using a Scios 2 FE-SEM (Materials Charac-
terization Laboratory, Pennsylvania State University) with an acceler-
ating voltage of 5 keV and beam current of 50 pA. For TEM analyses,
samples were first dispersed in ethanol by ultrasonication and then air-
dried on a holey carbon film on Cu grids. TEM images were acquired
using a FEI Talos F200X (S)TEM (Materials Characterization Laboratory,
Pennsylvania State University) at an acceleration voltage of 200 kV.

3. Results and discussion
3.1. Transformation of ferrihydrite to hematite and goethite

The starting Fe (hydr)oxide gels were identified as 2-line ferrihydrite
using X-ray diffraction based on two broad peaks at 2.50 and 1.45 A,
consistent with other studies (Schwertmann and Cornell, 1992;
Schwertmann et al., 2004; Michel et al., 2007). No significant differ-
ences in the starting two-line ferrihydrite samples were discernible with
wide-angle synchrotron XRD, regardless of initial pH (Fig. 2A). Water
introduced broad but low background humps at ~3.18 and 2.11 A (1/d
=0.31and 0.47 A1), and the quartz capillary contributed an additional
minor background hump at ~4.17 A (1/d=0.24 1"\’1) (Fig. 2B). As more
KOH was added to the iron nitrate solution to increase pH, more ferri-
hydrite precipitated (Schwertmann and Cornell, 1992). Thus, the
diffraction pattern for the ferrihydrite gel at pH 12 had a greater peak-to-
background intensity ratio than was the case at pH 2. The ferrihydrite
gel at pH 13 spontaneously transformed to goethite at room
temperature.

Hematite and/or goethite were the only transformation products
from ferrihydrite in our batch and -capillary experiments. No
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Fig. 2. (A) Synchrotron XRD patterns of fresh two-line ferrihydrite (Fh) at initial pH 2-12 in quartz capillaries at room temperature. Two-line ferrihydrite has two
characteristic broad peaks at 2.50 and 1.45 A (1/d = 0.4 and 0.69 A™1). (B) Synchrotron XRD patterns of an empty quartz capillary and of a quartz capillary

with water.

intermediate phases, such as lepidocrocite (y-FeOOH) (Boland et al.,
2014), six-line ferrihydrite (5Fe2O3 ¢ 9H,0) (Jansen et al., 2002; Kuk-
kadapu et al., 2003; Burleson and Penn, 2006), or maghemite (y-Fe3O3)
(Liu et al., 2008) were observed, as reported by other studies on the
ferrihydrite to hematite/goethite transformation. The appearance of
these intermediate phases is caused by foreign ions, such as Fe?,
hydrogen carbonate (HCO3), phosphate (P043’), etc. Hematite and/or
goethite are the primary alteration products of pure ferrihydrite at any
PH or temperature, in either anoxic or oxic conditions.

In our TRXRD experiments at 130 °C, we observed that only hematite
precipitated when the initial pH ranged from 2 to 5 (Fig. 3). The relative
abundance of hematite within the X-ray beam footprint can be quanti-
fied through refined scale factors, which are fitting parameters that scale
the calculated intensities to the observed intensities. We normalized the
scale factor for each pattern to the scale factor refined for the final
pattern of each run to determine the relative change in mass with time.
As seen in Fig. 4, hematite continuously precipitated from ferrihydrite
until reaching a plateau at 2000 s, at which point ferrihydrite was

Hm __
(014)

130 °C, initial pH 2

Intensity

exhausted.

In contrast, between pH 6 and 12 at 130 °C, in situ XRD revealed that
both hematite and goethite crystallized from ferrihydrite (Fig. 5). In
Fig. 6, the refined scale factors for hematite and goethite are plotted as a
function of time for starting pH values of 6 and 9, indicating the relative
amounts of hematite and goethite during crystallization. Over this pH
range, the precipitation of hematite and goethite occurred in four stages:
1) hematite and goethite diffraction peaks emerged almost simulta-
neously, indicating near-concurrent nucleation of the two phases from
the ferrihydrite gel; 2) the growth of hematite outpaced the formation of
goethite until a steady-state ratio was achieved; 3) hematite and goethite
continued to co-precipitate at that steady-state proportion so long as
ferrihydrite remained; 4) as the ferrihydrite depleted, the growth of
hematite and goethite slowed and then terminated, with no further in-
crease in mass abundance. Although roughly equal amounts of goethite
and hematite formed initially, the more rapid rate of hematite produc-
tion relative to goethite likely resulted from a rapid pH decrease from
the initial values. Nevertheless, the final ratios of hematite-to-goethite,

10 15

26 (°)

Fig. 3. Stacked TRXRD patterns showing the crystallization of hematite from two-line ferrihydrite at 130 °C, initial pH 2.
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Fig. 5. Stacked TRXRD patterns showing the crystallization of hematite (red
peaks) and goethite (yellow peaks) from 2-line ferrihydrite at 130 °C, initial pH
9. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

and the rates of precipitation, showed a strong dependence on the initial
pH. (A full kinetic analysis of Fe (oxyhydr)oxide crystallization will be
treated in a separate paper).

It was notable that the hematite-goethite ratio remained constant
during the final crystal growth stage; this behavior was reproduced for
other combinations of temperature and pH in our experiments (Chen
et al., 2021). Likewise, when ferrihydrite was sufficiently abundant, a
constant hematite-goethite ratio also was observed for low- to room-
temperature systems (4 to 25 °C) in other studies (Schwertmann and
Murad, 1983; Schwertmann et al., 2004). Even when unreacted ferri-
hydrite could still be detected, Schwertmann et al. (2004) observed that
the hematite-goethite ratio scarcely changed after 441 days over a wide
pH range. We also sampled our room temperature (25 °C) products after
40, 300, 1240, and 1517 days. Within error, the changes in the hematite-
goethite ratio were not measurable after 300 days. However, the dried
products were poorly crystalline, and significant quantities of ferrihy-
drite persisted at 300 days. The broad diffraction peaks from two-line
ferrihydrite generated a background that was hard to distinguish from
the poorly crystalline hematite and goethite in our room temperature

Chemical Geology 606 (2022) 120995

samples; thus, quantifying hematite and goethite in these runs was
limited by errors up to 10 wt%, even using synchrotron XRD.

The co-precipitation of hematite and goethite raised the possibility
that the two phases were intergrown. Using HRTEM, Chen et al. (2021)
observed alternating bands of hematite and goethite in natural botry-
oidal samples that revealed lattice coherence at the interface. However,
examination of the products in the present experiments by scanning and
transmission electron microscopy did not support this inference. SEM
images (Fig. 7A) revealed that when only hematite precipitated (initial
pH 2 to 5), the crystals formed as rhombic platelets with an average
diameter of 100 + 20 nm. When the products contained a mixture of
hematite and goethite, nanoparticles were aggregated such that hema-
tite and goethite could not be morphologically distinguished within the
resolution of the SEM (Fig. 7B). Nevertheless, TEM images of these
mixtures (Fig. 7C) allowed for the unambiguous discrimination of he-
matite and goethite nanocrystals. Goethite appeared as acicular crystals
with lengths of 200 + 50 nm and widths of 15 + 5 nm. Hematite, on the
other hand, occurred as equant crystals that were predominantly
diamond-shaped with an average diameter of 60 + 10 nm. Fast Fourier
transforms (FFT) of high-resolution TEM images confirmed these iden-
tifications. Thus, even though goethite and hematite both are hexago-
nally closest-packed structures, TEM observations revealed that
hematite and goethite precipitated as separate nanoparticles, not as
layered intergrowths.

Moreover, we observed no evidence for the transformation of
goethite to hematite within 48 h at 70-170 °C or even within 1517 days
at 25 °C. The dehydration of goethite is extremely slow at temperatures
lower than 150 °C because the activation energy for the transition of
goethite to hematite is fairly high, ranging from 107 to 170 kJ/mol
(Goss, 1987; Walter et al., 2001). Thermogravimetric experiments of
these authors suggest that only the surface-sorbed water in goethite can
be removed at temperatures below 150 °C. Goss (1987) argues that the
transformation of goethite to hematite by dry heating starts at ~200 °C,
and the complete transformation of goethite to hematite requires >4
days at 120 °C. Therefore, the secondary transformation of goethite to
hematite observed in Vu et al. (2010) can be attributed to their exper-
imentally high temperatures of 180-240 °C and high starting pH of 13.2.

3.2. Hematite-goethite ratios at moderately high temperature
(70-170 °C) and initial pH from 2 to 11

To capture the relative contributions of pH and temperature to the
transformation of ferrihydrite, we fit our non-RT data to a smooth sur-
face using a local weighted regression (Fig. 8A) and projected the sur-
face from 3D to 2D in Fig. 8B using MATLAB R2020b (Martinez et al.,
2017). These experiments further confirmed that higher temperatures
induced higher hematite-goethite ratios at all initial pH concentrations,
suggesting that thermodynamic forces outweigh kinetic factors at higher
temperatures. It should be noted, however, that reaction progress was
not identical for all conditions studied. When the heating temperature
was 90 °C or higher, ferrihydrite had completely reacted in all runs.
However, when the temperature was lower than 90 °C, the trans-
formation was incomplete after 48 h for some combinations of pH and
temperature. Residual ferrihydrite was observed for the initial pH 2-8 at
70 °C and pH 6-8 at 80 °C, suggesting slow reaction kinetics in neutral
conditions.

As seen in Fig. 8, at initial pH 2-5, hematite dominated relative to
goethite when the temperature exceeded 80 °C, with goethite present at
<20 wt% of the final product. However, the hematite-goethite ratio
dropped sharply at 70 °C (Fig. 8) and 25 °C at pH 2 (Fig. 9), such that
goethite accounted for 98 wt% of the precipitate at these lower tem-
peratures. Previous studies support our observations that only hematite
forms at temperatures higher than 90 °C when ferrihydrite or akageneite
is the reaction precursor at initial pH < 2 (Johnston and Lewis, 1983;
Das et al., 2011; Peterson et al., 2016). Conversely, over 90 wt% of the
ferrihydrite reaction product is goethite at pH 2 when the temperature is
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Fig. 6. The growth of hematite and goethite with time from representative TRXRD experiments. Changes in refined scale factors and weight fractions for hematite
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Fig. 7. SEM images of pure hematite (A) obtained by heating the ferrihydrite gel (initial pH at 4) at 110 °C for 48 h. A mixture (B) of 60 wt% hematite (Hm) and 40
wt% goethite (Gt) synthesized from initial pH 6 and heating at 110 °C for 48 h. (C) Bright-field TEM image of the sample in (B). Hematite appeared as hexagonal
plates with an average diameter of 60 + 10 nm, whereas goethite occurred as acicular crystals with lengths of 200 + 50 nm and widths of 15 + 5 nm.

lower than 50 °C (Schwertmann and Murad, 1983; Schwertmann et al.,
2004; Das et al.,, 2011). Although hematite is thermodynamically
favored even at low pH (Grgnvold and Samuelsen, 1975; Laberty and
Navrotsky, 1998), the activation barrier to hematite crystallization is
relatively high at pH 2 (Vu et al., 2008; Franciscco et al., 2016). Thus,
kinetic barriers override thermodynamics below 70 °C, leading to a
dramatic drop in the hematite-goethite ratio.

At higher initial pH values, the greater hydroxyl concentrations
promoted goethite formation, and the hematite-goethite ratios
decreased to a minimum at an initial pH ~ 7 (Figs. 8, 9). When the
starting pH was in the range of 9 to 10, hematite again dominated even

at low temperatures, despite the higher concentration of OH™ . We argue
that the increase in hematite-goethite ratios at initial pH 9-10 may be
explained by the formation of superhydrous hematite rather than stoi-
chiometric hematite (Wolska, 1981; Gualtieri and Venturelli, 1999;
Chen, 2021; Chen et al., 2021). Our Rietveld refinements revealed that a
hydrous hematite, named hydrohematite (Wolska, 1981; Gualtieri and
Venturelli, 1999; Peterson et al., 2015; Chen et al., 2021), forms in
alkaline conditions in both in-situ and ex-situ experiments (Table S5 and
S6). For example, the refined Fe occupancy of hematite formed at a
starting pH of 2 was 1.00(1), whereas at an initial pH of 10, Fe,.. was
0.91(2) in our batch experiments (Table S5). The differences in the X-ray
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diffraction patterns produced by hydrohematite and stoichiometric he-
matite are demonstrated in the Supporting Information (Fig. S4). The
refined Fe occupancies of our synthetic hematite varied from 0.6 to 1.0

based on reaction time, heating temperature, and pH concentration
(Chen et al., 2021). A comprehensive structural analysis will be pre-
sented in a separate paper. The general formula for hydrohematite is Fes.
x/303.x(OH), (Wolska, 1981), with iron concentrations ranging from
0.80 to 0.90 and water contents of 7.80 to 3.63 wt%, as identified in
natural hydrohematite specimens (Wolska, 1981; da Cunha and da
Costa, 2016; Chen et al., 2021). The Fe occupancies of hydrohematite in
these studies were analyzed by XRD and electron probe microanalysis
(EPMA), and hydroxyl contents were further confirmed by infrared
spectroscopy (FTIR) and thermogravimetric analysis coupled with mass
spectrometry (TGA-MS). Because OH™ groups are incorporated in
hydrohematite, we speculate that it is energetically favored relative to
stoichiometric hematite in slightly alkaline conditions, even out-
competing goethite in our experiments.

Highly alkaline conditions (initial pH > 11) always favored goethite
formation because of the excess hydroxyl concentrations in solution,
consistent with previous studies (Lewis and Schwertmann, 1980;
Johnston and Lewis, 1983; Schwertmann and Murad, 1983; Schwert-
mann et al., 2004; Shaw et al., 2005; Vu et al., 2010; Heaney et al.,
2020). At pH 13 and 90 °C, goethite was the only phase to form.

3.3. Divergence of our results from the classical model of Schwertmann
and Murad (1983)

Schwertmann and Murad (1983) were the first to perform a
comprehensive study of the ferrihydrite to hematite/goethite trans-
formation as a function of pH. Their study targeted pH concentrations
ranging from 2 to 11, and they were all conducted at room temperature
(24 °C) (Fig. 10A). After ferrihydrite had aged for 441 days in their
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present study (B).

experiments, these authors observed that hematite formation was
maximized at pH 7-8, whereas goethite formation was favored at pH 4
and 12. These results contrast with the behaviors we observed for our
room-temperature experiments (25 °C, Fig. 10B). After aging ferrihy-
drite for 1517 days at 25 °C in our batch experiments, only goethite
formed at pH 2 and pH 11, whereas hematite was favored in mildly
acidic (pH 3-5) and mildly alkaline conditions (pH 9-10).

What is the cause of these discrepancies? The experimental protocols
in Schwertmann and Murad (1983) and Schwertmann et al. (2004) were
different from ours in the following respects: 1) these authors prepared
ferrihydrite by titrating a 0.1 M iron nitrate (Fe(NO3)3) solution with
ammonium hydroxide (NH4OH) to pH 7.5 to 8, and they then adjusted
the washed ferrihydrite suspensions to pH 2 to 12 by adding HNO3 or
NaOH; 2) they readjusted pH every several months, whereas our ex-
periments were unbuffered. The starting Fe(NO3)3 solution was very
acidic, with pH <1.0. Because NH4OH (pK}p = 4.75) is a weaker base than
the titrant we used (KOH with pKp = 0.5), achieving the initial pH of
7.5-8.0 would have required significant dilution of the ferrihydrite
mixture. Moreover, the authors do not specify the volume and molarity
of the HNO3 and NaOH titrants they used for subsequent pH adjust-
ments. Out of concern that the repeated dilution and the pH fluctuations
entailed in this protocol could introduce disaggregation/aggregation
cycles of the ferrihydrite nanoparticles (Baalousha, 2009), we set pH at
the beginning of our experiments and did not alter the ferrihydrite gels
thereafter. Presumably, the differences in our experimental approaches
explain the different behaviors.

3.4. pH changes during the transformation of iron oxides

As hematite and goethite precipitated from ferrihydrite, the pH
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changed, consistent with observations in other studies (Bao and Koch,
1999; Brinza et al., 2015; Scheck et al., 2016). The measured pH values
of each solution after the reactions had progressed for 48 h in our batch
experiments are listed in Table 1 and in the Supporting Information
(Table S2). When the initial pH ranged from 2 to 5, the pH dropped to
between 1.0 and 2.5 as the ferrihydrite completely reacted, consistent
with previous studies (Bao and Koch, 1999; Scheck et al., 2016). When
the initial pH was 6-7, the final pH exhibited a much broader variation,
from 2.2 to 6.5, dependent predominantly on the degree of reaction at
different temperatures. For example, a complete transformation of fer-
rihydrite to hematite and goethite with an initial pH of 6-7 resulted in a
final pH of 2.2-2.5 at 110-170 °C. However, when ferrihydrite was
heated at 80 °C for 48 h, the reaction was not complete and pH dropped
from 6.0 to 4.4. In contrast to these decreases in pH, when the initial pH
ranged from 9 to 11, the pH values increased by 1 to 2 units by the time
the transformation was completed.

Fe(OH)*" 4+ H,0—sa — FeOOH (Goethite) + 2H" €))
2Fe(OH)*" + H,0—a — Fe,0; (Hematite) + 4H" )
Fe(OH), "—sa — FeOOH (Goethite) + H* 3)
2Fe(OH), " —a — Fe,05 (Hematite) + H,0 4 2H* 4
Fe(OH),” —a — FeOOH (Goethite) + H,O + OH ™~ 5)
2Fe(OH), —a — Fe,O; (Hematite) + H,O + 20H™ 6)

The variations in final pH can be explained by the reactions of Fe(III)
ions (Egs. (1)-(6)) at different pH conditions. These reactions offer in-
sights into the concentrations of different Fe(III) species at equilibrium
(Fig. 11, Supplementary Information II), as calculated using thermody-
namic data with the Visual MINTEQ v3.0 database (Gustafsson, 2014),
which incorporates the NIST Critical Stability constants database
(Smith, 2010). In acidic solutions (pH < 4), the predominant Fe(III)
species is Fe(OH)%*". The transformation of Fe(OH)?* to either hematite
or goethite (Eq. (2)) results in a release of protons. Consequently, pH
decreased when the initial pH in our experiments was below 4. Simi-
larly, the transformation of Fe(OH)s to hematite and goethite in alkaline
solutions (pH > 9) yields an increase in OH ™, leading to the increase in
pH that we observed (Egs. (5)-(6)).

However, the pH changes at circumneutral to neutral conditions are
more complex, and the reaction sequences are less clearly understood.
The concentrations of different Fe(IIl) ions in equilibrium, such as Fe
(OH)2+, Fe(OH)3, or Fe(OH)z, depend strongly on temperature. For
example, at pH 8, Fe(OH)] dominates at 25 °C, whereas Fe(OH)z
dominates at temperatures above 70 °C (Misawa, 1973). Because
different Fe(III) ion reactions yield different concentrations of protons or
hydroxyls, the final pH for circumneutral solutions (pH 6-8) was
influenced by the dominant Fe(IIl) species and the final hematite-
goethite ratios.

3.5. Water activity

The transformation of ferrihydrite to hematite and goethite in soils
typically is mediated by water (Bowles, 1992; Cornell and Schwert-
mann, 2003; Schwertmann et al., 2004). The hematite-goethite ratio
varies with water activity, and the ratio has been used to reconstruct
paleorainfall records across wide climate regimes in aerobic or anaer-
obic conditions (Kampf and Schwertmann, 1983; Camargo et al., 2013;
Hyland et al., 2015; Lagroix et al., 2016; Long et al., 2016; Silva et al.,
2020; Lepre and Olsen, 2021). As suggested by these studies, more
humid environments favor goethite, so that the hematite-goethite ratios
decrease with increasing moisture (rainfall minus evapotranspiration).

Although our study did not systematically investigate the effects of
water activity on hematite-goethite ratios, we did compare iron
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(oxyhydr)oxide precipitation from 0.2 M and 1.0 M ferrihydrite gels at
130 °C (Fig. 12). The general trends in hematite-goethite ratios were
similar across initial pH for the two ferrihydrite concentrations, but
above pH 4, more goethite precipitated relative to hematite when the
concentration of ferrihydrite was lower, supporting previous studies that
higher water activities enhance goethite formation. In addition to the
role that water is playing in the formation of the more hydrous goethite,
higher ferrihydrite concentrations facilitate the hydrolysis processes by
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Fig. 12. Dependence of hematite-goethite ratios on pH for 1.0 M (A) and 0.2 M
(B) ferrihydrite gels. Higher water activity favored goethite precipitation for
pH > 5.

which nanoparticles aggregate, thus enhancing hematite formation
(Scheck et al., 2016).

4. Conclusion

The relative abundances of hematite and goethite in soils and sedi-
mentary rocks have been used to interpret monsoonal and El Nino
cyclicity over 1 to >100 ka timescales (Ji et al., 2004; Zhang et al., 2007;
Clift et al., 2019), to estimate mean annual paleoprecipitation (Hyland
et al., 2015; Long et al., 2016), and to explain sedimentary paleomag-
netism (Liu et al., 2007, 2008). In addition, hematite-goethite ratios
strongly influence soil color (particularly of terra rossa soils) and thus
are a primary focus of visible light remote sensing on Earth and other
planets (Barron and Torrent, 2002; Jiang et al., 2022).

Prior to the present study, the seminal work by Schwertmann and
Murad (1983) has dominated interpretations about the relationship
between hematite-goethite ratios and solution pH. As described above,
however, that work attempted to maintain constant pH during the fer-
rihydrite to hematite-goethite reaction, as would be appropriate to
model systems with a high pH buffering capacity. The authors state,
however, that “pH was readjusted at first at weekly intervals, later once
every several months”. In light of our observations that titration of
ferrihydrite gels is followed by a return to the previous pH within a
matter of days, we infer that the ferrihydrite samples in that study fol-
lowed a saw-tooth variation in pH, with long periods at the steady-state
pH followed by brief, sharp upticks after the monthly adjustments.

The present work is more directly applicable to environments that
lack the pH buffering capacity to maintain an initial circumneutral pH —
for example, soils exposed to acid-waste drainage and soils with low
concentrations of organic matter and/or minerals with exchangeable
cations (Curtin and Trolove, 2013). Our study reveals that: 1) Even when
systems are unbuffered, the crystallization pathway during the trans-
formation of ferrihydrite will vary significantly in response to the initial
pH; 2) When ferrihydrite is unbuffered, hematite precipitation is favored
at pH 3-6 and pH 9-10 relative to neutral pH; 3) The nucleation of
hematite and goethite from ferrihydrite can occur concurrently,
explaining why hematite and goethite typically co-occur in soils and
sedimentary rocks; 4) Fe-deficient, superhydrous hematite can form in
slightly alkaline conditions over a broad temperature range from at least
25 to 180 °C. The substitution of H' for Fe>* will alter the color and
magnetic properties of the hematitic phase (Pailhé et al., 2008; Liu et al.,
2010).

Evaluating the usefulness of hematite-goethite ratios as a paleoproxy
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likely requires a deeper understanding of the mechanism by which this
transformation occurs. The changes in solution pH that we measured
challenge the conventional mechanism invoked for this reaction - that
hematite forms through dehydration and internal structural rearrange-
ment of ferrihydrite, whereas goethite forms through dissolution and
reprecipitation (Schwertmann and Murad, 1983; Cornell and Schwert-
mann, 2003). Even the formation of hematite appears to require the
participation of dissolved Fe species, but the interplay between these
species and the poorly crystalline ferrihydrite remains ill-constrained.
To fully understand the formation of iron oxides in natural environ-
ments, more work in controlled systems is required, including in-
vestigations of properly buffered transformations of ferrihydrite.
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