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Measured pH and dissolved ferric iron concentration
([Fe(IM)giss]) in contact with well-characterized hematite
indicated an equilibrium with hematite immediately after
synthesis, but [Fe(lll)qiss] increased with hydration time to be
consistent with the predicted solubility of goethite or
hydrous ferric oxide (HFQ), hydrated analogues of hematite.
X-ray diffraction did not detect structural modification of
hematite after 190 days of hydration, but Mésshauer
spectroscopy detected hydration that penetrated several
crystalline layers. When the hematite suspension was diluted
with water, solids were invariably identified as hematite,
but [Fe(lll)giss] and pH indicated an equilibrium with goethite
or HFO. This is the first experimental confirmation that
the interfacial hydration of anhydrous hematite results in
higher solubility than predicted by bulk thermodynamic
properties of hematite. Correspondence of the results with
previously published measurements and implications for
environmental chemistry of ferric oxides are also discussed.

Introduction

The activity of aqueous Fe®" ({Fe®'}) is a critical factor in
assessing geochemical cycling and bioavailability of iron (1)
and redox reactions in anoxic environments (2, 3). { Fe®*'} is
mainly controlled by the solubility of ferric (oxyhydr)oxides.
Hematite is reported to be thermodynamically the most stable
of the ferric (oxyhydr)oxides and therefore the least soluble
(4, 5). Various compilations are in agreement about the Gibbs
free energy of formation of hematite at 298.15 K (AGy®),
reported as —743.5 (6), —744.4 (7), and —746.4 (8) kJ/mol.

The basic structural unit of most ferric (oxyhydr)oxides
is the octahedron where Fe®" is coordinated to six surround-
ingligands (0%, OH, and/or H,0). Different linkages among
the octahedra are attributed to various phases (e.g., corner-,
edge-, and/or face-shared). In hematite, Fe3* is octahedrally
coordinated to 0?7, and Fe®*' occupies 2/3 of the available
octahedral sites for electrical neutrality (9). Theoretically,
neither hydroxyl ions nor water molecules are present within
bulk hematite.

Our experimental objective of measuring the aqueous
solubility of hematite was motivated by several theoretical
and experimental investigations of the hydration of hematite
that analyzed possible interconversion between goethite and
hematite. On the basis of individual heats of solution at
70 °C (10) and the heat capacity of goethite and hematite at
25 °C (ref 11, as cited in ref 7), Langmuir (12, 13) estimated
that the relative stabilities of goethite and hematite depended
on the particle size at 25 °C and that coarse-grained goethite
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(>1 um) was stable relative to coarse-grained hematite (>1
um) in water at 25 °C. Tritium-exchange and discontinuous
titrations of hematite indicated that the hydrated interface
of hematite is goethite-like and extends 2.6—3.4 nm into the
solid phase (14—16). Heat of immersion results suggested
that the hydrated surface of hematite is multilayered (17,
18). The reduction potentials of Fe(II)—Fe(IlI) measured in
the presence of hematite were higher (less reducing) than
predicted from its thermodynamic solubility (19). Measured
and calculated reduction potentials were in agreement with
solubility predictions for hydrous ferric oxide (HFO) (2, 20).
Previously, these anomalies have been attributed to poor
electrochemical equilibration with the electrode (20). Ad-
vanced instrumental analyses have demonstrated the exist-
ence of hydrated and isolated Fe®" on hematite surfaces (21,
22). The water vapor pressure required to observe the
conversion of a hematite (0001) surface to FeOOH or Fe-
(OH); under X-ray photoemission spectroscopy (XPS) was
lower than the theoretical pressure for the conversion by
more than five orders of magnitude (23), while a previous
XPS study revealed no evidence for hydration of hematite
(24). Catalano et al. (25, 26) used X-ray standing wave
measurements to identify the sorption configuration of Se
and As onto wet hematite and invoked that hematite surface
structures different from ideal bulk termination should be
considered to precisely describe the structure of adsorbed
species.

Surprisingly, while these theoretical and experimental
results of the hydration have been reported, simultaneous
determination of dissolved ferric iron concentration ([Fe-
(D giss)), pH, and mineralogy at ambient temperature is
completely lacking (9). Rather, the aqueous solubility of
hematite at ambient temperature has been estimated based
on the Gibbs free energies of formation (AG°) from bulk
analyses, and the estimated solubility has been applied to
interpret the aqueous systems involving hematite without
questioning the consequence of the interfacial hydration of
hematite. The AG;°® value for hematite is computed from the
heat of formation (AH;°) and the entropy of formation (ASf°)
for hematite, which requires the measurements of heat of
solution and heat capacity, respectively (8, 27—29). The heat
capacity measurements involve thermal equilibration through-
out the bulk solid in the absence of water (30).

In this study, we sought answers for the following
questions: does the hydration of hematite result in the partial
conversion of the solid/water interface to more soluble phase-
(s) (e.g., goethite) as argued by Langmuir (12, 13)? Does
interfacial conversion occur without any experience of
supersaturation with respect to the new phase(s)? If both
questions can be answered affirmatively, then we can
conclude that the interfacial hydration of hematite is
spontaneous and that {Fe®'} in the presence of hematite
should be higher than predicted by the thermodynamic
parameters of bulk hematite.

Materials and Methods

General. All chemicals were reagent grade or better. Con-
tainers were soaked in 10% nitric acid and rinsed with
deionized distilled water (DI water). All reactors were mixed
at 60 rpm throughout the experiments. The 1,10-phenan-
throline (31) or ferrozine method (32) was used for [Fe(II) giss]
after reducing Fe(III) with hydroxylamine hydrochloride (31).
The calibration range was from 1 to 20 ppm, and the accuracy
and precision were better than 2%. The pH was measured
using a sleeve-junction glass combination electrode; calibra-
tion standards included 0.1 and 0.01 M HCI to compensate
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FIGURE 1. (a) MBS and (b) TEM of synthetic hematite collected on day 1 at room temperature. Scale bar in panel b is 100 nm. (c) MBS
and (d) XRD pattern of commercial hematite. Peaks of reference hematite were also illustrated for comparison in panel d (Powder

Diffraction File number (PDF#) 033-0664).

for the junction potential. Accuracy and precision were better
than 0.002 pH units.

Solid Identification. Room-temperature transmission %-
Fe—Mossbauer spectroscopy was used. 5"Fe—Madssbauer
spectroscopy (MBS) is more sensitive to minor phases than
is X-ray diffraction (XRD) (33, 34). MBS measures the splitting
of nuclear energy levels of >"Fe as determined by protons
and neutrons and their interactions with chemical environ-
ments, and therefore, long-range crystalline arrays are less
essential than for analysis by XRD. The technique detects
characteristic signals for dried HFO (ferrihydrite), which
shows two or six disperse peaks with XRD. The sample density
on the holder for MBS was 5 mg Fe/cm?. Transmission
electron microscopy (TEM, Phillips 420, Material Charac-
terization Laboratory, The Pennsylvania State University) was
used to measure particle size and shape. Copper mesh grids
with an organic coating were brieflyimmersed into the diluted
aliquots of suspensions and dried in a desiccator at room
temperature before being transferred into the vacuum
chamber of the TEM instrument. XRD patterns were recorded
using Cu— Ko radiation with a 2°/min scanning rate (Scintag
Pad V, Material Characterization Laboratory, The Pennsyl-
vania State University) and analyzed using the Powder
Diffraction Files (35). For MBS and XRD, samples were air-
dried at 40 °C, thus retaining all water contributing to the
heat of immersion (36).

Preparation of Hematite and Aging without Dilution.
Thermal hydrolysis (refs 9 and 37 as modified in ref 38) was
used for the production of hematite. Twenty mM FeCl; was
added to 2 mM HCI at 100 °C. The mixture was kept at 100
°C for 5 days with the frequent addition of pre-heated DI
water to maintain the initial volume and synthesis temper-
ature (100 °C). As soon as FeCl; was added, the suspension
turned dark brown. The color became less intense after 3—4
h, and the solution turned orange—red within 1 day,
indicating the formation of hematite.

After 5 days at 100 °C, the suspension was aged at room
temperature for up to 193 days. MBS and TEM analyses of
particles harvested on day 1 at room temperature confirmed
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the formation of spherical hematite particles 102 (+10) nm
in diameter (average and standard deviation of 35 particles,
synthetic hematite hereafter; Figure 1a,b). [Fe(II)4iss] and
pH were measured as a function of time. [Fe(IIl)4iss] Was
typically determined as the Fe(III) concentration in the filtrate
(0.1 um), but similar results were obtained after centrifugation
at 12 100g for 10 min. The TEM image indicated the
aggregation of particles, which may explain why 0.1 um
filtration was as effective as centrifugation.

Commercial hematite (Fisher, reagent grade, >2 um in
diameter) was used as purchased. MBS and XRD confirmed
its phase-purity (Figure 1c,d). The hematite was hydrated
under the same concentrations of components: 20 mM Fe-
(I11) dispersed in 62 mM HCI (final concentrations) at room
temperature. The filterable [Fe(III) 4iss] and pH were measured
as a function of time for up to 197 days.

Dilution of Fe?* and H' after Sequential Centrifugation
Followed by Additional Aging. On day 34, aliquots from the
synthetic hematite suspension were sequentially centrifuged,
decanted, and resuspended in deionized water, resulting in
an increased pH due to dilution (i.e., with each sequential
centrifugation, a known volume of supernatant was removed
for analyses, and an identical volume of deionized water was
added). At each sequential centrifugation step, one centrifuge
tube thathad a higher pH than the previous step was excluded
from further centrifugation. The [Fe(III) 4iss] and pH values of
the tubes were measured for up to an additional 163 days.

Dilution of Fe3* and H* by Ultrafiltration. An identical
synthetic hematite suspension was prepared and slowly
filtered (with recirculation) through a 10 kDa membrane,
with frequent additions of deionized water to maintain the
initial volume. This was to increase the pH continually due
to dilution with a short duration at each pH. The [Fe(III) giss
and pH values were measured in the permeates. The pH
increased to ~5 during 3 days.

Results and Discussion

Aging without Dilution. The [Fe(IIl) 4] was 0.13 mM, and
the pH was 1.20 after 1 day for synthetic hematite, indicating
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FIGURE 2. (a) Change in [Fe(lll)iss] and pH vs time. Circles for synthetic hematite and triangles for commercial hematite. Gray lines represent
solubilities of hematite and goethite predicted by NIST values at the final pH 1.29 (1-0.02) (0.29 + 0.04 and 4.8 + 0.4 mM as [Fe(lll)iss],
respectively). (b) XRD of synthetic and commercial hematite at the end of experiments. The peak positions of reference hematite were
also illustrated for comparison (PDF# 033-0664). No structural change was detected for hoth hematites. (c) MBS for synthetic and commercial
hematite. Synthetic hematite deviates from ideal hematite (cf. Figure 1a), indicating that the extensive hydration of interfacial Fe’* occurred
without changing the hematite structure (refer to XRD in panel b). This behavior was not observed for commercial hematite due to a smaller
ratio of surface/bulk Fe atom. (d) Distribution of magnetic hyperfine fields (H) determined from the MBS of the synthetic hematite (upper

MBS in panel c).

transient undersaturation with respect to bulk hematite. The
[Fe(IIl)giss] and pH increased with time. At 193 days, the [Fe-
(1) giss] was 1.4 mM, and the pH was 1.27, approaching the
solubility of goethite (Figure 2a, solid and open circles for
[Fe(IIl)giss] and pH). Hydration of the commercial hematite
for the same chemical concentrations produced similar
results (Figure 2a, solid and open triangles for [Fe(III)giss)
and pH). The [Fe(Ill)4iss)] and pH values of the commercial
hematite suspension at day 1 were 0.055 mM and 1.21,
respectively. After 197 days, the [Fe(Ill)qiss)] and pH values
were 0.97 mM and 1.27, respectively, well above the predicted
solubility of hematite. XRD confirmed that both synthetic
and commercial solids were invariably hematite after aging
for 193 and 197 days, respectively (Figure 2b) (i.e., no
structural changes occurred in the bulk phase).
Asymmetric peak broadening was observed after 193 days
of aging the synthetic hematite under MBS (Figure la vs
upper spectrum in Figure 2¢), while the commercial hematite
(>2 um in diameter) showed characteristic peaks for bulk
hematite even after 197 days of aging (lower spectrum in
Figure 2c). No super-paramagnetic behavior was observed
for the synthetic hematite, indicating that the particle size
was larger than 41 nm (38, 39). Broadening is due to the
distribution of magnetic hyperfine fields within the particle
(40, 41). The upper spectrum in Figure 2c was analyzed using
the Voigt-based fitting (VBF) procedure (42, 43) to determine
the distribution of magnetic hyperfine fields. The master class
of magnetic hyperfine fields (H) of the synthetic hematite
was located at 480 kOe (Figure 2d). The values for magnetic
hyperfine field for hematite of comparable sizes range from
506 to 515 kOe (44). The master class of the hyperfine field
is located at 340—360 kOe for goethite (45, 46).
Asymmetric peak broadening has been attributed to a
high proportion of interfacial Fe** with relaxed magnetic

hyperfine fields (40, 41). The relaxation of magnetic hyperfine
fields from >506 to 480 kOe means that the interstitial ligand
(0%7) around Fe®** was replaced by OH~ and H,O due to
hydration, which resulted in the dissolution of Fe(III) from
the hydrated interface (Figure 2a). The increase of [Fe(III) s
cannot be attributed to the dissolution of preformed more
soluble phases since both initial hematites were free from
impurity (Figure 1) and the suspension was never super-
saturated for any other soluble phase (Figure 2a).

The magnetic hyperfine field (H) is a measure of nuclear
energy level splitting caused by the interaction between an
effective magnetic hyperfine field on the Fe nucleus posed
by lattice ligands and the magnetic moment of the nucleus
(43).In other words, the value of H is a function of the identity
and arrangement of ligands that pose the effective magnetic
hyperfine field around Fe®*. Chemisorption of polar mol-
ecules (e.g., ammonia, H,O, CO, etc.) changes the chemical
environments of interfacial Fe atoms (47). Therefore, the
distribution of magnetic hyperfine fields indicates that there
isadistribution of chemical environments for Fe nuclei within
the structure of synthetic hematite (~100 nm) due to
hydration (Figure 3). Those layers were not detected in the
commercial hematite due to the decreased proportion of
interfacial Fe with larger particles. Similarly, the calorimetric
measurement of heat capacity upon which the free energy
of formation for bulk hematite is based would not account
for interfacial layers since the calorimetry for heat capacity
involves thermal equilibration throughout the entire particle
in the absence of water (30).

Dilution Experiments. Sequential centrifugation was
performed to observe the change of {Fe®"} and pH upon
dilution by DI water (Figure 4a,b). The samples were aliquots
taken from a 34 day aged synthetic hematite suspension,
where we observed the continuous increase of [Fe(III)iss]
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FIGURE 3. Model for interface between water and hematite (modified

from refs 74 and 75), showing penetration of water through several
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Hydrated interface

(Figure 2a). The [Fe(IIl) 4iss] and pH values from the aliquots
were measured during an additional 163 days of aging; { Fe*}
values were computed using visual MINTEQ and equilibrium
constants in Table 1 (Figure 4a). The {Fe®**} and pH values
predicted by dilution are designated as x in Figure 4a. All

of the sample sets were supersaturated with respect to
hematite. Sample sets 1 and 2 were initially undersaturated,
while sample sets 3, 4, and 5 were initially supersaturated
with respect to goethite. Although all samples were in
supersaturation with hematite throughout the experiment,
the {Fe®} values did not approach the hematite solubility
predicted by thermodynamic properties of bulk hematite
and were consistent with the solubility of goethite for 163
days. However, XRD indicated that the solids were invariably
hematite (Figure 4b), indicating that the bulk phase is
hematite.

In another dilution experiment using ultrafiltration where
the pH was increased continually with a short duration at
each pH value (less than 2 h), { Fe**} increased faster (Figure
4c). The total duration of the ultrafiltration was 3 days. This
is consistent with the hydration of hematite without dilution,
resulting in higher [Fe(IIl)4iss] and pH values (Figure 2a). As
dilution continued and the pH rose above 2.0, {Fe®'}
decreased and approached the solubility of HFO. Further
dilution to pH >3.2 resulted in { Fe**} and pH values similar
to those for goethite. Precipitation of HFO is unlikely since
{Fe®**} increased from undersaturation with HFO. Plus, MBS
identified the solid collected at the end of the procedure as
hematite (Figure 4d). Although we used ~100 nm synthetic
hematite for this procedure as well, asymmetric peak
broadening due to the distribution of hyperfine magnetic
fields did not develop (Figure 4d vs upper MBS in Figure 2c).
This indicates that, although the mechanism is unclear from
this study, the faster continual pH increase developed
hydrated layers that are thinner but more soluble. Samson
et al. (48, 49) showed that the dissolution rate of hematite
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FIGURE 4. (a) Time-dependent changes in activities of Fe*" ({Fe®'}) and pH of centrifuged samples. Numbers identify each centrifuge
tube of different pH values, from which [Fe(lll)siss] and pH in the corresponding gray ovals were measured as a function of time. Tube
1 represents the aged sample without dilution. Days in legends represent the additional aging time after 34 days of aging of the initial
suspension. For all conditions, solubility was consistent with goethite. (b) XRD of tubes 3 and 5, which once experienced equilibrium
and supersaturation with respect to goethite, respectively, after 163 days of aging. Both patterns confirmed that the solids were hematite,
not goethite. XRD and MBS for tube 1 (undersaturation with respect to goethite) are illustrated in Figure 2b,c. (c) Changes of { Fe3*} and
pH in permeates from ultrafiltration. (d) MBS for hematite particles harvested at the end of the ultrafiltration (3 days).
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TABLE 1. Hydrolysis Constants for Fe" and Solubility
Products for Hematite, Goethite, and Ferrihydrite (4)

aqueous species log *p
FeOHZ" —2.19
Fe(OH),'* —4.59
Fe(OH)s~ —21.59
Fea(OH) 4+ —2.85
Fe3(OH),5* —6.29

solid phases log *Kq,"
o-Fe;03 (hematite) —0.71
o-FeOOH (goethite) 0.49
ferrihydrite 3.19

a Stability constants (*3) are defined for reactions: mFe3* + nH,0
= Fen(OH),Bm=n+ + nHF. b *K, = {Fe3T} {HT}3.

increased significantly when the hematite was hydrated prior
to dissolution, especially when the hematite was hydrated
at higher pH values. They attributed this to faster ligand-
exchange of surface bound Fe®* at neutral pH, analogous to
the faster water-exchange for Fe(OH)*2 as compared to Fe3".

Implications for Environmental Fe Chemistry. Our
results indicate that the hydration of hematite has been
underestimated in dealing with aqueous reactions that
involve hematite. XRD indicated insignificant structural
modification of hematite (Figures 2b and 4b), while MBS
documented the development of distribution of hyperfine
magnetic fields within the hematite (Figure 1a vs Figure 2c).
These observations suggest that the interstitial O>~ in several
layers of hematite was replaced with OH™ and H,O due to
hydration (50) (Figure 3), and as a result, { Fe3*} increased
from the thermodynamic solubility of hematite and became
more consistent with goethite or HFO, which are hydrated
soluble analogues for hematite (Figures 2a and 4a,c). The
observed increase of solubility was more than could be
explained by the modified Ostwald—Freundlich equation,
accounting for surface free energy (51, 52).

These results have important implications in assessing
abiotic and microbial redox reactions since the potential for
the Fe(III)/Fe(Il) couple is proportional to log{ Fe®'}. This
could resultin an order of magnitude change in the predicted
ratio of contaminant concentrations (reduced/oxidized) for
a one-electron transfer and a two-log unit decrease for a
two-electron transfer reaction.

Our results help to explain anomalously higher-than-
expected electrochemical potentials measured in a ferrous
iron/hematite system (2, 19), requirement of a higher
solubility product of hematite for thermodynamic interpre-
tation of weathering profiles (53), and time-dependent
increase of surface protonation (14, 15). Results from the
instrumental analysis of the hydrated surface of hematite
(21, 22) are also consistent with our observation that the
hydration of hematite results in interfacial layers with
thermodynamic characteristics of goethite rather than of bulk
hematite.
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