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Acid mine drainage (AMD) contaminates surface water
bodies, groundwater, soils, and sediments at innumerable
locations around the world. AMD usually originates by
weathering of pyrite (FeS2) and is rich in Fe and sulfate.
In this study, we investigated speciation of FeII, FeIII, and SO4
in acid waters by Fourier transform infrared and X-ray
absorption spectroscopy. The molalities of sulfate (15 mmol/
kg) and iron (10, 20, and 50 mmol/kg), and pH (1, 2, and
3) were chosen to mimic the concentration of ions in AMD
waters. Sulfate and FeII either associate in outer-sphere
complexes or do not associate at all. In contrast, sulfate
interacts strongly with FeIII. The predominating species in
FeIII-SO4 solutions are hydrogen-bonded complexes; innersphere complexes account only for 10 ( 10% of the
total sulfate. Our results show that the mode of interaction
between FeIII and sulfate is similar in aqueous phase
and in nanocrystalline precipitate schwertmannite
(∼FeO(OH)3/4(SO4)1/8). Because of this similarity, schwertmannite should be the phase that controls solubility
and availability of FeIII, SO4, and indirectly also other
components in the AMD solutions.

Introduction
Acidic water input from atmospheric deposition (1, 2) and
pyrite weathering (3, 4) is a growing global environmental
problem that threatens to alter soil geochemistry significantly.
Sulfate is a predominant ion in these waters, and its
interaction with monomeric and polymeric forms of iron
and aluminum plays a central role in the solubility, speciation,
and toxicity of these and other associated ions. The equilibrium constants that are widely used to describe the
behavior of these aqueous ions (5) predict a strong tendency
of trivalent cations and sulfate to associate in such solutions
to form complexes. However, the exact nature of these
complexes remains unknown.
Among the major components of acid waters, the system
FeIII-SO4 receives special attention because of its frequent
occurrence and its influence on the solubility and mobility
of trace elements in the acid solutions (6). Previous thermodynamic studies of the FeIII-SO4 solutions predicted free
sulfate, hydrogen sulfate, complexes [Fe(SO4)n]3-2n, [Fe(HSO4)]2+, and iron oligomers (7-9), whose existence is either
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assumed or discerned by fitting the results of bulk measurements. Most of these investigations consider interactions
between monomeric FeIII and sulfate. Only a few studies take
dimers (8) and polymers into account, although their
existence has been suggested by spectroscopic data (e.g., ref
10). None of these studies derives association constants for
the FeIII polymers and sulfate. The neglect of such an
interaction is surprising given that the constants for monomeric species imply strong association of FeIII monomers
and sulfate.
Supporting molecular information for the existence and
structure of the aqueous species does not enter the thermodynamic calculations, which leaves a gap in the understanding of Fe-sulfate speciation and its influence on trace
metal solubility and transport in polluted acid systems.
Hence, the goal of this study is to provide the molecular
information for the aqueous systems FeII-SO4 and FeIIISO4. These two systems were chosen because their components are the major constituents in acid mine drainage (AMD)
discharges that are the product of pyrite weathering at
innumerable locations around the world (11). AMD waters
are often oxidized, with FeIII being more abundant than FeII.
Therefore, we place greater emphasis on the aqueous systems
with FeIII and SO4 as the dominant components.
Speciation of acidic solutions rich in iron and sulfate was
determined using infrared and X-ray absorption spectroscopic techniques. We then proceeded to link the structure
of aqueous ions with the structure of nanocrystalline
precipitates that frequently form from AMD waters.

Experimental Section
Sample Preparation. Solutions examined in this investigation
were prepared using deionized water and reagent grade Na2SO4, FeCl2‚4H2O, FeCl3‚6H2O, and Fe(NO3)3‚9H2O. Metal
solutions of 40, 80, and 200 mmol/kg were prepared by mixing
deionized water and a metal salt. Deionized water was
acidified with 37% HCl or 60% HNO3 close to the desired pH.
The acid used was matching the anion of the Fe salts (i.e.,
the solutions contained either chloride or nitrate, but never
both these anions). An appropriate amount of the acidified
water was mixed with Na2SO4 to prepare 20 mmol/kg SO4
solution. The metal solutions were then diluted either by
acidified water or by acidified Na2SO4 solution to achieve
final molalities of 15 mmol/kg for SO4 and 10, 20, or 50 mmol/
kg for the metal. The pH was then adjusted to the desired
value (1, 2, or 3; ( 0.1) with the required amount of HCl or
HNO3. Sample pH was measured with a glass electrode
calibrated with pH 7.00 and pH 4.01 buffers. The samples
were kept at room temperature throughout preparation and
spectra collection.
The exact concentration of all components in our solutions
is not known. The molalities of sulfate, iron, and sodium are
fixed by the amounts of Na2SO4 and Fe salts added. The
concentration of Cl- or NO3- is not precisely known because
variable amounts of either HCl or HNO3 were added to adjust
pH. Therefore, we do not know the ionic strength of these
solutions. However, even knowing the concentration of all
components, only stoichiometric ionic strength could be
calculated; the real ionic strength, strongly influenced by
ion pairing, is significantly different.
Infrared Spectroscopy. Infrared spectra were collected
in attenuated total reflectance (ATR) mode, using a Bruker
IFS 66 v/s Fourier transform infrared (FTIR) spectrometer.
Solutions were held in a 12 reflection horizontal 45° AMTIRATR accessory, and the signal was detected by a liquid
nitrogen cooled MCT detector. Background spectra in all
10.1021/es049664p CCC: $30.25
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cases were determined using deionized water. The spectra
presented here are the difference between the spectra of
metal-sulfate solution and those of metal solution of equal
metal molality and pH. The infrared spectra were collected
within 10 min from preparation of the solution in order to
minimize effects of oxidation of FeII, polymerization, and
precipitation. An aging experiment, in which spectra of FeIIISO4 solutions were collected daily for several days, is described
separately. Peak fitting was done with GRAMS/AI (Thermo
Galactic) software. The FTIR peaks were modeled by a
pseudo-voigt function in GRAMS/AI; the refined parameters
included peak position, height, width, and fraction of the
Lorentzian component.
The FTIR spectra of solids were collected in ATR mode
with the same spectrometer. The solids were pressed on a
single reflection diamond-ATR accessory, and the signal was
detected by a DTGS detector.
X-ray Absorption Spectroscopy. The X-ray absorption
near-edge structure (XANES) spectra at sulfur K edge were
collected at the Stanford Synchrotron Radiation Laboratory
(Menlo Park, CA) using beamline 6-2 and a Si (111) monochromator. A He flight path chamber was used to enhance
incident photon flux. Higher order X-rays were rejected using
Ni-coated mirrors. The X-ray absorption spectra were collected in fluorescence mode using a Lytle-type detector. Some
of the samples were also examined at the National Synchrotron Light Source (Upton, NY), beamline X-19A, using
a similar setup. The monochromator at this beamline was
detuned by 50% at the S-absorption edge to reduce the higher
order harmonics. Step size of 0.5 eV was used in the energy
regions 2460.0-2468.5 and 2500.0-2549.5 eV, and step size
of 0.08 eV was used between 2468.5 and 2500.0 eV. Integration
time of 1-2 s was used at each step. All of the sulfate spectra
were calibrated against the low-energy transition in solid
Na2(SO3S)‚5H2O, which was set at 2469.2 eV. The spectra of
Na2(SO3S)‚5H2O were collected frequently during the XANES
data measurements to correct for the systematic error
associated with the drift of the monochromator. The X-ray
absorption spectra were averaged and normalized with the
WINXAS software (12). The preedge region of the solution
spectra was fit by a set of reference spectra using the linear
combination utility of WINXAS. Linear least-squares fit of a
sample spectrum using a combination of reference spectra
is commonly used for interpretation of XANES spectra (e.g.,
ref 13).
X-ray Diffraction (XRD). XRD patterns of the solids used
in this study were collected with a Scintag PAD V diffractometer, employing Cu KR radiation, diffracted beam graphite
monochromator, and a scintillation detector. The identity
and purity of the solids was verified by Rietveld refinement,
using GSAS (14).

Results
To monitor the speciation of Fe-SO4 solutions, we focused
on detection and interpretation of infrared and X-ray spectral
features that indicate modification of sulfate anion by protonation, metal complexation, or hydration. While the infrared
spectra are sensitive to all these coordination environments,
the X-ray absorption spectra of sulfur are sensitive specifically
to the protonation and Fe complexation of sulfate. FeIII-SO4
solutions were investigated by both spectroscopic techniques;
FeII-SO4 solutions were investigated only by FTIR spectroscopy. The molalities of sulfate (15 mmol/kg) and iron (10, 20,
and 50 mmol/kg) and pH (1, 2, and 3) were chosen to mimic
the concentration of ions in AMD waters.
Infrared Spectroscopy. The variations in symmetry of
the sulfate anion, number of infrared active bands, and their
approximate energies were discussed in detail by Hug (15).
Here we only summarize this information to aid in interpretation of our FTIR spectra. The infrared spectrum of

FIGURE 1. Infrared spectra of FeII-SO4 solutions at pH 1, 2, and 3;
∑SO4 ) 15 mmol/kg; and variable FeII molality.
undistorted sulfate in aqueous solutions of Na2SO4 shows an
asymmetric SO4 stretching band at 1102 cm-1 (Figure 1).
Distortion of sulfate by protonation (i.e., formation of
hydrogen sulfate) leads to the appearance of asymmetric
and symmetric SO3 stretching bands at 1200 and 1050 cm-1,
respectively (Figure 1), and an S-OH stretching band at 890
cm-1 (15).
Changes in the intensities of the sulfate and hydrogen
sulfate bands are dictated by the sulfate/hydrogen sulfate
ratio in the solution. This ratio is controlled by both pH (Figure
1) and ionic strength (Figure 2) of the solution. At infinite
dilution, sulfate and hydrogen sulfate occur at equal concentration at pH ) pKa ) 1.96 (16), and hydrogen sulfate
predominates at lower pH. Sulfate is also favored by
increasing ionic strength of the solution (16) (Figure 2).
Distortion of sulfate by hydrogen bonding and FeIII
complexation (15, 17, 18) will also result in changes of
symmetric and asymmetric stretching vibration, but their
energies are different from those of hydrogen sulfate. To
identify the coordination environment of FeIII-sulfate complexes, we examined FTIR spectra of numerous iron-sulfate
minerals jarosite (nominal composition KFe3(SO4)2(OH)6),
copiapite (Fe2+Fe3+4(SO4)6(OH)2‚20H2O), rhomboclase ((H5O2)Fe(SO4)2‚3H2O), roemerite (Fe2+Fe3+2(SO4)4‚14H2O), and synthetic ferric ammonium alum (NH4Fe(SO4)2‚12H2O). These
phases exhibit different types of sulfate linkages with FeIII
octahedra, either direct coordination or hydrogen-bonding
interaction. The spectra of ferric sulfate solids show a wellseparated S-O-Fe or S-O‚‚‚H stretching band at 980-1010
cm-1. The remaining asymmetric and symmetric vibrations
of the sulfate ion usually overlap in a broad band centered
near 1100 cm-1. Similarly, sulfate in FeIII solutions or on
surfaces of iron oxides shows a distinct S-O-Fe or S-O‚‚‚H
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FIGURE 2. Infrared spectra of Na2SO4 solution as a function of ionic
strength. pH 1, ∑SO4 ) 15 mM. The spectra document the effect of
ionic strength on the sulfate/hydrogen sulfate ratio in the solutions.
stretching band at 950-980 cm-1 and a series of overlapping
bands at 1020-1270 cm-1 (15). Therefore, sulfate ion distorted
by iron complexation or hydrogen bonding is distinguished
from hydrogen sulfate by the stretching band at 950-980
cm-1 versus 890 cm-1, respectively.
Addition of FeII to the sulfate solution caused only minor
changes in the FTIR spectra (Figure 1). Peak position
remained the same as for the solutions with no FeII. A very
weak band at 980 cm-1 can be seen in the spectra collected
at pH 2 and 3. The variation in the intensity of the observed
bands (Figure 1) can be explained by the ionic strength effect
on the sulfate/hydrogen sulfate ratio in the solutions.
When FeIII was added to the sulfate solutions at pH 1 and
2, the infrared spectral contributions of sulfate and hydrogen
sulfate diminished and new bands appeared between 950
and 1250 cm-1 (Figure 3). There may be several new bands
in the spectral region between 1100 and 1150 cm-1. Of these,
the band at 1150 cm-1 can be well resolved only in the spectra
of pH 1 solutions (Figure 3). The intensity of the band
increases with increasing FeIII molality. The overlap of the
new bands and the sulfate band at 1102 cm-1 causes shift of
the spectral feature that dominates the spectra in the 11001150 cm-1 region. The hydrogen sulfate band at 1050 cm-1
overlaps with a strong band at 1042 cm-1; the latter band is
present only when FeIII is present in the solution. The highenergy shoulder is located at 1194 cm-1, and at pH 1 overlaps
with the hydrogen sulfate band at 1200 cm-1. A distinct new
band appeared at 976 cm-1 (Figure 3). Experiments at higher
pH values could not be performed with FeIII because of rapid
precipitation at pH g 2.5.
The speciation of FeIII and sulfate was investigated in
solutions prepared from both chloride and nitrate of FeIII.
No differences were observed among the FTIR spectra of
these two sets of solutions, indicating that neither chloride
nor nitrate interfere strongly with the iron(III)-sulfate
complexes.
Aging of the FeIII-SO4 solutions was monitored by FTIR
spectroscopy for 7 consecutive days. Four solutions that were
used in this experiment had ∑SO4 molality of 15 mmol/kg,
FeIII molality of 10 or 50 mmol/kg, and pH 1 or 2. No
differences were found among the positions or the widths
of the spectral bands in comparison with spectra collected
190
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FIGURE 3. Infrared spectra of FeIII-SO4 solutions at pH 1 and 2,
∑SO4 ) 15 mmol/kg, and variable FeIII molality.

FIGURE 4. X-ray absorption spectra of FeIII-SO4 solutions at pH 1
(colored solid curves) and Na2SO4 solution at pH 1 (black solid
curve) and at pH 6 (black dashed curve).
immediately after the solutions were prepared. The temporal
invariability of the spectra suggests that the local coordination
of sulfate is established rapidly and does not change as the
solutions age.
X-ray Absorption Spectroscopy. The X-ray absorption
spectrum of Na2SO4 solution at pH 6 shows a sharp absorption
edge at 2479.6 eV (Figure 4), assigned to the transition of 1st/2 orbitals in sulfur (18). With protonation of sulfate, the
main absorption edge of sulfate broadens, and the peak
maximum shifts to higher energy by ∼0.4 eV. This spectral
broadening is caused by changes in the symmetry of sulfate
and associated splitting of the triply degenerate t/2 orbitals.
Additional weak features appear ∼2.0 eV below the
S-absorption edge in the spectra of the studied solutions
and ferric sulfate minerals. These preedge features are caused

error of 10 ( 10% a realistic value for the fraction of innersphere complexes.
The structural environment of the inner-sphere complex
is identified by comparing the preedge energies of solutions
with the examined reference solids. The energy of these
preedge features indicates that monodentate inner-sphere
complexes are much more abundant than the bi- or tridentate
species (Figure 5). Because the measured signal is strongly
dominated by the monodentate complexes, we are not able
to distinguish the contribution of bidentate or tridentate
complexes. In addition, we are not able to detect complexes
of multiple sulfate tetrahedra bound to a single iron
octahedron, such as [Fe(SO4)2]-, analogous to the complexes
[Al(SO4)2]- proposed in AlIII-SO4 solutions (21). The techniques used in this study probe only the sulfate ion and cannot
distinguish the complexes [Fe(SO4)2]- and [Fe(SO4)]+.

Discussion

FIGURE 5. Preedge features in the X-ray spectra of the reference
solids and FeIII-SO4 solutions at pH 1 and 2. To magnify the weak
preedge features, the spectrum of aqueous sulfate was subtracted
from the normalized sample spectra. The short vertical lines show
the position. The spectra are offset for clarity.
by the 1s electronic transition from sulfur orbitals to
hybridized iron 3d orbitals (19) and can arise only if the iron
ion is directly bonded to sulfur via a bridging oxygen. In
aqueous solution, such arrangement corresponds to an innersphere complex.
The energy of the preedge features is a sensitive indicator
of the connectivity between iron and sulfur polyhedra (20).
Sulfate shares one, two, or three oxygens with the adjacent
iron octahedra, as in the crystal structures of roemerite,
ferricopiapite, and jarosite, respectively. The shift of the
preedge features to higher energy is concomitant with an
increase in the number of oxygens shared among the sulfate
and iron polyhedra. In roemerite, only one oxygen is shared
between sulfur and iron, and the preedge feature occurs at
2476.8 eV (Figure 5). Increasing the number of shared oxygen
to two or three in ferricopiapite and jarosite, respectively,
leads to shift of the preedge feature to 2477.0 and 2477.3 eV,
respectively (Figure 5).
The X-ray spectra of the FeIII-SO4 solutions exhibit weak
preedge features (Figure 5). A numerical estimate of the
fraction of inner-sphere complexes in solutions was obtained
by a linear combination of the preedge region of a reference
solid spectrum and the spectrum of Na2SO4 solution. The
concentration of inner-sphere complexes in all studied FeIII
solutions (pH 1 or 2; FeIII ) 10, 20, or 50 mmol/kg, ∑SO4 )
15 mmol/kg) is 10% of total sulfate. The error on this estimate
is dominated by uncertainties related to the normalization
procedure and selection of the reference spectra for linear
combination. The reproducibility of the spectra was excellent
and contributed little to this error, even though the intensity
of the preedge feature in solution spectra was only 1-2% of
the intensity of the main edge. Therefore, the choice of lowenergy region for normalization to 0, and the postedge jump
for normalization to 1, was affecting the value of the estimate.
The value of estimate changed slightly also with different
choices of spectra of the reference solids. Choosing different
regions for normalization and different reference spectra for
the linear combination led to a scatter of 5 percentage points
(i.e., to 10 ( 5% of inner-sphere complexes in the solutions).
To better account for these variations, we consider a double

Speciation of FeII-SO4 Solutions. FTIR spectra of FeII-SO4
solutions (Figure 1) indicate that the interaction of sulfate
with FeII is negligible. Sulfate and FeII either associate in
outer-sphere complexes or do not associate at all. The lack
of inner-sphere interaction is a common feature to the
aqueous solution and melanterite (FeSO4‚7H2O), the phase
that would crystallize from more concentrated FeII-SO4
solution at room temperature (22). In other words, speciation
of the solution is reflected in the structure of the corresponding crystalline solid.
Speciation of FeIII-SO4 Solutions. The infrared spectral
features indicate a significant distortion of sulfate ion when
FeIII is added to sulfate solutions at all examined pH values
and FeIII concentrations (Figure 3). Linear combination of
the reference X-ray absorption spectra gave an estimate of
10 ( 10% of inner-sphere complexes in the FeIII-SO4
solutions. In contrast to the X-ray spectroscopy investigations,
changes in the infrared spectra of FeIII-SO4 solutions (Figure
3) cannot be explained solely by ∼10% of inner-sphere
[Fe(SO4)n]3-2n complexes. If these solutions are composed of
∼10% inner-sphere (and the rest outer-sphere complexes),
then their vibrational spectra should be similar to uncomplexed sulfate/hydrogen sulfate mixture with minor changes
indicating the presence of scarce inner-sphere complexes.
The extensive splitting of sulfate vibrational bands and their
intensities are incompatible with the conclusion drawn solely
from the X-ray spectra (namely, that only ∼10% of the sulfate
ions are bound in inner-sphere complexes), and the rest of
sulfate occurs in outer-sphere complexes or does not
associate with FeIII at all. In other words, species other than
outer-sphere complexes must exist in the solution, which
can significantly modify the infrared spectra. They must
involve strongly interacting sulfate and iron polyhedra but
not through inner-sphere complex formation. Such a strong
interaction between sulfate and FeIII species can be facilitated
by hydrogen bonds, and the hydrogen-bonded complexes
are likely the abundant species responsible for the observed
variation in the infrared spectra.
The tendency of sulfate and the aqueous FeIII species to
form hydrogen-bonded complexes is strong enough to cause
conversion of hydrogen sulfate to sulfate and its binding to
FeIII species at pH 1. The hydrogen sulfate to sulfate
conversion is documented by sharpening of the main peak
in the X-ray spectra (Figure 4). It should be noted that the
decline of hydrogen sulfate concentration is also caused by
an increase in the ionic strength of solution (16). However,
simultaneous increase in the intensity of bands corresponding to the hydrogen-bonded complexes, and the diminution
of hydrogen sulfate spectroscopic signature indicate that the
high affinity of sulfate for FeIII species must be at least partially
responsible for hydrogen sulfate removal from the solution.
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Results outlined in the previous paragraphs complement
the speciation predictions based on interpretation of data
from thermodynamic studies. The measured values for the
equilibrium constant for the association reaction in aqueous
phase:

Fe3+ + SO4) ) [FeSO4]+

FIGURE 6. Cartoon representation of speciation in acid sulfate
waters as a function of pH and FeIII absence or presence. The gray
polyhedra are FeIII octahedra; the white ones are sulfate tetrahedra.
The complexes shown are hypothetical and are depicted here to
document the interaction between FeIII and sulfate, either hydrogenbonded or inner-sphere.

at 298.15 K and infinite dilution are 104.27 (9) or 104.04 (7). The
equilibrium constants for the formation of [Fe(SO4)2]- and
[Fe(SO4)3]3- have also been measured (7). The results of the
thermodynamic studies imply that FeIII and SO4 associate
strongly in the solutions, and the [Fe(SO4)n]3-2n complexes
are the dominant species when sufficient sulfate is present
to associate with FeIII. However, they do not specify the nature
of the [Fe(SO4)n]3-2n complexes. Our work shows that these
[Fe(SO4)n]3-2n species are mostly hydrogen-bonded complexes, with minor proportion of inner-sphere complexes
(Figure 6). Precise speciation calculations for our solutions
are hampered by the lack of thermodynamic data for elevated
ionic strength of FeIII-SO4 solutions.
Our study provides no information about the nature of
the FeIII species present in the solutions. Aqueous solutions
of FeIII have been investigated extensively, and polymerization
has been documented by a variety of techniques (e.g., refs
10 and 23-25). Magini (23) recognized the structural
continuity between solution species and the hydrous ferric

FIGURE 7. Mineral precipitation from FeIII-sulfate solutions (see also Figure 3 in ref 28). Precipitation of jarosite (reaction 1) occurs in
acidic (pH < 3) solutions rich in FeIII, SO4, and K/Na and requires elevated temperature or prolonged time (30). Schwertmannite forms
(reaction 2) from solutions with intermediate pH, and the interaction between FeIII-SO4 is identical in the solution and in the structure
of this mineral. The drawing of the schwertmannite “structure” shown here is a hypothetical structure based on the results of Bigham
et al. (26) and Waychunas et al. (27). At higher pH (>6), ferrihydrite or goethite with adsorbed sulfate form (reaction 3). Over time, metastable
schwertmannite transforms to goethite (reaction 4) or hematite.
192
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gels, precipitating from FeIII solutions. On the basis of these
studies, we assume that FeIII oligomers are present in the
solutions studied in this work. These FeIII oligomers then
interact with sulfate, mostly via hydrogen bonds, less
frequently in inner-sphere complexes. Possible structures of
such FeIII oligomers are drawn in Figure 6. However, these
structures are hypothetical, and we do not imply that these
are the actual aqueous FeIII oligomers in the studied solutions.
Link between FeIII-SO4 Solution Speciation and Structure of Associated Poorly Crystalline Precipitates. The FeIIISO4 aqueous speciation, as determined in this study, is
reflected in the local structure of nanocrystalline precipitates
that form in acid-polluted waters. A phase encountered in
acidic waters and soils is the nanocrystalline sulfate containing ironIII oxide schwertmannite (26). The structure of
schwertmannite is poorly known, and its chemical composition, in terms of Fe/SO4 and Fe/H2O ratios, is highly variable.
In schwertmannite, sulfate forms mostly H-bonded complexes in a network of disrupted, irregularly sized Fe(O,OH,OH2)6 tunnels (26, 27) (Figure 7). The FTIR and XAS
spectra of schwertmannite (27) indicate that the dominant
mode of interaction between FeIII and SO4 in this phase is
via hydrogen bonds. Similarly, our spectra point at the
dominant occurrence of hydrogen-bonded FeIII-sulfate
complexes in acidic FeIII-SO4 solutions. This similarity of
FeIII-sulfate interaction is likely the reason why schwertmannite is commonly the initial precipitate from AMD waters.
The similarity of interaction in the aqueous and solid phase
may also imply that the precipitation and dissolution reaction
(reaction 2 in Figure 7) is not kinetically hindered. If
precipitation and dissolution is easy, then schwertmannite
should be the phase that controls solubility and speciation
of FeIII, SO4, and indirectly also other components in the
solution.
Acid mine waters precipitate a plethora of minerals, not
only schwertmannite. At low pH, jarosite may occur; at
circumneutral pH, ferrihydrite and goethite form (28, 29)
(Figure 7). Formation of the well-crystalline ferric sulfate
minerals may require prolonged time; elevated temperatures;
high concentration of FeIII, SO4, and H+; or the presence of
additional ions, such as Na and K for jarosite (30). In jarosite
and other ferric sulfate minerals, sulfate tetrahedra and iron
octahedra are always linked by at least one bridging oxygen
(31), in contrast with dominant hydrogen-bonding interaction
in our solutions. It is possible that the aqueous speciation
in very acidic or concentrated AMD solutions is different
from what was observed in the solutions studied in this work.
At mildly acidic to circumneutral pH, ferrihydrite or goethite
precipitate and sorb sulfate on their surfaces (Figure 7). At
the surface of goethite, sulfate ions form a mixture of innersphere, hydrogen-bonded, and outer-sphere complexes (17,
20).
We speculate that comparable links exist in other aqueous
systems that precipitate poorly crystalline or X-ray amorphous solids. Similar questions may be brought up, similar
answers sought, and similar links found in many other
aqueous systems, not just acidic or polluted waters. A better
understanding of aqueous speciation would shine light on
relationships between solution complexes and solids, solubility, and bioavailability of metals.
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