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The kinetics and mechanisms of schwertmannite transformation to goethite and hematite
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ABSTRACT

The transformation of schwertmannite to goethite and/or hematite in high pH solutions was studied
between 60 and 240 °C using synchrotron-based, in-situ energy-dispersive X-ray diffraction (EDXRD).
Powder diffraction and electron microscopy indicate that the crystallization of hematite and goethite
occurred via intermediate ferrihydrite. At temperatures <80 °C goethite was the only crystallization
product, while at temperatures >80 °C goethite and hematite crystallized almost simultaneously. At
temperatures >150 °C a secondary crystallization stage was observed in which goethite transformed
to hematite. The activation energies of nucleation for goethite and hematite are 27 + 1 and 25 £ 1
kJ/mol, respectively, while the activation energies of crystallization are 33 = 1 and 28 £ 1 kJ/mol.
Most of the sulfate was released from the schwertmannite during the early stages of crystallization
with <5% of the sulfate remaining associated with the solid phase after crystallization was complete.
Sulfate from the initial schwertmannite retarded the dissolution of ferrihydrite, which inhibited the
nucleation and the early stages of goethite formation, but did not significantly affect the later stages
of goethite crystallization. At high temperatures the presence of sulfate favored the crystallization of
hematite over goethite. The activation energy of crystallization for the secondary transformation of

goethite to hematite is 103 + 3 kJ/mol.
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INTRODUCTION

Schwertmannite, with an idealized formula FegOy(OH),SO,,
commonly forms in acid mine drainage (AMD) environments as a
poorly crystalline and nanoparticulate mineral phase (e.g., Bigham et
al. 1990, 1996; Childs etal. 1998; Yu et al. 1999; Jonsson et al. 2005).
The oxidation of pyrite in these systems releases large amounts of
ferrous iron, sulfate, and acidity into associated ground and surface
water. The oxidation of ferrous to ferric iron when the waters come
into contact with the atmosphere leads to the precipitation of vari-
ous Fe** (oxy)hydroxides and (oxy)hydroxy-sulfate minerals. At
circum-neutral pH values ferrihydrite is the dominant phase formed,
schwertmannite is the most common direct precipitate from AMD
waters in the pH range 24, and jarosite is the prevalent phase at
pH <2 (Brown 1971; Cravotta et al. 1999).

Characterization of natural and synthetic samples using elec-
tron microscopy has shown that schwertmannite forms spherical
aggregates of up to 2 um in size that consist of radially oriented,
acicular crystals, ca. 100 nm in length and 10 nm wide (e.g.,
Bigham et al. 1990, 1996; Loan et al. 2004; Regenspurg et al.
2004). Based on data from both synthetic and natural samples,
Bigham et al. (1990) suggested that schwertmannite has a
structure similar to akaganéite (f-FeOOH) with double corner-
sharing chains of FeO;(OH); octahedra that produce square
tunnels parallel to the ¢ axis. These tunnels are stabilized by the
presence of sulfate oxyanions, which form bidentate bridging
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complexes with Fe** in the structure. Studies also indicate that
the individual schwertmannite particles are elongated along the ¢
axis of the schwertmannite structure (Bigham et al. 1990; Bigham
and Nordstrom 2000). However, Loan et al. (2004) showed that
the individual schwertmannite particles have a maghemite-like
structure, similar to that described by Janney et al. (2001) for
ferrihydrite, although within the particles there was also evidence
of more disordered and amorphous regions.

Natural and synthetic schwertmannite have variable iron,
sulfate, and water contents (e.g., Bigham et al. 1990, 1996; Childs
et al. 1998; Yu et al. 2001, 2002) leading to a general formula
that can be expressed as FesOg(OH); »,(SO,), nH,0, where 1 <
x < 1.75 (Bigham et al. 1994). In addition to the highly variable
sulfate content, sulfate can be substituted by a range of (toxic)
anions, such as arsenate (e.g., Carlson et al. 2002; Fukushi et
al. 2003a, 2003b, 2004), selenate (Waychunas et al. 1995), and
chromate (Regenspurg and Peiffer 2005). Schwertmannite has a
high surface area (e.g., 240-320 m?%g for synthetic and 125-225
m?%g for natural samples; Bigham et al. 1990) and reactivity
that results in a high sorption capacity for a wide variety of dis-
solved trace elements and contaminants (Webster et al. 1998;
Jambor and Dutrizac 1998). For example, schwertmannite has
been shown to effectively remove arsenic (e.g., Carlson et al.
2002; Fukushi et al. 2004), chromium (Regenspurg et al. 2005),
selenium (Waychunas et al. 1995), copper, and zinc (Swedlund
and Webster 2001) from solution. This efficient contaminant
sequestration shows that schwertmannite can exert a significant
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control on the mobility, speciation, and bioavailability of many
trace contaminants present within AMD environments.

Schwertmannite has been shown to be thermodynami-
cally unstable with respect to goethite, hematite, and jarosite. In
laboratory studies, Bigham et al. (1996) showed that synthetic
schwertmannite equilibrated with distilled water (pH 3.9) at room
temperature transformed to goethite over a period of 543 days.
This transformation reaction occurs as follows:

FesO5(OH); 5(SO4); 2509 + 2.5 H,Og) = 8 FeOOH ) + 2.5 H ()
1.2580% (g (1)

Experiments by Schwertmann and Carlson (2005) showed
that, at room temperature, schwertmannite in equilibrium with
de-ionized water adjusted to pH values between 4 and 7.2
transformed completely to goethite within 100 days. The trans-
formation followed a first-order relationship with respect to the
concentration of schwertmannite and the reaction rate was highly
pH dependent, almost doubling across the pH range (i.e., low at
pH 4 and high at pH 7.2). The transformation of schwertmannite
to goethite has also been observed in natural environments (e.g.,
Jiang and Chen 2005; Gagliano et al. 2004). Based on temporal
variations in mine shaft water levels, the distribution of goethite
and schwertmannite within the mine-waste-rock piles and satura-
tion/stability of schwertmannite with respect to the geochemistry
of the AMD waters at the Alta Mine, Montana, Schroth and Par-
nell (2005) proposed a dissolution/re-precipitation mechanism
for the transformation of schwertmannite to goethite in natural
settings. Schwertmannite has also been observed to transform
to hematite under hydrothermal conditions at 200 °C (Barham
1997), although no information about the kinetics or mechanism
of this reaction is known. The sulfate content of schwertman-
nite (Bigham et al. 1996) and the presence of adsorbed and/or
substituted contaminants (e.g., arsenate and chromate; Regen-
spurg et al. 2005), also play an important role in the kinetics of
transformation, with the reaction rate slowing with increased
sulfate and contaminant concentration.

To make accurate predictions about the stability of schwertman-
nite in the environment, it is important to quantify the mechanisms
and the kinetics of its transformation to more crystalline iron
(oxyhydr)oxide phases. However, there is a lack of detailed time-
resolved observations on these reactions, therefore little quantitative
kinetic and mechanistic data are available. The aim of this study was
to quantify the kinetics, mechanisms, and products of schwertman-
nite transformation, using in-situ, time-resolved, synchrotron-based,
energy-dispersive X-ray diffraction (EDXRD) combined with off-
line chemical and microscopic characterization.

EXPERIMENTAL METHODS

Schwertmannite preparation and characterization

Schwertmannite was prepared at room temperature by mixing 1 L ofa 100 mM
ferrous ammonium sulfate solution [prepared anaerobically using reagent-grade
salts and de-oxygenated, de-ionized water (DIW)] and 1 L 33 mM H,0, solution
with the pH of both solutions adjusted to 3 using either de-gassed 1 M NaOH or
1 M HCI. After a few minutes mixing, a reddish-brown precipitate formed. The
suspension was stirred continuously for 24 h. After settling, the supernatant was
removed and the solid separated by filtration and washed 3 times with DIW. The
washed solid product was oven dried at 40 °C and stored in a desiccator. The

1327

synthesis product was characterized by powder X-ray diffraction (XRD) using
a Philips PW1050 X-ray diffractometer (CuKo radiation), with a post sample
monochromator. Analytical transmission electron microscopy (TEM) of the pow-
dered samples was performed using a Philips/FEI CM200 field emission gun TEM
operating at 197 kV, fitted with an ultra thin window energy dispersive X-ray (EDX)
detector (Oxford Instruments ISIS). TEM specimens were prepared by sonicating
a few milligrams of the solids in 10 mL ethanol for 10 min and then evaporating
to dryness onto holey carbon coated copper TEM grids (Agar Scientific Ltd.). The
effective diameter of the selected area electron diffraction (SAED) aperture at the
image plane was approximately 0.18 pum.

To determine the chemical composition of the synthesis product, 200 mg of
the solid phase were digested for 2 h in 100 mL of 0.25 M hydroxylammonium
hydrochloride (made in 0.25 M HCI). The solution was analyzed for total iron using
inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin Elmer
ICP 5300 DV). The errors on the analyses were calculated as twice the relative
standard deviation from certified standard solutions. The concentration of sulfate
was determined by ion chromatography (IC, Dionex DX-600 ion chromatograph
with an EDSS0A UVD 170U detector and an Ionpac AS16 column). The elute
concentration and flow rate were set such that the chloride (from HCI) and sulfate
signals did not interfere with one another. The error on these analyses was calculated
as twice the relative standard deviation from the mean of nine measurements (three
repeat measurements of triplicate samples).

Off-line, ex-situ transformation experiments

Laboratory-based crystallization experiments were conducted at 80 and 180
°C to determine changes in solid phase mineralogy and supernatant composition
during the transformation of schwertmannite. These experiments were performed
using the following procedure: 2 g dry powdered schwertmannite were loaded into
a Teflon-lined 20 mL steel Parr reactor containing a micro-magnetic stirrer and
mixed with 10 mL of a 1 M NaOH solution. The reactor was placed into a heated
oil bath with the temperature maintained at the desired value using a thermocouple
connected to a heater unit. Several parallel experiments were performed and the
reactions quenched at regular time intervals up to 6000 s by plunging the reac-
tor into ice-cold water. The quenching step was estimated to be complete in <2
min. The contents were filtered through 0.2 um polycarbonate filters, the pH of
the supernatants measured using a pH probe calibrated with NIST certified pH
buffers, and the sulfate concentration determined by IC as described above. The
filtered solid products were washed three times in DIW, dried, and characterized
by powder X-ray diffraction and TEM as described above.

Time-resolved, in situ EDXRD experiments

In-situ time-resolved studies of schwertmannite transformation were carried
out using the EDXRD facilities on station 16.4 at the Synchrotron Radiation Source
(SRS), Daresbury Laboratory, U.K. The station configuration and experimental
set-up have been described in detail by Shaw et al. (2000). The transformation
experiments were conducted by transferring 2 g of dry powdered schwertmannite
into a PTFE liner containing a micro-magnetic stirring bar. The liner was placed
in a modified steel Parr reactor, with a section of the wall milled down to permit
sufficient X-ray transmission. To initiate the experiments, 10 mL of 1 A/ NaOH
solution were added to the cell and the reactor was quickly sealed and placed in a
pre-heated aluminum heating block fitted with four resistance heating cartridges
and a thermocouple to heat and maintain constant temperature. A magnetic stirrer
ensured continuous stirring of the suspension. Two slots in the aluminum block,
aligned with the milled section of the reactor, allowed the white X-ray beam to pass
through the apparatus and sample. Post sample collimation ensured that X-rays were
diffracted solely by the contents of the cell and that there was no input from the
PTFE liner or steel reactor. During experiments, the energy dispersive capabilities
of the station set-up allowed the whole diffraction pattern to be collected simultane-
ously using three energy-sensitive solid state detectors set at fixed diffraction angles
(20). For data evaluation, only peaks observed on the middle detector were used
because this detector recorded the most appropriate d-spacing range.

Experiments were carried out at temperatures between 60 and 240 °C and for
each isothermal experiment diffraction patterns were collected every 1 or 2 min.
The length of the experimental runs varied between 20 and 500 min, depending
on observed real-time changes in specific Bragg peaks.

EDXRD data analysis

The d-spacings of the peaks present in diffraction patterns were calculated
from the energies of the peak positions, £, and the angles of the detector, 6 , us-
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ing a modified form of Bragg’s law (E = 6.199/dsin®; Finger 1989). Peaks within
individual diffraction patterns were fitted using the program XFIT (Cheary and
Coelho 1992) using the Gaussian peak function to evaluate peak positions and
area. The changes in peak area with time were normalized to give the degree of
the reaction, o, using the following equation:

o=—" 2

where 7, represents the peak area at a given time and 7,,,, the peak area at the end
of the reaction. The normalized data as a function of time were subsequently fitted
with the Johnson-Mehl-Avrami-Kolmogorov (JMAK) kinetic model (Avrami 1939,
1940; Johnson and Mehl 1939) using the following equation:

o = — g k=) 3)

where k (s™) is the rate constant for the reaction,  (s) is time, 7, (s) is the induction
time (first appearance of a peak), and » is a variable that depends on the nucleation
rate, reaction mechanism, and dimensionality of growth (Hulbert 1969). Note that
the rate constants calculated using Equation 2 represent conditional rate constants,
because they take into account several processes occurring simultaneously (e.g.,
dissolution, nucleation, growth; Lasaga 1998).

Two types of reaction mechanism were considered when interpreting the value
of n. The first was a surface or phase-boundary controlled mechanism, in which
the reaction does not proceed fast enough to attain equilibrium at the particle-
solution interface and the reaction is limited by the amount of interface available.
The second assumed a diffusion, or transport controlled mechanism, in which the
reaction rate is controlled by the rate of transport of reactants through the matrix
to the particle surface.

The apparent activation energy of crystallization was calculated from the
experiments performed at different temperatures, using the Arrhenius equation:

_ M )
RT

where 4 is the pre-exponential factor (s '), £, is the apparent activation energy (kJ/

mol), R is the gas constant [8.314 J/(mol-K)], and T'is the absolute temperature (K).

The apparent energy of nucleation was calculated using the following adaptation

of the Arrhenius relationship (Kaschiev 1969):

Ink=1nA

(cryst)

E
‘a(nucl) . (5)

Int, =In +
0 A(nucl) RT

RESULTS

Schwertmannite characterization

Powder X-ray diffraction data (Fig. 1) of the schwertman-
nite starting material shows all eight broad diffraction peaks
characteristic of schwertmannite (Bigham et al. 1990). TEM
characterization (Fig. 2) showed that the schwertmannite formed
aggregates 500 to 1000 nm in diameter with a characteristic “pin
cushion” morphology (Bigham et al. 1990). The aggregates
consisted of radially orientated elongated particles that mea-
sured 5 to 10 nm in width, and between 10 and 50 nm in length.
TEM-EDX analyses confirmed that the particles consisted of
iron, oxygen, and sulfur (Fig. 2). The SAED pattern from the
aggregate revealed the two strongest lattice reflections, (212)
and (004), for schwertmannite (Fig. 2).

Analyses of the digested starting material (data not shown)
revealed a total sulfate concentration of 14.7 + 0.6 wt% and an
iron content of 42.0 + 0.8 wt%. From these data the formula
for the schwertmannite used in this study was determined to be
FegOg(OH)474(SO4); 63 nH,0.

Crystallization reactions

The off-line crystallization experiments resulted in the
complete transformation of schwertmannite to goethite at 80 °C
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FIGURE 1. Powder X-ray diffraction patterns (offset for clarity) of the
solid fractions quenched at various time frames during the transformation
of schwertmannite to goethite at 80 °C; schwertmannite starting material
(¢=0 ) (bottom pattern); two-line ferrihydrite intermediate, with minor
goethite (= 1200 s) (middle pattern); and pure goethite end product (¢
= 12000 s) (upper pattern). The major skl assignments of the phases
are labeled.
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FIGURE 2. TEM image of a schwertmannite aggregate displaying
typical “pin cushion” morphology. Inserts: EDX pattern of schwertmannite
exhibiting iron, oxygen, and sulfur signals (the copper signals are from
the copper mesh TEM grid); and a SAED pattern of the schwertmannite
aggregate. The two major schwertmannite reflections, (212) and (004)
are labeled with white arrows, d-spacings in angstroms.
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(Fig. 1) or hematite at 180 °C (not shown) as sole end-products.
An XRD pattern of a sample quenched 20 min after the start
of the reaction at 80 °C (Fig. 1), showed that the 8 diffraction
peaks of the initial schwertmannite were no longer present and
that two broad peaks indicative of 2-line ferrihydrite and minor
peaks representing goethite had appeared. The presence of fer-
rihydrite was also confirmed by TEM (Fig. 3a) and is shown to
have formed loose aggregates of nanoparticles. SAED of these
aggregate show the two diffuse rings typical of 2-line ferrihy-
drite, and no sulfate was detected in the EDX spectra. Goethite
was associated with this intermediate ferrihydrite (Figs. 1 and

Fe

c Fe Cu

s Energy (KeV) 1

s Pibad
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3a), but after 200 min the final solid phase was entirely goethite
(Figs. 1 and 3D).

Data from the time-resolved, in-situ experiments show
the complete transformation of schwertmannite to goethite or
goethite and hematite (Figs. 4 and 5). Plots of the time-resolved
EDXRD data from experiments performed at 80 and 180 °C are
shown in Figure 4. Note that in all EDXRD patterns a broad back-
ground hump was present throughout the experiments, which
was a result of both the spectral intensity profile of the incident
beam (Clark et al. 1994) and the scattering from the poorly or-
dered/amorphous material in the reactor (i.e., schwertmannite,

FIGURE 3. TEM images, EDX spectra, and SAED patterns of the solid fractions collected as quenched samples during the reaction at (a) 80
°C and 3000 s, showing a mixture of ferrihydrite and goethite, (b) 80 °C and 24000 s, showing euhedral goethite laths upon completion of the
reaction, (¢) 180 °C and 600 s, showing poorly formed hematite crystals in densely aggregated ferrihydrite, and (d) 180 °C and 3000 s, showing
goethite laths being overgrown by sub-hexagonal hematite crystals. White arrows indicate d-spacings of reflections in angstroms.
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FIGURE 4. Three-dimensional representations of time-resolved
EDXRD patterns illustrating the transformation of schwertmannite to
(a) goethite at 80 °C and (b) goethite and hematite at 180 °C. Energy
was converted to 26, using the Bragg equation (A = 2dsin6), assuming
L =1.541 A (CuKa).

ferrihydrite, and NaOH solution). Throughout all the experiments
the d-spacings of all the diffraction peaks did not change.

At 60 and 80 °C, an initial broad peak of d-spacing =~ 2.55
to 2.45 A (20 = 36° + 1) was observed early in the reaction at
times <100 min (Fig. 4a). The phase represented by this peak
could not be positively identified in the EDXRD patterns due
to its poorly crystalline nature and due to the fact that the data
were collected with the solids suspended in solution. However,
powder XRD patterns (Fig. 1), TEM micrographs (Figs. 3a and
3c), and SAED (Fig. 3a) of the solid fraction from the early stages
of the reaction showed that ferrihydrite formed as an intermedi-
ate phase, therefore the observed peak most likely represents
the (110) reflection of ferrihydrite. As the reaction progressed
this peak became quickly overprinted by the sharper and more
intense diffraction peaks of goethite or hematite.

The normalized peak areas of the goethite (111) and the
hematite (110) diffraction peaks as a function time from all
the in-situ experiments are plotted in Figure 5. These specific
peaks were chosen because of their relatively high intensities
and the lack of interference from other peaks. At 60 and 80
°C, after an induction period of ~200 and 30 min, respectively,
goethite started forming and after ~400 and 80 min at 60 and
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80 °C, respectively, the goethite growth reached a plateau. At
these temperatures, goethite was the sole product of crystalliza-
tion, which confirmed the results from the off-line experiments
presented above (Fig. 1). As the temperature increased the induc-
tion period decreased. At 7> 90 °C (Fig. 5), both goethite and
hematite were observed to crystallize. TEM micrographs of the
particles formed in the early stages (600 s) of the transformation
at 180 °C showed densely aggregated and more electron opaque
zones within loosely aggregated ferrihydrite. Some of these ag-
gregates contained dense cores that were shown with SAED to
be hematite (Fig. 3c). At a later stage of this reaction (3000 s),
hematite assumed an irregular platy morphology with poorly
formed crystal faces, while goethite formed typical acicular
crystals (Figs. 3b and 3d) that ranged in size from a few tens to
1000 nm in length.

With increasing temperature the rate of crystallization of
goethite and hematite increased, and hematite became increas-
ingly dominant (Fig. 5). At temperatures >150 °C, a secondary
crystallization stage was observed, in which the goethite to
hematite ratio (Gt/Hm; defined as the change in the ratio of
the goethite and hematite peak intensities) decreased over time
(Fig. 5). TEM characterization of the solid phase produced at
180 °C after 3000 s (i.e., during the secondary crystallization
stage) showed that ferrihydrite was no longer present and that
the hematite was often observed to overgrow goethite crystals
(Fig. 3d). Above 190 °C, the secondary crystallization stage was
observed to completion within the time-scale of the experiments
(i.e., the complete disappearance of goethite, with hematite as
the sole end product). The details of the transformation products
and induction times, #, are presented in Table 1.

The pH of the supernatant solutions was buffered by the high
concentration of NaOH in the system and remained at an average
of 13.2 (26 = 0.3) throughout the transformation experiments.
The IC analysis (Fig. 6) showed that the majority of the sulfate
originally associated with the schwertmannite was released back
into solution during the transformation reaction. In Figure 6, the
sulfate release is compared with the schwertmannite transforma-
tion to goethite plotted in terms of extent of reaction (o). The
plot shows that at 80 °C, 84% of the total sulfate in the solid
schwertmannite was released by 1200 s, and 96% by 3600 s (Fig.
6a). At 180 °C, 87% of the total sulfate was released by 600 s,
and 95% by 1800 s (Fig. 6b).

Based on all the results presented above, the transformation of
schwertmannite can be described in three stages: (1) an induction
period (%)), characterized by the absence of resolvable diffraction
peaks associated with goethite or hematite and the formation of
ferrihydrite; (2) a period of primary crystallization of goethite
and/or hematite; and (3) a secondary crystallization stage, in
which goethite transforms to hematite. An illustration of how
this three stage process occurs is given in Figure 7.

Transformation kinetics and energetics

The time-resolved data for the crystallization of goethite and
hematite from schwertmannite (stage 2) were normalized and
fitted with the JMAK kinetic model (Fig. 8). For all goethite
data at 7< 190 °C, the fitting yielded an average n value of 2.1
(26 =0.5). According to previous studies, the transformation of
schwertmannite and ferrihydrite to goethite can be described by a
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FIGURE 5. Diffraction peak-intensity data displaying the crystallization of goethite (closed circles) and/or hematite (open circles) during the

transformation of schwertmannite at temperatures between 60 and 240 °C.

simple first-order reaction (n = 1; e.g., Schwertmann and Murad
1983; Schwertmann and Carlson 2005; Shaw et al. 2005). As the
n value obtained in this study was considerably larger than 1, and
because the transformation mechanism is not expected to change
at random across the temperature range, the data were re-fitted
with the n value fixed to 2.1. Initial fitting of the hematite forma-
tion (stage 2) data to the JIMAK model, at temperatures between

90 to 190 °C (Fig. 8b) yielded an average n value of 1.3 (26 =
0.5). Previous studies that followed the transformation of fer-
rihydrite to hematite suggested a first-order reaction equivalent
to n =1 (e.g., Fischer and Schwertmann 1975; Schwertmann
and Murad 1983; Shaw et al. 2005) and thus the data were re-
fitted with n fixed to 1. Data for the secondary crystallization
(goethite to hematite) were normalized and fitted to the JIMAK
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TaBLE 1.  Details of the induction times for goethite and hematite (t,) crystallization and the times taken for the completion of both the
primary and secondary crystallization periods

T(°O) Stage 1 (induction period) Stage 2 (primary crystallization) Stage 3 (secondary crystallization)
Gtt,(s) Hm t, (s) Gtk(s'"),n=2.1 Gtk(s"),n=1 Hmk(s"),n=1 Hm t, (s) Hmk(s"),n=1

60 6515(68) - 0.9(0.01) x 10 1.9(0.04) x 10* - - -

80 1603(29) - 4.2(0.06) x 10 9.1(0.3) x 10 - - -

90 1564(60) 2737(57) 5.4(0.2) x 10 10.1(0.8) x 10* 5.9(0.3)x 10 - -

110 633(33) 1241(22) 9.9(0.2) x 10 14.9(0.9) x 104 13.5(0.7) x 10 - -

150 372(17) 484(10) 21.9(1.0)x10* 449(7.4)x 10+ 29.1(0.7) x 10 - -

180 340(14) 467(8) 29.4(0.6) x 10* 59.0(3.9) x 10 33.5(1.5) x 10* - -

190 327(17) 428(8) 40.8(0.2) x 10* 69.2(4.9) x 104 60.7(5.0) x 10 1020 4.5(0.2) x 10

220 - - - - - 660 28.7(1.8) x 10*

230 - - - - - 600 42.3(3.6) x 10

240 - - - - - 600 51.7(4.0)x 10

Eanucn 26(1) 27(1) 25(1) -

Eacrysty 33(1) 30(1) 28(1) 103(3)

Notes: The conditional rate constants, k, were calculated by fitting the time resolved and normalized data from the transformation of schwertmannite to goethite
and hematite to the JMAK model, with n fixed to 2.1 and 1 for goethite, and 1 for hematite. The k values for the transformation of goethite to hematite, with n fixed
to 1, are also displayed. The activation energies of nucleation, E,,q), and crystallization, E,,, are also shown.
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FIGURE 8. Degree of reaction (o) of (a) goethite and (b)
hematite formation as a function of time during the transformation of
schwertmannite. The dashed lines are fits of the JMAK kinetic model
to each data set.
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FIGURE 9. Degree of reaction (0.) showing the formation of hematite
from goethite, for temperatures between 190 to 240 °C, fitted to the
JMAK kinetic model, with n = 1. Insert shows the Arrhenius plot of
the & values.

calculations of the activation energies. The linearity of the data in
the Arrhenius plots (Figs. 9 and 10) indicates that the mechanisms
were constant across all experimental conditions.

DISCUSSION

Schwertmannite starting material

The morphology of the particles within the starting material
was typical of both synthetic and naturally occurring schwert-
mannite described in previous studies (Bigham et al. 1990, 1994;
Bigham and Nordstrom 2000; Carlson et al. 2002; Regenspurg et
al. 2004; Loan et al. 2004). The sulfate content of the schwert-
mannite was at the high end of the range reported by Bigham et
al. (1990) for both synthetic (0.1 to 15.5 wt%) and natural (8.5
to 14.1%) samples. This is likely to be due to the precipitation
of the schwertmannite from solutions with a high initial sulfate
concentration. The total iron content (42.0 + 0.4 wt%) falls
between the ranges for synthetic (43.2 to 56.7 wt%) and natural
(39.4 to 41.8 wt%) schwertmannite as reported by Bigham et al.
(1990). The mode of precipitation applied in this study produced
a starting material that was chemically and morphologically
typical of both natural and synthetic schwertmannite and was,
therefore, a good basis for studies replicating environmentally
related processes.

Primary crystallization: Goethite and hematite formation

Goethite formation. At temperatures <80 °C goethite was
the only observed stable end-product. This is in agreement with
previous studies on the transformation of natural and synthetic
schwertmannite at 20-25 °C and pH 1.9-9, which showed a
partial or complete transformation of schwertmannite to goethite.
TEM and XRD analyses demonstrated that schwertmannite
transforms to goethite via a ferrihydrite intermediate. The crys-
tallization data from this study, therefore, can be compared with
results from previous studies characterizing the transformation of
ferrihydrite to goethite under similar chemical conditions.

Mackay (1960) and later Schwertmann and Murad (1983)
demonstrated that the transformation of ferrihydrite to goethite
under aqueous conditions occurs via a reconstructive dissolution/
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FIGURE 10. Arrhenius plots of data from the induction times (#; open
triangles) and growth rates (k; closed triangles) for the transformation
of schwertmannite to (a) goethite and (b) hematite.

re-precipitation mechanism and follows pseudo-first-order kinet-
ics. This mechanism is consistent with the observed transforma-
tion to goethite under alkaline conditions where iron solubility is
high. Time-resolved EDXRD studies of goethite crystallization
from ferrihydrite at pH 13.7 revealed that goethite nucleates
directly from solution (i.e., homogenous nucleation) and crystal
growth occurs via a surface-controlled mechanism (Shaw et al.
2005). Also, fitting the goethite EDXRD peak growth to the
JMAK kinetic model yielded an exponent of n = 1, which is
equivalent to pseudo-first-order kinetics. However, fitting the
peak area growth data for goethite formation from the current
study yielded n=2.1 (Fig. 8a) suggesting that additional factors
influenced the crystallization of schwertmannite to goethite.
This difference in the exponents is likely to reflect the effect of
sulfate from the schwertmannite on some part of the goethite
formation process. Previous studies have shown that oxyanions
(e.g., sulfate) usually adsorb to ferrihydrite as binuclear, inner-
sphere surface complexes and can impede mineral dissolution
because the simultaneous removal of two or more metal centers is
energetically unfavorable (Parfitt and Smart 1978). For example,
Biber et al. (1994) showed that oxyanions (e.g., phosphate) act as
strong inhibitors in the dissolution of iron (oxy)hydroxides. These
results are supported by the findings of Lin et al. (2003), who
studied the transformation of Cd-doped ferrihydrite in the pres-
ence of sulfate, nitrate, and chloride. They showed that the rate of
transformation was significantly lower for the sulfate-rich system
and postulated that a strong ferrihydrite-sulfate interaction may
immobilize the ferrihydrite surface and suppress dissolution.
Given the evidence from these previous studies, we suggest
that the inhibition of ferrihydrite dissolution by sorbed sulfate
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at 90 °C; (b) induction periods (%)); and (¢) the conditional rate constants
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had a significant effect on goethite formation. The retardation
of ferrihydrite dissolution limits the supply of ferric iron being
released into solution and thus retards goethite crystal growth
and/or nucleation rates. Further information about this process
was obtained by comparing data from the current study with the
in situ, time-resolved, EDXRD data on the transformation of
pure-ferrihydrite and phosphate-doped ferrihydrite to goethite
in pH 13.7 from Shaw et al. (2005).

The induction times for goethite growth from schwertmannite
were longer than those reported for goethite formation from pure
ferrihydrite and similar to those for phosphate-doped ferrihy-
drite (Figs. 11a and 11b). This was despite the large differences
in initial dopant concentrations (3% PO,/Fe vs. 35% SO4/Fe),
which reflects the fact that phosphate has a higher affinity for
the ferric (oxy)hydroxide octahedra than sulfate (e.g., Liu et al.
1999). Phosphate has been shown to inhibit ferrihydrite dis-
solution so strongly that homogenous nucleation of goethite is
blocked, thus forcing heterogeneous nucleation of goethite on
hematite (Barron et al. 1997; Shaw et al. 2005). No evidence
for this nucleation mechanism was observed in the transfor-
mation of schwertmannite. The longer induction times for the
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crystallization of schwertmannite to goethite compared to the
pure ferrihydrite system, however, imply that the reduced rate
of ferrihydrite dissolution caused by sorbed sulfate does inhibit
the rate of goethite nucleation.

Comparison of the goethite EDXRD peak growth profiles
from pure ferrihydrite and schwertmannite show a clear differ-
ence in the growth kinetics (Fig. 11a). Qualitatively, the rate of
goethite crystallization during the early stages of the reaction
was significantly slower for schwertmannite than for pure fer-
rihydrite. This indicates that, during the early stages of growth,
sulfate inhibited the formation of goethite. This could occur via
two possible mechanisms. First, the slow release of ferric iron
due to sulfate sorbed to the ferrihydrite (e.g., coprecipitated
within the ferrihydrite structure or within isolated nanopores
in particle aggregates) could limit the growth of the goethite
particles. Second, sulfate could adsorb to the surface of the
growing goethite particles and thus block growth sites on the
crystals. There is a very little sulfate associated with the final
crystalline goethite (Fig. 6a), which is due to the high pH of the
solution where sulfate adsorption is very low. This suggests the
first mechanism is most likely, because the sulfate will not adsorb
to the growing goethite crystals under high pH conditions. To
quantitatively compare the crystallization rates obtained in this
study to those of Shaw et al. (2005), the goethite growth data from
this study were re-fitted using an n value of 1 (instead of 2.1).
This was achieved by omitting data where o < 0.1-0.2 from the
fitting such that the data that deviated from a pseudo-first-order
model were discounted. The comparison between the values of
k from this study and those from Shaw et al. (2005) are plotted
in Figure 11c. The rates for the transformation of schwertman-
nite were slightly lower than those for transformation of pure
ferrihydrite, but the crystallization rate for the phosphate-doped
system were significantly lower than for either the pure or
sulfate-doped system. Again, this indicates that the presence of
sulfate inhibits goethite formation, but to a much lesser extent
than phosphate. Measurement of the sulfate concentration in the
supernatant (Fig. 6a) showed that a fraction of the total sulfate
(13 + 1%) remained associated with the ferrihydrite intermedi-
ate (e.g., first 40 min). However, as the reaction progressed, the
sulfate continued to be released into solution and at the end of
the transformation the final goethite was almost sulfate-free. This
implies that the sulfate is mostly associated with the ferrihydrite
and does not become associated with the crystalline goethite.
This indicates that the slower crystallization rates at the early
stages of goethite formation were due to the slow dissolution
of the sulfate-doped ferrihydrite, as opposed to the blocking of
goethite growth by sorbed sulfate. Also, it seems sulfate does
reduce the growth rate of goethite relative to the pure ferrihydrite
system, but to a much lesser extent than phosphate, which is
further evidence that the effect of sorbed sulfate on the growing
goethite crystals is small.

For the transformation of pure ferrihydrite to goethite,
Shaw et al. (2005) calculated an E,,) = 7 = 1 kJ/mol, which
is indicative of simple homogeneous nucleation from solution
with the diffusion of ions through the aqueous solution being
the controlling mechanism. The E,,, determined for goethite
crystallization in this study was significantly larger, at 27 + 1 kJ/
mol, and exceeded the upper limit (i.e., 21 kJ/mol) for aqueous
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diffusion controlled reactions (Lasaga 1998). The increase in
E e relative to the pure ferrihydrite system further supports the
hypothesis that sulfate inhibits the nucleation of goethite, which
is caused by a reduction in the rate of ferrihydrite dissolution due
to adsorbed sulfate. The E .y (33 = 1 kJ/mol) lies within error
of the minimum value of the range given for a surface controlled
reaction (33.5 kJ/mol; Lasaga 1998). The well-defined crystal
faces of the goethite crystals as seen in TEM images (Fig. 3b)
also support a surface controlled mechanism (Lasaga 1998). The
E rysy 1s comparable to the value obtained for goethite growing
from pure ferrihydrite (39 + 3 kJ/mol, Shaw et al. 2005) indicat-
ing that although sulfate has the effect of decreasing the rate of
goethite crystallization, at least during the early stages, the overall
energetics of the reaction mechanism is unchanged. This further
supports the hypothesis that sulfate has little direct interaction
with the growing goethite crystal, but limits the supply of ferric
iron due its effect on the dissolution of ferrihydrite.

Hematite formation. With increasing temperature (=90 °C)
the Hm/Gt ratio increased and at >150 °C, goethite was observed
to be a fully intermediate phase on the time scale of the experi-
ments. TEM images of the early stages of the transformation of
schwertmannite at 180 °C (Fig. 3¢) suggest that hematite formed
via aggregation of ferrihydrite nanoparticles. The transformation
of ferrihydrite to hematite is thought to proceed via an aggre-
gation of the ferrihydrite followed by a crystallization process
within the aggregates (Schwertmann 1959; Schwertmann and
Fischer 1966; Towe and Bradley 1967; Fischer 1971; Fischer
and Schwertmann 1975; Christensen et al. 1980; Schwertmann
and Murad 1983). The presence of water is essential in this
process with isotopic studies suggesting that the crystallization
occurs via short-range dissolution and reprecipitation within the
aggregates (Bao and Koch 1999). This mechanism is consistent
with hematite formation at pH values close to the PZC of fer-
rihydrite (pH 7.8), where aggregation occurs readily and ferric
iron solubility is low. Hematite was not expected to form at
the high pH conditions in the current study (pH 13.2). Indeed,
Jonsson et al. (2005) reported goethite to be the sole end product
of schwertmannite transformation at pH 9 at room temperature
after 17 months. It is likely that hematite was stabilized by the
high-temperature conditions of the present study, which pro-
moted the transformation of ferrihydrite to hematite relative to
goethite. Similar observations have been reported in studies on
the transformation of ferrihydrite to hematite in the pH range 3 to
9 at elevated temperatures (e.g., Schwertmann and Fischer 1966;
Fischer and Schwertmann 1975; Galvez et al. 1999). However,
Shaw et al. (2005) followed the transformation of ferrihydrite in
1 M KOH and found goethite to be the only reaction product at
temperatures of up to 137 °C, while in the current study, hematite
was observed at temperatures as low as 90 °C. This suggests
that the association of sulfate with the ferrihydrite intermediate
favored the mechanism of hematite formation and/or inhibited
the mechanism of goethite formation. This is in agreement with
the findings of Lin et al. (2003), who showed that the Hm/Gt
ratio increased upon transformation of Cd-doped ferrihydrite in
the presence of sulfate, when compared to the transformation in
the presence of nitrate or chloride. They suggested that sulfate
stabilized the ferrihydrite surface and thus hindered ferrihydrite
dissolution. We propose that a similar mechanism can account
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for the crystallization of hematite from schwertmannite and that
the presence of sulfate favored the formation of hematite over
goethite because it inhibited ferrihydrite dissolution and thereby
promoted the transformation to hematite.

The growth profiles for hematite formation showed a near
first-order response at temperatures <190 °C (Fig. 8b). This is in
agreement with previous studies that have reported the conver-
sion of ferrihydrite to hematite follows a first-order dependence
with respect to ferrihydrite (e.g., Fischer and Schwertmann 1975;
Schwertmann and Murad 1983; Shaw et al. 2005). This indicates
that, unlike goethite formation, sulfate was not observed to alter
the mechanism of hematite formation. The value for £, for
hematite formation derived in this study (25 + 1 kJ/mol), is
within error of previously published activation energies (Shaw
et al. 2005), which suggests that sulfate has little effect on the
aggregation of ferrihydrite, which precedes hematite crystal-
lization. The E, ., determined for hematite (28 + 1 kJ/mol) is
significantly lower than that reported for hematite crystallized
from pure ferrihydrite at pH 10.7 (69 £ 6 kJ/mol; Shaw et al.
2005). We suggest that the lower activation energy is related
to the high pH of formation where the solubility of ferric iron
is high. The higher concentration of dissolved iron within the
nano-pores of the aggregated particles aids the diffusion of the
ions and therefore lowers the activation energy.

Secondary transformation of goethite to hematite

TEM characterization of the quenched products from the
secondary crystallization stage illustrates the association between
goethite and hematite crystals and the absence of ferrihydrite
(Fig. 3d). This evidence, along with the observed increase in the
relative peak area of hematite at the expense of goethite from
the EDXRD data (Fig. 5), suggests that this second transforma-
tion is a direct transformation of goethite to hematite. Goss
(1987) reported a diffusive control on the dry transformation of
goethite to hematite, which is consistent with the migration of
hydroxyls and protons from the structure. Therefore, it is pos-
sible that a simple diffusion-controlled mechanism can describe
the transformation of goethite to hematite in solution. However,
studies involving the non-isothermal dry heating of goethite
and its transformation to hematite showed that the dehydration
reaction occurs at temperature >200 °C (Fan et al. 2006). The
transformation of goethite to hematite in this study was observed
to occur at lower temperatures (150 °C), and therefore it is likely
that water facilitates the reaction.

In fitting the hematite growth data to the JMAK kinetic
model, n was fixed to 1, which is consistent with a diffusion-
controlled, 2-D growth (Hulbert 1969) that would be predicted by
a direct dehydration/transformation mechanism. This produced
a good fit to all the data and yielded an £y, = 103 + 3 kJ/mol.
However, Fan et al. (2006) found that a 3-D growth mechanism
best described the dry thermal transformation of goethite to
hematite. This mechanism would yield #» = 1.5 (Hulbert 1969).
Re-fitting the data using n = 1.5 (data not shown) yielded £,y
=99 + 3 kJ/mol, which is within the error margin of the value
calculated for n = 1 (Table 1). Therefore the dimensionality of
growth used in the kinetic model has a negligible effect on the
calculated activation energy. The derived value for the £y, for
hematite from goethite (103 + 3 kJ/mol) falls within the range
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of values reported for this dehydroxylation reaction (88 to 247
kJ/mol; Cornell and Schwertmann 2003), but is also within the
accepted range for diffusion and surface controlled crystallization
reactions (Lasaga 1998).

The structures of hematite and goethite have a similar anion
framework, with 3 unit cells of goethite stacked along the ¢
axis forming 1 unit cell of hematite. Within this common anion
framework the c axis of goethite and hematite are parallel. This
relationship was observed in TEM micrographs (Fig. 3d, where
the ¢ axes of both phases correspond to the viewing axis). A
direct topotactic transformation would involve dehydration and
the rearrangement of the cations (Cornell and Schwertmann
2003; Cudennec and Lecerf 2005). Studies of goethite dehydra-
tion in air indicate that the transformation occurs between 260
and 320 °C, so it seems unlikely that the direct transformation
would occur at lower temperatures and in the presence of water.
We propose that the transformation of goethite to hematite must
be facilitated by the presence of water in the system, but some
topotactic relationship between the two phases is retained during
the reaction. The exact mechanism by which water facilitates this
process is not clear, but may involve dissolution of goethite and
reprecipitation of hematite within the particle aggregates.

IMPLICATIONS AND CONCLUDING REMARKS

We proposed a new system for the transformation of schw-
ertmannite to goethite and/or hematite with the various pathways
illustrated in Figure 12. The kinetic and energetic information
provide strong evidence for a dissolution/re-precipitation mecha-
nism for the formation of goethite from schwertmannite, with
the presence of sulfate significantly retarding the dissolution
of the ferrihydrite intermediate. This impedes the early stages
of goethite nucleation and growth relative to the formation of
goethite from pure ferrihydrite. Our data have also shown that
sulfate inhibits the dissolution of the ferrihydrite intermediate and
therefore favors the formation of hematite relative to goethite.

Sch
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FIGURE 12. Schematic outlining the reaction steps in the
transformation of schwertmannite to goethite and/or hematite. The
derived mechanisms and activation energies are shown for each
reaction.
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This study has shown that sulfate is released into solution
during the transformation process. Within AMD environments,
other toxic oxyanions (e.g., arsenate and chromate) can be abun-
dant within associated surface- and groundwaters. Many of these
oxyanions have been shown to substitute for sulfate within the
schwertmannite structure and therefore could be released during
crystallization to goethite and/or hematite. The crystallization
process is likely to be slow within AMD environments, due to
low temperature and neutral-acid pH regimes, and the potential
release of contaminants during crystallization, therefore, could
occur many years after the oxyanions were sequestered by schw-
ertmannite. The transformation process could have significant
implications for predicting the long term release of contaminants
within AMD sites and for any remediation and stabilization
strategies employed.
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