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ABSTRACT

Rietveld refinements using neutron powder diffraction data were used to locate H atom positions
and obtain a more precise crystal structure refinement for akaganéite [Fe3*Ni3%Og.s
(OH), 5Cl, ,5-nH,0O]. Difference Fourier maps clearly showed H atoms positions near those O atoms
at the midpoints of the tunnel edges. The O-H vectors point toward the Cl sites at the center of the
tunnel, and weak hydrogen bonds likely form between the framework O atoms and CI. The Cl posi-
tion is near the center of a prism defined by the eight hydroxyl H atoms. The CI atoms fill ~2/3 of the
tunnel sites, suggesting an ordering scheme in a given tunnel with every third tunnel site vacant.
Such an arrangement allows the ClI anions to increase their separation distance along a tunnel by
displacing away from one another toward their respective adjacent vacancies. The Fe-O octahedra in
akaganéite are distorted with Fe-(O, OH) distances ranging from 1.94 to 2.13 A and show three
longer and three shorter Fe-O distances; as expected the longer distances are associated with the
OH anions.

Temperature-resolved synchrotron X-ray powder diffraction data and Rietveld refinements were
used to investigate changes in the akaganéite structure and its transformation into hematite as it was
heated from 26 to 800 °C. Rietveld refinements revealed surprising consistency in all unit-cell pa-
rameters between room temperature and ~225 °C, resulting in nearly zero thermal expansion of the
akaganéite structure over a 200 °C interval. Above ~225 °C, the unit-cell volume gradually de-
creased, primarily in response to decreases in ¢ and b, and an increase in the fangle. The a parameter
remained nearly constant until ~225 °C and increased thereafter. Akaganéite started to transform to
hematite in the temperature range 290 to 310 °C with no evidence for maghemite as an intermediate

phase.

INTRODUCTION

Akaganéite is the naturally occurring form of 3-FeOOH and
has been recognized as a significant Fe-oxide component in
soils and geothermal brine deposits (Holm et al. 1983) and as a
corrosion product of some steels and iron meteorites (Buchwald
and Clarke 1989). Both natural and synthetic akaganéite typi-
cally occurs as fine-grained masses, and no crystals have been
found that are suitable for single-crystal diffraction studies. Post
and Buchwald (1991) performed a Rietveld refinement using
powder X-ray diffraction data from akaganéite [Fe3%Ni37Oq 35
(OH)y65Cl, ,5-nH,0] from the Campo del Cielo meteorite. They
confirmed the hollandite-type structure, in which double chains
of edge-linked Fe3*-(O, OH) octahedra share corners to form a
framework containing large tunnels with square cross sections
that measure two octahedra per side (Fig. 1). The Cl atoms
reside in the tunnels, and the negative charges introduced by
the Cl atoms are offset by substitution of higher-valence cat-
ions into the octahedral sites, or by additional H atoms. Post
and Buchwald (1991) also showed that the structure has mono-
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clinic symmetry (/2/m), not tetragonal as was previously as-
sumed (Keller 1970). The akaganéite structure is unusual among
known hollandite-type phases in that the framework cations
(Fe?*) are predominantly trivalent rather than quadravalent, and
the tunnels contain anions (Cl°) rather than cations.

Because of limitations imposed by the use of powder X-ray
diffraction data, Post and Buchwald (1991) were not able to
locate H atom positions in the akaganéite structure; also, some
of the Fe-(O,0H) distances were anomalously long compared
with those in similar iron hydroxide phases. Consequently, in
an attempt to locate H atom positions and obtain a more pre-
cise crystal structure refinement, we undertook a neutron pow-
der diffraction study of akaganéite. In addition to its advantage
for use in locating H atoms, the neutron data offered improved
precision for light element positions, such as for O atoms. Our
study challenged two of the general tenets of powder neutron
diffraction experiments: (1) that large amounts of sample (on
the order of grams) are required, and (2) that usable data can-
not be collected from H-rich samples because of the high inco-
herent scattering contribution to the background by H atoms.
The neutron data for this study were collected from an ~100
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FIGURE 1. Polyhedral representation of the akaganéite structure,
looking approximately down b. The small circles represent the H atoms,
and the larger circles in the tunnel region indicate Cl anions.

mg sample, and the small sample size sufficiently reduced the
H incoherent scattering, and thereby increased the peak to back-
ground intensity ratio, to allow successful refinement of the data.

It is well known from previous studies that akaganéite trans-
forms into hematite when heated to ~300 °C (e.g., Mackay 1960;
Morales et al. 1984). The details of the mechanism of this struc-
tural transformation, however, are not well understood. Some
studies have suggested the possibility of an intermediate
maghemite phase (Merofio et al. 1985). Also, some differential
scanning calorimetry (DSC) experiments have shown a sig-
nificant exotherm at ~525 °C that has not been satisfactorily
explained (Morales et al. 1984). In the second part of our study,
we used temperature-resolved real-time synchrotron X-ray
powder diffraction and Rietveld refinements, along with tem-
perature-resolved Fourier transform infrared spectroscopy
(FTIR), to investigate changes in the akaganéite structure and
its transformation into hematite as it was heated from 26 to
800 °C.

DATA COLLECTION AND REFINEMENT

Data collection

The sample used in this study was the same as that used by
Post and Buchwald (1991), and includes a minor impurity of
goethite (~6 wt%). It formed as a corrosion crust on the Campo
del Cielo iron-nickel meteorite, and analyses by Post and
Buchwald (1991) yielded the chemical formula Fe3%Ni3;Oq s
(OH)y45Cl, ,5-nH,0. The sample was hand ground under acetone
in an agate mortar and passed through a 400 mesh sieve. A
~100 mg sample was loaded into a 2 mm quartz capillary for
neutron diffraction data collection. A second akaganéite sample,
also from the Campo del Cielo meteorite, but with no goethite
impurity, was loaded into 0.5 mm quartz capillaries for the syn-
chrotron X-ray diffraction study. The room temperature time-
of-flight neutron diffraction experiment was performed at the

Manuel Lujan Jr. Neutron Scattering Center at the Los Alamos
National Laboratory. Data were collected for 21.6 h with the
high intensity powder diffractometer (HIPD) with four detec-
tor banks centered at £90° 20 and  153.4° 26. The X-ray dif-
fraction data were collected at beam line X7B of the National
Synchrotron Light Source (NSLS), Brookhaven National Labo-
ratory (BNL), using a wavelength of 0.9273 A. Different
samples were heated in air and under vacuum using a Blake
Instruments furnace with a Pt-13%Rh coiled wire yoke encased
in ZrO, cement (Brown et al. 1973). The temperature was var-
ied with an Omega controller and monitored with a Chromel-
Alumel thermocouple located ~2 mm from the specimen. The
actual sample temperature was determined for the range 26 °C
to 1000 °C by a variety of phase and melting transitions and by
the placement of an additional thermocouple in the sample
position. The highly linear relationship between the observed
and actual temperatures (72 = 0.983) allowed us to calculate a
calibration curve with an estimated error of +5 °C for a given
temperature. Temperature resolved data from 26 °C to 800 °C
were collected as a series of 120 s exposures with a MAR345
full imaging plate detector. The temperature was increased con-
tinuously at 5.2 °C/min and measurements were obtained ev-
ery ~17 °C, due to down time for reinitializing the sample
rotation angle and reading the imaging plate. Thus, each expo-
sure encompassed a temperature range of ~10.4 °C. During
each exposure the sample was rotated through a 120° angle.
Any preferred orientation of the powder should have been elimi-
nated through a combination of specimen rotation, use of a
capillary sample holder, and full intensity integration of the
diffraction rings, as obtained using the program Fit2D
(Hammersley et al. 1996) with a polarization factor of 0.93.
The transmission infrared spectroscopy data were collected
using a Bio-Rad FTS3000 spectrometer with attached UMA-
500 microscope that uses an MCT detector. The high-tempera-
ture study was carried-out using a Linkham Scientific
Instruments FTIR600 heating stage with a TMS94 controller.
Approximately 2 mg of the akaganéite powder dispersed in
water was evaporated onto a BaF, disc, which was loaded into
the heating stage. The heating stage sample chamber was sealed
top and bottom with BaF, windows and purged throughout the
heating experiment with dried and CO,-scrubbed air. The
sample was heated from 26 to 100 °C at 10 °C per minute, and
from 100 to 320 °C at 5 °C per minute. Spectra were collected
every 50 °C from 100 to 250 °C, and every 10 °C above 250
°C. Background spectra were collected at temperature from a
sample-free area of the BaF, disc. The temperature was moni-
tored by a platinum resistor sensor to a stated accuracy of 0.1
°C, and measurements made for a variety of known melting
and solid-state phase transitions showed the thermocouple tem-
perature was accurate to within approximately +2 °C.

Structure refinement

The Rietveld refinements were performed using the Gen-
eral Structure Analysis System (GSAS) of Larson and Von
Dreele (2001). The starting structural parameters were taken
from Post and Buchwald (1991). For the neutron refinement,
the data from the +90° detector bank were used. The back-
grounds for the X-ray and neutron diffraction patterns were fit
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using a linear interpolation function and cosine series func-
tion, respectively. Peak profiles in the neutron data were ap-
proximated using the profile convolution function of Von Dreele
et al. (1982), and the X-ray peaks were modeled by a pseudo-
Voigt profile function as parameterized by Thompson et al.
(1987) with asymmetry corrections by Finger et al. (1994) and
microstrain anisotropic broadening terms by Stephens (1999).
Temperature factors for a given atom type were constrained to
be equal. For the goethite impurity in the neutron pattern, the
peak profile parameters were set equal to those of akaganéite
and only the scale factor was refined.

During the initial cycles of refinement using the neutron
data, only the background, scale, peak profile, and unit-cell
parameters were allowed to vary. After convergence, a differ-
ence Fourier map was calculated in order to locate the H atom
positions. The H atoms were added to the structure model and
all atom positions and temperature factors and Cl and H occu-
pancy factors were refined. The large displacement factor re-
fined for the Cl atom suggested the possibility that the site might
be split along the tunnel direction. Subsequent refinement us-
ing a split site model, with the Cl displaced by ~0.4 A, resulted
in a significantly lower displacement factor (U, = 0.075 vs.
0.12) and improved R,,. Soft constraints were used to limit the
Fe-O bond distances to within the range observed for goethite
(1.95-2.09 A) by Szytuta et al. (1968). The weighting factor
for the constraints was gradually reduced and set to zero dur-
ing the final stages of the refinement. The final refinement pa-
rameters are listed in Table 1, atom positions in Table 2, and
corresponding bond distances in Table 3. The final observed,
calculated, and difference neutron powder diffraction pat-
terns are plotted in Figure 2. As is often the case, the stan-
dard deviations calculated by GSAS for the lattice parameters
are lower than the true errors (Post and Bish 1989). We
present the errors calculated by GSAS in the tables and fig-
ures of this paper with the understanding that the systematic
errors may be more than an order of magnitude higher than
the calculated deviations.

Rietveld refinements using the synchrotron powder X-ray
diffraction data collected in air were completed for room tem-
perature and for a range of temperatures up to the point at which
akaganéite decomposed and hematite started to form (~310 °C).
The room-temperature refinements using neutron and X-ray
data yielded nearly identical structures, but because the neu-
tron refinement yielded atom positions with greater precision
and included H atom positions as well, only the neutron dif-
fraction values are reported in Table 2. The final parameters
for the room temperature X-ray refinement are included in Table
1, and the corresponding observed, calculated, and difference
diffraction patterns are plotted in Figure 3.

DISCUSSION

The Rietveld refinements for akaganéite using room-tem-
perature neutron and synchrotron powder diffraction data, re-
spectively, confirm a monoclinic structure, at least for this
sample, as reported by Post and Buchwald (1991). Overall, our
results compare well with those reported by Post and Buchwald
(1991), but the increased precision offered by our neutron study
permits a more detailed analysis of the structure.
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TaBLE 1. Final Rietveld refinement parameters for akaganéite at

26 °C

Neutron X-ray

Space group rlm Rrlm
Unit cell
a(A) 10.587(1) 10.5876(5)
b(A) 3.0311(2) 3.03357(8)
c(A) 10.515(1) 10.5277(6)
B () 90.03(4) 90.14(2)
V(A?) 337.44(6) 338.13(2)
Refinement

No. of data points 2876 2173
No. of reflections 452 251
Diffraction range (0'A) 0.8-12 1.0-12
No. of variables 43 65
R(F) 0.049 0.015
R 0.019 0.016
X2 1.97 2.56

TABLE 2. Atomic coordinates and isotropic displacement factors
for akaganéite (neutron)

Atom X y z Site occupancy U, (A?)
factor x 100*
Fel 0.8544(6) 0 0.3424(8) 1.0 0.0167(3)
Fe2 0.3452(7) 0 0.1450(5) 1.0 0.0167(3)
o1 0.663(1) 0 0.2883(7) 1.0 0.0122(4)
02 0662(1) O 0.0429(8) 1.0 0.0122(4)
03 0.2946(8) 0 0.3351(9) 1.0 0.0122(4)
04 0.0374(7) 0 0.325(1) 1.0 0.0122(4)
cl o 0.132(4) © 0.42(1)1  0.075(2)
H1  0.367(2)  0.098(4) 0.626(1) 0.5 0.009(2)
H2  0.348(2)  0.056(8)  0.405(1) 0.5 0.009(2)
H3 -0.105(3) 0 0.122(4) 0.32(3)  0.009(2)

*|sotropic displacement factors for same atom types were constrained to
be equal.
1 Occupancy factor for Cl was 0.29(1) from Rietveld refinement using X-
ray data.

TABLE 3. Selected bond distances (A) for akaganéite (neutron)

Fe1-O1 2.11(1) Fe2-0O3 2.07(1)
Fe1-O1 2.054(7) x 2 Fe2-03 2.13(1) x 2
Fel-02 1.944(7) x 2 Fe2-02 1.98(1)
Fe1-O4 1.95(1) Fe2-0O4 1.985(7) x 2
<Fel1-O> 2.01 <Fe2-O> 2.05
H1-O1 1.02(2) H2-03 0.94(2)
H1-O1 2.90(1) H2-02 2.78(2)
H1-02 2.65(2) H2-02 2.95(2)
H1-02 2.97(2) H2-03 3.00(2)
H1-Cl 2.08(2) H2-Cl 2.11(2)
H1-Cl 2.38(2) H2-Cl 2.29(2)

Octahedral sites

Both symmetrically distinct Fe-O octahedra in akaganéite
are distorted, with Fe-(O, OH) distances ranging from 1.94 to
2.11 A for Fel and from 1.98 to 2.13 A for Fe2 (Table 3). The
mean Fe-(0, OH) distances are 2.01 and 2.05 A for Fel and
Fe2, respectively. These values are similar to Fe-(O,0H) dis-
tances in goethite (a-FeOOH), which range from 1.95 to 2.09
A, with a mean value of 2.02 A (Szytuta et al. 1968). In goet-
hite, the three longer Fe-O bonds are to the OH™ groups and the
three shorter bonds to O atoms. The reduced effective charge
for O in OH" results in longer Fe-O distances. Both Fe octahe-
dra in akaganéite also show three longer and three shorter Fe-
O distances (Table 3), and the longer distances are to the O1
and O3 sites, which, as is discussed below, are the OH~ anions.
The Fe cations are displaced from their polyhedral centers, prob-
ably due to cation-cation repulsions between adjacent octahe-
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FIGURE 2. Final observed (crosses), calculated (solid line), and
difference (lower) powder diffraction patterns for the Rietveld
refinement using the neutron powder diffraction data. The background
has been subtracted and the intensities have been normalized to the
incident spectrum.
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FIGURE 3. Final observed (crosses), calculated (solid line), and

difference (lower) powder diffraction patterns for the Rietveld
refinement using the 26 °C synchrotron powder X-ray data.

dra. Similar displacements were observed in akaganéite by Post
and Buchwald (1991) and have been reported for other phases
having the hollandite structure (e.g., Post et al. 1982).

The chemical formula determined by Post and Buchwald
(1991) indicates that for this akaganéite sample an average of
~5% of the Fe?** is replaced by Ni**. Because Fe and Ni have
similar X-ray scattering factors and neutron scattering lengths,
during the refinements we assumed only Fe at the octahedral
sites. In order to maintain charge balance, for every Ni** an
additional H* cation must added to the structure, as an OH~
group or H* atom (e.g., in the tunnels as HCl), or a CI~ anion
must be removed. Chemical analyses performed by Post and
Buchwald (1991) did not show a correlation between Cl and
Ni contents, and they concluded that the Ni charges were off-
set by additional H* atoms.

H atoms

Difference Fourier maps calculated using the powder neu-
tron diffraction data clearly show H atom positions, H1 and
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H2, near O1 and O3, respectively (Fig. 4). The O1 and O3
atoms are at the midpoints of the tunnel edges (Fig. 1), and as
such are comparable to the positions of hydroxyl O atoms in
goethite (Szytuta et al. 1968) and groutite (Glasser and Ingram
1968). The refined H atom positions match well those derived
by Post and Buchwald (1991) using structure energy calcula-
tions. The refinement indicated that the H positions are split
above and below the mirror plane at y = 0, and that each set of
split sites is fully occupied. The O-H distances of 1.01 and
0.94 A (Table 3) compare well with typical O-H distances ob-
served in other structures. The O-H vectors point almost di-
rectly toward the Cl sites at the center of the tunnel. Weak
hydrogen bonds likely form between O1 or O3 and Cl.
Infrared spectroscopic studies of synthetic akaganéite by
Weckler and Lutz (1998) revealed two OH stretch bands that
they interpreted as arising from two hydrogen bonds of differ-
ent strengths to the Cl anions (O-H:--Cl). A stronger bifurcated
hydrogen bond results if both tunnel sites on either side of a
particular H atom (Fig. 5) are occupied, and a weaker bond if
one of the adjacent Cl anion sites is vacant. The interionic H---Cl
distances derived by Weckler and Lutz (1998) from the IR data
are 2.41 and 2.23 A, respectively, which compare reasonably
well with the values determined from our neutron refinement,
which range from 2.08 to 2.38 A. Based on the relative intensi-
ties of the two OH bands, Weckler and Lutz (1998) concluded
that there are twice as many linear as bifurcated OH:--Cl bonds,
exactly as is predicted assuming an ordering scheme with ev-
ery third CI site vacant in a particular tunnel. Their IR study
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FIGURE 4. Difference Fourier map calculated for neutron powder
diffraction data using only the akaganéite octahedral framework as
the model structure, at y = 0. For clarity, only the negative contours
are plotted. The contour interval is 0.1 scattering units.
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FIGURE 5. Schematic drawing showing a possible CI anion ordering
scheme in the akaganéite tunnels. The small circles represent the H
atoms, and the larger circles in the tunnel region indicate Cl anions.
Vacant tunnel sites are indicated by “X”.

also indicated that the hydrogen bonds in akaganéite are weaker
than those in goethite (0-FeOOH) or lepidocrocite (y-FeOOH)
since Cl™ anions are much weaker hydrogen bond acceptors
than OH- or O* anions. The weaker hydrogen-bonding scheme
is undoubtedly a major reason why akaganéite is less thermally
stable than the other FeEOOH polymorphs. Weckler and Lutz
(1998), for example, determined that the heat of decomposi-
tion of akaganéite is half as large as and its decomposition tem-
perature is considerably lower than that for the other
polymorphs.

In order to achieve charge balance, the chemical formula
for our specimen requires 9.4 H atoms per unit cell. The fully
occupied H1 and H2 sites account for only 8 of these, leaving
1.4 H atoms elsewhere in the structure. The neutron difference
Fourier map shows a weak, but well-defined negative intensity
peak that might correspond to an additional H position (H3) in
the tunnels. The refined occupancy factor for H3 is ~0.32,
equivalent to ~1.28 H atoms per unit cell. If H3 is in fact a H
atom position, and not an artifact, it accounts for nearly all of
the remaining H atoms. The H3 site is 1.90 A from the nearest
O atom (O1) and 1.75 A from the Cl anion.

Tunnel site

The Cl anion is located in the tunnel near the center of a
prism defined by the eight H atoms that form the hydroxyl
groups with O1 and O3 atoms (Fig. 1). Post and Buchwald
(1991) placed the Cl anion at (0, 0, 0), but in the current study,
we refined a split site with the CI anion displaced by ~0.4 A
along b. The chemical analyses by Post and Buchwald (1991)
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determined an average of ~1.25 Cl anions per unit cell, filling
~2/3 of the tunnel sites. This Cl occupancy suggests an order-
ing scheme in a given tunnel with every third tunnel site va-
cant, which is consistent with conclusions based on the IR
results discussed above. Such an arrangement allows the Cl
anions to increase their separation distance along a tunnel by
moving away from one another toward their respective adja-
cent vacancies (Fig. 5). This movement increases the CI-Cl
separation from 3.03 A to a more typical value of ~3.83 A,
thereby reducing the CI-Cl repulsion. The observed split H1
and H2 sites likely are a consequence of the Cl anion displace-
ments. The H positions in a given cell correlate with the posi-
tion of the local ClI anion.

The neutron refinement yielded an occupancy of ~1.6 Cl
anions per unit cell, suggesting that either this sample has more
Cl than the average for this specimen as reported by Post and
Buchwald (1991), or that H,O molecules fill some of the tun-
nel sites not occupied by Cl anions. Previous studies have pro-
posed that H,O molecules might occur in akaganéite tunnels,
although our IR spectroscopy studies and those by Keller (1970)
show evidence of only minor amounts of H,O. Another expla-
nation is that the *Cl /’Cl isotope ratio in this akaganéite sample
is greater than the mean seawater ratio, which is the assumed
value for the average neutron scattering length used in our re-
finement. An increased amount of *Cl, which has a signifi-
cantly greater neutron scattering length than does *'Cl, could,
perhaps, at least partially explain the larger apparent Cl occu-
pancy factor. This latter explanation is consistent with the fact
that our room temperature refinement using X-ray diffraction
data gave a Cl occupancy close to the analyzed value.

HEATING EXPERIMENTS

Our synchrotron X-ray diffraction data showed that
akaganéite, in air and vacuum, started to transform to hematite
in the temperature range 290 to 310 °C (Fig. 6). Rietveld re-
finements using the data collected in air revealed no signifi-
cant thermal expansion of the akaganéite structure to ~225 °C
(Fig. 7). Above this temperature, the unit-cell volume gradu-
ally decreased, primarily in response to decreases in ¢ and b
and an increase in the 3 angle. The a parameter remained nearly
constant until ~225 °C and increased at higher temperatures.

In addition to the changes in the unit-cell parameters de-
scribed above, at ~200 °C the overall intensity of the akaganéite
diffraction pattern (as represented by the refined scale factor)
started to decrease, suggesting that some akaganéite was de-
composing. The decline in overall peak intensities (and scale
factors) with increasing temperature continued to the transfor-
mation temperature (Fig. 6).

The temperature-resolved IR spectra show a decrease in the
intensities of the OH bands in the 3000-3600 wave numbers
region beginning between 150 and 200 °C until they disappear
at ~ 300 °C (Fig. 8). Parida (1988) and Cai et al. (2001) ob-
served a sharp decline in the Cl/Fe values from 200 to 300 °C,
and this is approximately the same temperature range over
which the intensities of the akaganéite X-ray diffraction pat-
terns decreased and disappeared. These observations suggest
that the loss of most of the hydroxyl and Cl anions is coinci-
dent with, and in fact might trigger, the breakdown of the
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FIGURE 6. Synchrotron X-ray diffraction patterns showing
transformation of akaganéite to hematite in air vs. temperature, from
26 to 800 °C.
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FIGURE 7. Plots of the dependence of the akaganéite unit-cell
parameters on temperature.

akaganéite structure. It is interesting, however, that the refined
occupancy factors for the tunnel CI sites in the temperature
range 225 to 300 °C are not significantly lower than their room
temperature values. Apparently, as akaganéite breaks down at
high temperature, Cl is released, but the portion of the sample
still contributing to the X-ray diffraction pattern retains its full
complement of Cl anions.

The transformation of akaganéite to hematite results in the
release of four H,O molecules per unit cell [SFeO(OH) —
4Fe,0; + 4H,0] in addition to Cl. The partial loss of OH mol-
ecules from the akaganéite structure during heating likely causes
the observed decrease in the ¢ and b parameters (Fig. 7). As
some of the H atoms escape, the associated Fe-O distances
contract slightly, due to the shorter Fe-O vs. Fe-OH bond length.

The thermal decomposition of akaganéite has been the sub-
ject of several previous studies, with a variety of observations,
depending upon the experimental conditions. In vacuum, the
decomposition product has been variously identified as
maghemite (Mackay 1960; Calbet and Franco 1981) and as an
amorphous solid with ultrafine microcrystals of undecomposed
akaganéite (Naono et al. 1982). Merofio et al. (1985) described
the decomposition product, in vacuum, as a mixture of poorly
crystalline maghemite and magnetite that converts to hematite
between 440 and 510 °C. On the other hand, Dezsi et al. (1967)
and Ishikawa and Inouye (1975) reported that in air akaganéite
directly transforms into hematite. Others, however, have noted
that the akaganéite structure gradually decomposes into a
quasiamorphous state before transforming to hematite (Morales
et al. 1984; Meroiio et al. 1985).

Our heating experiments in air and vacuum yielded nearly
identical results and showed a gradual decomposition of
akaganéite, with the first appearance of hematite approximately
coincident with the last evidence of crystalline akaganéite.
There was no evidence of a maghemite intermediate phase for
either heating experiment. We did observe in both cases, how-
ever, the presence of very weak diffraction peaks in the range

201 Akaganeite

Absorbance

NN

TT300 0 300 3400 3200 000 2600 2600 | 2400 2200 2000 1800 1600 1400
Wavenumber

FIGURE 8. Temperature-resolved IR spectra show a decrease in
the intensities of the OH bands in the region of 3000-3600 wave
numbers starting at ~200 °C. (a) 26 °C, (b) 100 °C, (c¢) 150 °C, (d)
200°C, (e) 250 °C, (f) 260 °C, (g) 270 °C, (h) 280 °C, (i) 290 °C, (j)
300 °C, (k) 310 °C, and (1) 320 °C.
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of ~290 to 325 °C, corresponding to d-spacings of 4.1, 3.1, and
3.0 A, respectively (corresponding to 20 values of 13.2°, 17.4°,
and 18.0°, respectively in Fig. 6). These peaks do not arise
from akaganéite or hematite, and we were not able to match
them to any known Fe oxides. Morales et al. (1984) observed a
change in crystallite size and shape and decrease of microstrain
as the newly formed hematite was heated from 300 to 525 °C,
and ascribed an exothermic peak in DTA and DSC plots at ~510
°C to recrystallization of hematite. Although we also saw a
steady increase in the intensities and a sharpening of the hema-
tite diffraction peaks with increasing temperature above ~310
°C, we did not see any notable changes that might explain the
exothermic peak.

In the range of approximately 290 to 310 °C, the akaganéite
diffraction pattern essentially disappeared and hematite diffrac-
tion peaks appeared (Fig. 6). The hematite peaks sharpened
and increased in intensity as the samples were heated to 800
°C, the maximum temperature for our heating experiment. The
relatively narrow temperature range encompassing the trans-
formation from akaganéite to hematite and the coincidence of
several of the akaganéite and hematite diffraction lines seem
to argue for a mechanism that builds the hematite structure from
that of akaganéite, as opposed to a model in which hematite
rises from an amorphous remnant of the destroyed akaganéite
framework. Gualtieri and Venturelli (1999) similarly noted that
in the transformation of goethite to hematite close structural
relationships between the phases are preserved.
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