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Abstract

An aqueous suspension of amorphous iron(IIl) hydroxide was kept at room temperature (298 K) for 23 years. During this period of
time the pH of the liquid phase changed from 4.3 to 2.85, and nano size crystals of goethite, a-FeOOH crystallised from the amorphous
iron(III) hydroxide. Transmission electron microscopy (TEM) investigations, Mdssbauer spectra, and powder X-ray diffraction using Co
Ko radiation showed that the only iron containing crystalline phase present in the recovered product was a-FeOOH. The size of these
nano particles range from 10 to 100 nm measured by TEM. The thermal decomposition of a-FeOOH was investigated by time-resolved in
situ synchrotron radiation powder X-ray diffraction and the data showed that the sample of z-FeOOH transformed to a-Fe,O; in the
temperature range 444-584 K. A quantitative phase analysis shows the increase in scattered X-ray intensity from o-Fe,Oj3 to follow the

decrease of intensity from a-FeOOH in agreement with the topotactic phase transition.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Iron(I1T) hydroxide; a-FeOOH; a-Fe,O3; X-ray powder diffraction; Rietveld refinement; TEM

1. Introduction

In a previous investigation, the experimental conditions
for the crystallization of amorphous precipitates of oxides
and hydroxides were studied at hydrothermal tempera-
tures. Special attention was paid to transition metals
forming compounds from M(II) and M(III) ions [1]. Iron is
one of these elements, known for its corrosion in contact
with the atmosphere and its formation of rust [2], which
has a more complex composition than given in the formula
FeOOH, and also for its formation of red—brown ‘‘rust-
coloured” amorphous precipitates in hydrolysis of iron(I1I)
aqueous solutions. In aqueous systems in nature, iron is
known to precipitate to form ochre, which is a complex
mixture of iron(IIl) oxides or hydroxides and clay
minerals.
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The formation of the iron(I11) oxide hydroxide «-, y- and
0-FeOOH from iron(II) and (III) aqueous solutions has
been studied for decades [3-5], and has attracted interest
due to the compounds magnetic properties and their
technological application [6-8]. Of special interest is
development of synthetic methods for the formation of
the compounds as pure phases with well defined crystal size
distribution.

Hydrolysis of iron(IIT) solutions at ambient tempera-
tures results in an amorphous precipitate of iron(III)
hydroxide. This amorphous compound is, as all
other amorphous precipitates, thermodynamically
unstable and may gradually transform to goethite, o-
FeOOH, and hematite, a-Fe,O3. Time, temperature and in
particular, pH are the main parameters governing
the rates of transformation to the crystalline phases
[9-12]. The main results are that goethite is formed at
high pH values, and hematite at medium to low pH values,
but goethite can also be obtained at low pH values at
ambient conditions [11,13].
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The hydrothermal preparation of goethite and hematite
from amorphous iron(III) hydroxide was studied at various
pH values in the temperature range 373473 K. In the pH
range 8.0-10.0, goethite and hematite were formed. In the
range 10.5-10.8 only goethite was formed, and in the pH
range 0.8-2.6 hematite was the only reaction product [14].
The decomposition of a-FeOOH to a-Fe>O5 in neutral and
weakly alkaline hydrothermal solution was observed at
423+20K, and this temperature was suggested to be the
upper temperature for the formation of the «-FeOOH
minerals [15]. However, the transformation is also strongly
pH dependent so that the transformation temperature
increased by 25K per pH unit [16].

The first in situ investigation of the rate of crystallization
of amorphous iron(Ill) hydroxide to o-Fe,O3; and o-
FeOOD was made at hydrothermal conditions using
neutron powder diffraction [17]. The amorphous iron(I1I)
hydroxide precipitated at pH = 10.0 was converted very
fast to a mixture of a-Fe,O5 and ¢-FeOOD at temperatures
from 377 to 394 K. The rate of crystallization of samples
precipitated at pH = 4.5 was slower, and the product was
pure a-Fe,Os3. The acidity of the hydrothermal solution
increased during the hydrothermal treatment, due to
complete hydrolysis.

The aging of amorphous iron(IIl) hydroxide to o-
FeOOH and o-Fe,O; was studied by small angle neutron
scattering techniques in the temperature range from room
temperature to 373 K. The amorphous particles had a poly
disperse size distribution, which changed with time. The
scattering density of the particles increased with time and
each particle of the amorphous samples produced a particle
of a-Fe,05 in acid medium. There was no indication of a
process where the particles dissolved and re-precipitated
[18]. The solid state transformation of «-FeOOH to -
Fe,O3; was studied and showed an ordered structural
translation between the two crystalline lattices [19]. This is
a topotactic transformation between the two compounds
where the solids have structural relationships [20,21].

The present study is a continuation of investigations and
synthesis started 4 decades ago [1,14,17]. A minor
ambiguity exists concerning the results of the crystal-
lization processes at low pH values at room temperature:
the product can be pure a-Fe,Os, pure a-FeOOH, or a
mixture of the two compounds. Results from a long-term
crystallization experiment are reported below, which
illustrates that one of these alternatives is possible, namely
formation of nano size crystals of goethite.

2. Experimental

The reaction mixtures used were prepared in the
following way: to 200mL of a 0.75M Fe(NOs3);-9H,0
solution was added dropwise to a 2.25M NaOH solution
under stirring. The pH of the liquid suspension was
monitored with a pH meter, and the precipitation of
iron(IT) hydroxide ended at pH = 4.3. After this observa-
tion, the addition of the sodium hydroxide solution was

stopped. The suspension was stored in two 250 mL pyrex
flasks, closed with rubber stoppers. The suspension had a
red—brown colour, which over the years gradually changed
to a yellow-red colour. The pH was measured occasionally
and showed decreasing values. After 23 years at room
temperature, the pH of the suspensions was 2.85. The
suspensions were centrifuged, and the wet paste was dried
on paper at approximately, 323 K. The chemicals used in
the synthesis were Fe(NO3);-9H,O (Merck) and NaOH
(Merck). The presence of NaNOj; as an impurity, see
below, is derived from the reactions using these chemicals.

Powder X-ray diffraction patterns were recorded on a
Stoe Stadi powder diffractometer using Ni-filtered CuKa,
radiation, 1= 1.54060A. A position sensitive linear
detector was used in a step scan mode. The patterns
showed that the sample was goethite, with NaNOj3 as an
impurity phase. In order to reduce fluorescence from the
sample, X-ray patterns were additionally recorded on a
Bruker powder diffractometer using CoKa radiation,
A =1.78897 A. This pattern is displayed in Fig. 1.

The time-resolved synchrotron radiation powder X-ray
diffraction data were collected on beam line X6B of the
National Synchrotron Light Source (NSLS) using a CCD
area detector with a resolution of 512 x 512 pixels. The
samples were placed in 0.4mm diameter quartz glass
capillaries and heated in a hot air stream. A temperature
range from 298 to 673 K was used with a heating rate of
5.00 K/min, corresponding to 2.75 K/pattern, and using an
exposure time of 0.5min/pattern. The selected X-ray
wavelength was 1= 0.65255A, refined with a powder
pattern of LaBg (¢ =4.1570 A). The capillary was oscil-
lated 5° to randomise the orientations of the crystallites in
the samples. The diffraction data frames from the area
detector were converted to powder patterns with the
software FIT2D [22], giving a 26 range of 2.0-34.6°. Full
profile Rietveld refinement was performed with the
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Fig. 1. Powder X-ray diffraction pattern of a-FeOOH recorded with
CoKo radiation, A= 1.78897A. A Lorentzian function was used to
describe the line profiles with the parameters U = 0.5740, V' = —0.2937,
and W = 0.3351 [23]. The lower curve is a difference plot.
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program FULLPROF [23]. Parameters refined were three
unit cell parameters, three profile parameters, and typically
57 background parameters. The background was defined in
interpolation between the selected background points.

TEM measurements of the sample were performed using
a JEM 3000F microscope operated at 300kV. The sample
of a-FeOOH was investigated by >’Fe Mdssbauer spectro-
scopy at the temperatures 80, 160, 200, 250 and 295K. A
constant acceleration Mdssbauer spectrometer with a
source of °’Co in rhodium was used, calibrated with a
12.5 um o-Fe foil at room temperature.

3. Results and discussions

Fig. 2 shows an image obtained from the sample. The
crystals are found to be either elongated or rhombohedral.
The sizes range from a thickness of less than 5nm to a
length of above 100 nm. The micrograph of needles and a
few rhombohedrally formed crystallites of a-FeOOH is in
contrast to the micrographs reported previously [9,10]
showing micro crystal needles of z-FeOOH and larger
hexagonal crystals of «-Fe,O;. These latter crystals of

Fig. 2. TEM photograph of the investigated sample of goethite, o-
FeOOH.

a-Fe>O3 had a characteristic look in the previous works,
and were not observed in the present investigation. This is
the first indication that only a-FeOOH was formed in this
long time synthesis at room temperature.

The Méssbauer spectra displayed in Fig. 3 show only a-
FeOOH with decreasing hyperfine field splitting with
increasing temperature. The broadened asymmetrical lines
at elevated temperatures indicate some degree of particle
aggregation. The spectrum, recorded at 295K has a
doublet in the middle of the spectrum, which indicates fast
super-paramagnetic relaxation of the smallest particles of
goethite. The growth of the doublet component without the
collapse of the sextets indicates a broad size distribution of
the particles.

The powder X-ray diffraction pattern recorded with
CoKua radiation was used in a profile refinement, see Fig. 1.
The pattern showed, that the only crystalline iron contain-
ing phase in the sample was o-FeOOH, but the sample had
a minor impurity of NaNO;. The refined unit cell
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Fig. 3. Mossbauer spectra of goethite, a-FeOOH, measured at tempera-
tures in the range 80-295K.
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parameters of a-FeOOH were a = 9.9553(5), b = 3.0219(1)
and ¢ = 4.6092(4) A, using the space group Pnma. The line
width full-width at half-maximum (FWHM) of the 101
reflection at 26 = 24.70° was 0.653°.

A stack of powder patterns showing the 20 range 5-25°,
and covering the temperature range 298—-673 K is displayed
in Fig. 4. In the thermal decomposition, the patterns up to
584 K showed the reflections of a-FeOOH. However, the
decomposition starts at 444 K. Decomposition to a-Fe,Oj3
thus took place in the relatively broad temperature range
444-584 K, showing increasing intensity from the reflec-
tions of o-Fe,Oz. The transformation was followed
quantitatively in structure refinements of the two structures
using the program FULLPROF [23]. Atomic coordinates
for the known structures of a-FeOOH [24] and a-Fe>O5 [25]
were used as start values in the refinements. The results of
this quantitative phase analysis are displayed in Fig. 5. The
coexistence of two crystalline phases are not observed in
first order phase transitions, as in the transitions of calcite
to lime [26], or in the transformation of ettringite to
monosulfate [27]. The goethite to hematite phase transition
was previously observed at approximately 600K in
susceptibility measurements on «-FeOOH studies in the
temperature interval 273-673 K [28].

Selected patterns were used in profile refinements [23] to
determine the values of the unit cell parameters and
FWHM values of selected reflections. The unit cell volume
of a-FeOOH increased from 139.0 A* at 306K to 139.7 A3
at 491 K due to thermal expansion. The line width FWHM
of the 101 a-FeOOH reflection at 20 = 8.93° decreased
from 0.445° at 306 K to 0.410° FWHM at 463 K, indicating
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Fig. 4. Stack of in situ powder X-ray diffraction patterns recorded in the
temperature range from 298 to 673K using synchrotron radiation,
7= 0.65255A. Only the 26 range of 5-25° is displayed. Miller indices of
selected reflections are indicated for «-FeOOH (below the curves) and for
a-Fe>O5 (above the curves).
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Fig. 5. The degree of transformation of «-FeOOH to a-Fe,O5 versus
temperature is extracted by quantitative phase analysis by full profile
Rietveld from the in situ powder X-ray diffraction data.

a modest growth of the crystallites during the heat
treatment. The unit cell volume of «-Fe,O5 increases from
305.3 A% at 573K to 306.0 A* at 673 K. FWHM of the 104
a-Fe,O5 reflection at 260 = 13.82° decreased from 0.686° at
518K to 0.417° at 673 K, also indicating a slight growth of
the crystallites during the heat treatment.

4. Conclusion

The electron micrograph, the Mossbauer spectra and the
X-ray powder diffraction analysis showed that the sample
of a-FeOOH did not have any impurity of «-Fe,O3 or of
other iron containing phases. Therefore, this long time
crystallisation experiment shows that pure a-FeOOH can
be formed in moderately acid aqueous media. However, the
sample contained an impurity of NaNO; from the
reactants. The in situ synchrotron radiation X-ray powder
diffraction data showed the thermal decomposition of
nano size particles of a-FeOOH to «-Fe,O; over a
relatively broad temperature range 444-584 K. A modest
crystallite growth can be deduced for the two compounds
from the FWHM of the diffraction lines at 260 = 8.93° and
13.82° for a-FeOOH and a-Fe, 03, respectively. The size of
the crystallites of «-FeOOH and «-Fe,O5 obtained in this
study are larger than those of the particles of y-Fe,O3 of
12-13 nm, formed in an in situ X-ray diffraction investiga-
tion using an amorphous precursor [29].

Moderately acid aqueous media occur more frequently
in nature than strongly alkaline aqueous media. The
observation in this work that crystalline goethite can be
formed from amorphous iron(IIl) hydroxide in a moder-
ately acid aqueous medium thus suggests that this could be
one of the routes of formation of goethite mineral deposits
in nature. The results are different from the long-term
transformation of ferrihydrite investigated in the tempera-
ture range 277-298 K and the pH range 2.5-12 [13]. At time
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periods up to 12 yr, a-FeOOH and «-Fe,O3 were observed
at all temperatures and pH values [13]. The synthesis of
ferrihydrite was different from the synthesis of the iron(III)
hydroxide samples used in the present investigation.
However, acceleration of the crystallization process by an
increase in temperature to 373 K [30], or to hydrothermal
conditions [17], results in formation of mixtures of goethite
and hematite, or in formation of pure hematite, respec-
tively.
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