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Abstract

Mössbauer and Fourier transform infrared (FT-IR) spectroscopies and thermal field emission scanning electron microscopy (FE
SEM) were used to investigate the precipitation of iron oxides from FeSO4 solutions. The hydrolysis of urea at 90 �C was utilized as
a generator of OH� ions needed for the precipitation of iron oxides. The formation of specific iron oxyhydroxide or oxide phase depend-
ed on the concentration of FeSO4 and urea, as well as on the rate of oxygenation. In dependence on the experimental conditions different
iron oxide phases, such as goethite, hematite and magnetite were found in the precipitates. Mössbauer spectra showed only the formation
of substoichiometric magnetite (Fe3-xO4). Significant spectral differences in the RT Mössbauer spectrum of goethite phase were observed,
and the spectra showing the presence of this phase could be fitted only taking into account the distribution of hyperfine magnetic fields.
FE SEM inspection showed varying sizes and geometrical shapes of goethite particles. Goethite particles were elongated along the crys-
tallographic c-axis.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Iron oxides (a group name for oxyhydroxides and oxi-
des) have found important applications as pigments, cata-
lysts, gas sensors, magnetic materials, etc. These
compounds are also important from the scientific point
of view, due to their application as model systems in colloid
and surface sciences. For that reason the syntheses and
characterisations of iron oxides have been extensively inves-
tigated. Iron oxides undergo various phase transformations
in aqueous media or in the solid state. The hydrolysis reac-
tions and dissolution/reprecipitation mechanisms are dom-
inant in aqueous media, whereas topotatic rearrangements
are more typical of solid-state reactions.

The precipitation from aqueous FeSO4 solutions can
be used in the syntheses of iron oxides, such as a-FeOOH
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(goethite), c-FeOOH (lepidocrocite), d-FeOOH (fero-
xyhyte), a-Fe2O3 (hematite) and Fe3O4 (magnetite). How-
ever, these precipitations are very sensitive to
experimental conditions, which may influence the phase
composition, crystallinity, stoichiometry, size and geomet-
rical shape of iron oxide particles. Musić et al. [1,2] have
found that the phase composition of iron oxides precipi-
tated from FeSO4 solutions strongly depended on the
[Fe2+]/[OH�] concentration ratio at the beginning of the
precipitation process, on the rate of oxygenation, the time
of precipitation, the temperature and the kind of alkali
added (NH4OH or NaOH). Lorenz et al. [3] investigated
the phase composition of precipitates obtained from
FeSO4, FeCl2 or FeBr2 solutions by the oxidation of
Fe2+ ions with O2 in alkaline pH media, and found that
goethite was the dominant phase in the precipitates. Also,
the size of goethite particles obtained from Fe(OH)2 sus-
pension by air oxidation, strongly depended on the reac-
tion time [4]. Kiyama et al. [5] monitored the growth of
needle-like goethite particles precipitated from the FeSO4
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solution by air oxidation at 40 �C. Acicular goethite par-
ticles can be utilized in the production of acicular maghe-
mite (c-Fe2O3) particles which exhibit specific magnetic
properties. Anantharaman et al. [6] investigated optimal
experimental conditions for the formation of maghemite
from goethite. Lepidocrocite was synthesized [7] from
0.36 M FeSO4 solution at 20 �C and pH 7. Synthetic fero-
xyhyte can be synthesized [8,9] by (a) very rapid bubbling
of O2 through a suspension of Fe(OH)2, (b) rapid oxida-
tion of Fe(OH)2 by H2O2, or (c) exposure of dried
Fe(OH)2 to O2. Gotić et al. [10] have found that strong
alkalinity of mother liquor was an important factor for
feroxyhyte formation via the Fe(OH)2 precursor. The best
crystallinity of feroxyhyte was obtained when the synthe-
sis was conducted in a completely inert atmosphere. Šubrt
et al. [11,12] investigated the precipitation of hematite
from FeSO4 solutions. Kiyama [13] investigated condi-
tions for the synthesis of magnetite by the air oxidation
of Fe(OH)2 suspensions. Matsuda [14] synthesized magne-
tite utilizing reactions between b-FeOOH and FeSO4 in
an aqueous solution containing urea at 98 �C.

In continuation of an earlier work [15] we are focusing
on the capabilities of Mössbauer and FT-IR spectrosco-
pies in the characterisation of iron oxides formed in pre-
cipitation processes. The application of FE SEM
microscopy made possible to inspect the size and geomet-
rical shape of iron oxide particles and investigate a possi-
ble influence of these factors on the corresponding
Mössbauer spectra.

2. Experimental

2.1. Preparation of samples

The chemicals FeSO4Æ7H2O and urea were of analyt-
ical purity. Twice-distilled water was prepared in own
laboratory. Finely grained FeSO4Æ7H2O salt was kept
in an oxygen-free atmosphere to inhibit Fe2+ oxidation
to Fe3+. Precipitations were performed in the reaction
glass flask fitted with four inlet necks. A water-cooled
Table 1
Experimental conditions for the preparation of samples at 90 �C

Sample Volume of
solution (ml)

FeSO4

(mol dm�3)
Urea
(mol dm�3)

Time of
precipita
(h)

S1 200 0.1 0.5 6
S2 200 0.1 1.5 6
S3 200 0.1 3 6
S4 200 0.1 6 6
S5 200 0.1 10 6
S6 200 0.1 0.5 6
S7 200 0.1 1.5 6
S8 200 0.1 3 6
S9 200 0.1 6 6
S10 200 0.1 0.5 6
S11 200 0.1 1.5 6
reflux condenser was mounted onto the reaction vessel.
A glass stirrer was rotated by a small electromotor
and the angular speed of the stirrer was measured.
The reaction vessel was isolated from the glass mixer
by a specially designed adapter filled with silicon oil.
Air was cleaned with a series of in-line filters between
the air compressor and the reaction vessel. Air flow rate
was adjusted to commercial valves and flowmeters.
After 6 h of precipitation the chemical reactions were
stopped and the precipitates were separated from the
mother liquor by centrifugation. The precipitates were
subsequently washed with twice-distilled water, then
dried. Experimental conditions for the synthesis of sam-
ples are given in Table 1.

2.2. Instrumentation

57Fe Mössbauer spectra were recorded in the transmis-
sion mode using standard instrumental configuration by
WISSEL (Starnberg, Germany). The 57Co in the rhodium
matrix was used as a Mössbauer source. The spectrometer
was calibrated at RT using the spectrum of a standard a-Fe
foil. The velocity scale and all the data refer to the metallic
a-Fe absorber at RT. The experimentally observed Möss-
bauer spectra were fitted using the MossWinn program.

FT-IR spectra were recorded at RT using a Perkin-El-
mer spectrometer, model 2000. The FT-IR spectrometer
was linked to a personal computer loaded with the IRDM
(IR Data Manager) program to process the recorded spec-
tra. The specimens were pressed into small discs using a
spectroscopically pure KBr matrix. Mössbauer and FT-
IR measurements were checked by the X-ray diffraction
of isolated precipitates.

Thermal field emission scanning electron microscope
(FE SEM, model JSM-7000F) manufactured by JEOL
Ltd. was used. FE SEM was linked to an EDS/INCA
350 (energy dispersive X-ray analyser) manufactured by
Oxford Instruments Ltd. Samples were not coated with a
conductive layer, and the accelerating voltage was kept
low.
tion
Time of
aeration (h)

Flow rate
(l min�1)

Speed of
stirrer (rpm)

Final
pH

6 0.4 250 3.20
6 0.4 250 5.38
6 0.4 250 7.80
6 0.4 250 8.20
6 0.4 250 8.45

250 4.30
250 5.67
250 5.98
250 6.28

6 0.4 250 2.25
6 0.4 250 4.00
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Fig. 2. 57Fe Mössbauer spectra of samples S5, recorded at RT.
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3. Results and discussion

3.1. Mössbauer spectroscopy

Samples S1–S5 were precipitated from 0.1 M FeSO4

solutions containing urea with varying initial concentration
from 0.5 to 10 M. At elevated temperature urea undergoes
hydrolysis in line with the chemical reaction

ðNH2Þ2COþH2O! 2NH3 þ CO2 ð1Þ

thus serving as a generator of OH� ions,

NH3 þH2O! NH4OH ð2Þ

Mother liquors separated from the precipitation suspen-
sions S1–S5 showed a pH change from 3.20 to 8.45. The
corresponding precipitates formed at these pH values
showed varying phase composition, as indicated by Möss-
bauer spectra in Figs. 1 and 2 and Mössbauer parameters
in Table 2. The raw spectrum of sample S1 can be consid-
ered as the superposition of one sextet with very broadened
spectral lines and one paramagnetic doublet. With a view
to obtaining a good fit we resolved the above-mentioned
sextet of goethite into two subsextets. The outer sextet gave
Bhf = 38.5 T, whereas the inner sextet, which was fitted tak-
ing into account the distribution of hyperfine magnetic
field, gave an average Bhf = 28.7 T. Precipitated goethites
often take this shape of the Mössbauer spectrum. A well-
crystalline goethite is characterised by one sextet of spectral
lines at RT and intensity ratios 3:2:1:1:2:3. However, the
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Fig. 1. 57Fe Mössbauer spectra of s
spectral lines of goethite are as a rule broadened and devi-
ate from the theoretical intensity ratios 3:2:1:1:2:3. In the
case of very fine goethite particles, one paramagnetic dou-
blet at RT can be obtained. For example, goethite particles
smaller than �15–20 nm show a superparamagnetic type of
the Mössbauer spectrum at RT. Goethite particles smaller
than 8 nm show a superparamagnetic type of the Möss-
bauer spectrum down to 77 K [16]. Taking into account
the RT Mössbauer spectrum of sample S1 and a corre-
sponding XRD pattern, the presence of small paramagnet-
ic doublet can be assigned to a small fraction of very fine
goethite particles. XRD pattern of sample S1 showed only
the presence of a goethite phase. In the spectrum of sample
S2 the additional hyperfine magnetic splitting component is
-10 -5 0 5 10
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amples S1–S4, recorded at RT.



Table 2
57Fe Mössbauer parameters at RT calculated for sample S1–S11

Sample Fitting procedure d (mm s�1) D or EQ (mm s�1) Bhf (T) C(mm s�1) Area (%) Phase composition Phase fraction

S1 PD 0.39 0.58 0.50 8.1 0.08
G1 0.41 �0.17 28.7 0.31 55.8 Goethite 0.92
G2 0.36 �0.28 38.5 0.32 36.2

S2 G1 0.37 �0.25 34.5 0.65 61.1 Goethite 0.79
G2 0.36 �0.27 38.8 0.25 17.7
H 0.38 �0.22 50.9 0.50 21.1 Hematite 0.21

S3 G1 0.41 �0.24 33.8 0.50 37.5 Goethite 0.43
G2 0.40 �0.25 38.0 0.25 5.6
M1 0.29 �0.10 49.0 0.66 28.7 Magnetite 0.57
M2 0.76 0.07 46.5 0.85 28.2

S4 M1 0.32 �0.01 49.7 0.72 58.2 Magnetite 0.76
M2 0.59 �0.05 45.5 0.92 17.4
G2 0.42 �0.26 36.9 1.39 24.4 Goethite 0.24

S5 M1 0.35 �0.02 49.6 0.68 54.8 Magnetite 0.82
M2 0.51 �0.09 45.3 1.33 27.6
G2 0.49 �0.21 36.1 1.29 17.6 Goethite 0.18

S6 G1 0.40 �0.27 34.6 0.58 63.1 Goethite 0.87
G2 0.37 �0.26 38.9 0.23 23.8
H 0.39 �0.25 51.1 0.44 13.0 Hematite 0.13

S7 PD 0.47 0.44 0.27 1.7 0.02
G1 0.44 �0.22 34.3 0.55 29.2 Goethite 0.45
G2 0.36 �0.26 38.4 0.27 15.6
M1 0.32 �0.04 49.6 0.52 32.4 Magnetite 0.53
M2 0.68 �0.13 45.3 1.20 21.0

S8 M1 0.32 �0.00 49.7 0.53 45.5 Magnetite 0.68
M2 0.58 �0.06 46.1 1.03 22.1
G1 0.48 �0.25 33.5 0.53 25.0 Goethite 0.32
G2 0.35 �0.26 38.2 0.27 7.4

S9 PD 0.40 0.58 0.35 2.4 0.02
M1 0.35 �0.03 49.5 0.56 47.7 Magnetite 0.73
M2 0.46 �0.07 45.7 1.05 25.3
G2 0.41 �0.28 36.7 0.9 24.6 Goethite 0.25

S10 PD 0.38 0.60 0.53 22.0 0.22
G1 0.37 �0.15 27.5 0.66 78.0 Goethite 0.78

S11 G1 0.41 �0.26 33.2 0.44 74.7 Goethite 1.00
G2 0.39 �0.25 38.6 0.27 25.3

Key: d = isomer shift given relative to a-Fe at RT; D or EQ = quadrupole splitting; Bhf = hyperfine magnetic field; C = line width.
Error: d = ±0.01 mm s�1; D or EQ = ± 0.01 mm s�1; Bhf = ±0.2 T.
Remarks: PD = paramagnetic doublet; G1 = introduced goethite subsextet fitted to the distribution of hyperfine magnetic fields; G2 = introduced
goethite subsextet fitted without the distribution of hyperfine magnetic fields; M1 = outer sextet of magnetite; M2 = inner sextet of magnetite; H = sextet
of hematite.
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observed which is characterised by Bhf = 50.9 T. This Bhf

value is smaller than that of a well-crystallized hematite
(Bhf = 51.8 T; [1]). The effect of a decreased Bhf value can
be assigned to the decreased crystallinity of precipitated
hematite particles and/or their substructure. The substruc-
ture of precipitated hematite particles may consist of very
fine particles/crystallites as building units [17]. The Möss-
bauer spectrum of sample S3 indicated the presence of goe-
thite and a substoichiometric magnetite (Fe3-xO4). The
goethite component was considered a distribution of
hyperfine magnetic fields and in this sense it was fitted with
two subsextets, similar as in the case of sample S1. The
phase fractions of goethite and substoichiometric magne-
tite in sample S1, obtained by Mössbauer spectroscopy,
are close to 1:1 and in line with the semiquantitative
XRD analysis. Samples S4 (Fig. 1) and S5 (Fig. 2) showed
the presence of goethite and substoichiometric magnetite.
In the case of these samples the goethite component was
fitted with one sextet taking into account the distribution
of hyperfine magnetic fields.

Fig. 3 shows the Mössbauer spectra of samples S6–S9.
The precipitation of these samples was taken under more
reductive conditions, i.e., there was no bubbling of air.
The fitting approach was the same as in the earlier cases.
At the initial concentration of 0.5 M urea the mixture of
goethite and hematite precipitated, whereas at higher initial
concentrations of urea goethite and substoichiometric mag-
netite precipitated, with a tendency of increasing the molar
fraction of Fe3-xO4.

Fig. 4 shows the Mössbauer spectra of samples S10 and
S11. These samples were precipitated from 0.3 M FeSO4

solutions under aeration conditions given in Table 1. Sam-
ple S10 showed the superposition of one collapsing sextet
and a paramagnetic doublet, whereas sample S11 showed
one sextet with broadened spectral lines, which can be
assigned to goethite. XRD patterns of samples S10 and
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Fig. 3. 57Fe Mössbauer spectra of samples S6–S9, recorded at RT.
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Fig. 4. 57Fe Mössbauer spectra of samples S10 and S11, recorded at RT.
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S11 correspond to goethite as a single phase in both
samples.
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Fig. 5. Fourier transform infrared spectra of samples S1–S5, recorded at
RT.
3.2. FT-IR spectroscopy

Fig. 5 shows the FT-IR spectra of samples S1–S5. The
FT-IR spectrum of sample S1 shows two broad bands at
3455 and 3144 cm�1. The IR band at 3455 cm�1 can be
assigned to the stretching modes of surface H2O molecules
or to an envelope of hydrogen-bonded surface OH groups.
The IR band at 3144 cm�1 can be assigned to the OH
stretching mode in the goethite structure. The IR band at
1643 cm�1 is close to the position of H2O bending vibra-
tions. A smaller-intensity bands at 1193 and 1126, can be
assigned to specifically adsorbed sulphate groups [18]. At
acidic pH values an increased adsorption of sulphate
groups on iron oxide surfaces occurs, which decreases with
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Fig. 7. Fourier transform infrared spectra of samples S10 and S11,
recorded at RT.
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an increased pH. Two prominent IR bands at 895 and
798 cm�1 are due to Fe–O–H bending vibrations in goe-
thite. In accordance with works by Verdonck et al. [19]
and Cambier [20], the IR band at 624 cm�1 can be assigned
to Fe–O stretching vibrations. The position of this IR band
was also related to the shape of goethite particles. The FT-
IR spectrum of sample S2 showed similar spectral features
of goethite. The presence of a shoulder at 574 cm�1 can be
related to the presence of hematite, as shown by Mössbauer
and XRD pattern. Iglesias and Serna [21] reported the IR
spectrum of hematite. Hematite spheres showed IR bands
at 575, 485, 385 and 360 cm�1. Aggregation and matrix
effects [22], as well as the crystallinity effect [23] on the
IR spectrum of hematite, were also reported.

The FT-IR spectra of samples S3–S5 showed typical Fe–
O–H bending bands of goethite, whereas the shoulder at 601
and the band at 589 cm�1 can be assigned to an increased
amount of substoichiometric magnetite in these samples.
The FT-IR spectrum of substoichiometric magnetite
Fe2.91O4 showed two IR bands at 586 and 404 cm�1 [24].
Ishii et al. [25] assigned the IR bands at 565 and 360 cm�1

to the m1(F1u) and m2 (F1u) vibration modes in Fe3O4. The
positions of these two bands depend on the stoichiometry
of magnetite. Also, the specifically adsorbed sulphate
groups were diminishing in order S3–S5 due to an increased
pH, while sulphate groups were absent from sample S5.

The FT-IR spectra of samples S6–S9 are shown in Fig. 6.
The spectrum of sample S6 shows very strong and sharp
bands at 894 and 799 cm�1 typical of goethite, whereas the
shoulder at 571 cm�1 can be assigned to the presence of
hematite as an associated phase, which is in line with the
Mössbauer results. The intensive IR band at 590/587 cm�1

recorded for samples S7–S9 can be assigned to the sub-
stoichiometric magnetite, in line with previous discussion.
Fig. 6. Fourier transform infrared spectr
The FT-IR spectra of samples S10 and S11 (Fig. 7) can
be assigned to goethite as a single phase. On the basis of IR
bands at 1184, 1136, 1049 and 974 cm�1 it can be inferred
that sample S10 contains a significant amount of specifical-
ly adsorbed sulphate groups, which occupy external as well
as internal surfaces in goethite particles. The final pH of the
mother liquor of sample S10 was 2.25. Sample S11 showed
less adsorbed sulphates, which is in accordance with the
final pH of precipitation at 4.40.
3.3. FE SEM

All samples were inspected by FE SEM. Characteristic
results are given in Figs. 8–11. Fig. 8 shows the FE SEM
a of samples S6–S9, recorded at RT.



Fig. 8. FE SEM micrographs of sample S1 (two details (a and b)) and
sample S11 (c).

Fig. 9. FE SEM micrographs of sample S6.
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micrographs of sample S1 (two details; (a and b)) and sam-
ple S11 (one detail); (c). All previous analyses have con-
firmed that these samples contain goethite as a single
phase. Fig. 8a shows that goethite particles are actually
the aggregates of much smaller particles. Fig. 8b shows
one such aggregate under much higher optical magnifica-
tion. It is well visible that this goethite aggregate consists
of (a) bundles of rods, (b) big thin rods and (c) plate-like
particles which are possibly broken parts of big thin rods.
The diameter of goethite rods aggregated into bundles is
�20–35 nm, whereas the thickness of plate-like particles
is 20–40 nm. Sample S11 (Fig. 8c) also showed a variety
of sizes and shapes of goethite particles. Goethite particles
in sample S1 and S11 were elongated along the crystallo-
graphic c-axis, which was also typical of other samples con-
taining the goethite phase, for example sample S6 (Fig. 9a).
The formation of dendritic microstructure in the same sam-
ple is also visible (Fig. 9b). These micrographs support the
conclusion that the corresponding RT Mössbauer spectra
are influenced by the size and shape of goethite particles.
A certain effect of decreased crystallinity on the Mössbauer
spectrum of goethite in the samples cannot be excluded. FE
SEM results confirmed that the fitting procedure used in
the analysis of the recorded Mössbauer spectra was
realistic.

Magnetite particles were in the form of aggregates
(Fig. 10a; sample S5), and they showed a tendency to
form big magnetite particles through the aggregation pro-
cess (Fig. 10b; sample S8, central particle). Fig. 10c shows
a detail obtained for sample S8 under high optical magni-
fication (100,000·). In the central part of this micrograph



Fig. 10. FE SEM micrographs of sample S5 (a), sample S8 (two details; (b and c)) and sample S9 (d).
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(Fig. 10c), the aggregation of octahedral magnetite parti-
cles is well visible. In the same micrograph rod-like goe-
thite particles are present. This micrograph shows a
bundle of goethite rods of nanosize diameter in the frame
of thin goethite plate-like rods. Fig. 10d shows magnetite
particles of various dimensions formed by (i) the mecha-
nism of crystal growth in the suspension, and (ii) the
aggregation process. A small fraction of goethite rods is
also noticed in the same micrograph. Fig. 11 shows the
FE SEM micrographs of sample S10 (two details; (a
and b)). It is visible that the near spherical aggregates
(Fig. 11a) consist of very fine particles of about 5–
10 nm in size (Fig. 11b).

4. Conclusion

• Iron oxides were precipitated at 90 �C from FeSO4 solu-
tions containing urea. Urea undergoes hydrolysis at
90 �C, thus serving as a generator of OH� ions. The
phase composition of precipitates depended on experi-
mental conditions of the precipitation process. By
changing the conditions of aeration of the precipitation
systems, more oxidative or reductive conditions could be
achieved.

• Goethite, hematite and magnetite were found in the pre-
cipitates. Mössbauer spectra showed only the formation
of substoichiometric magnetite (Fe3-xO4) in the investi-
gated samples. The Mössbauer spectrum of the goethite
phase showed spectral differences, and the corresponding
spectra could be well-fitted only taking into account the
distribution of hyperfine magnetic fields. FT-IR spec-
troscopy showed specifically adsorbed sulphates on iron
oxides precipitated at more acidic pH values. The
adsorption of sulphates decreased with an increased pH.

• FE SEM inspection showed varying sizes and geometri-
cal shapes of goethite particles, as well as their tendency
towards aggregation. Also, goethite particles were elon-
gated along the crystallographic c-axis. Size, geometrical
shape and possibly a lower crystallinity were considered
as the factors which influenced the Mössbauer spectrum
of goethite. The aggregation effect played an important
role in the formation of big magnetite particles, whereas



Fig. 11. FE SEM micrographs of sample S10 (two details (a and b)).
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in dependence on the experimental conditions the mech-
anism of crystal growth of magnetite in the suspension
could be dominant.
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(1982) 215.
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Long (Ed.), Mössbauer Spectroscopy Applied to Inorganic Chem-
istry, Plenum Publishing Corporation, New York, 1987, pp. 507–
582.
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