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Structural properties of precipitates formed by
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The structural properties of the solid phase, formed by the hydrolysis of Fe

3% jons in

Fe,(S0,)5 solutions at 90 or 120°C, were investigated using X-ray diffraction, ®>’Fe
Mossbauer spectroscopy, Fourier transform—infrared spectroscopy (FT—-IR) and transmission
electron microscopy. The concentration regions of Fe,(S0O,); were determined for the
precipitation of goethite, a-FeOOH, or hydronium jarosite, H;OFe;(OH)4(S0,),, as a single

phase. Superparamagnetic behaviour of a-FeOOH particles was observed. Hydrolysis of Fe

3+

ions in 0.1 M Fe,(S0O,); solutions at 120°C produced H;OFe;(0OH)4(SO,), and basic
sulphate, Fe,(OH),,S0,. The interpretation of ®’Fe Mossbauer and FT-IR spectra is given.

1. Introduction
Precipitation of iron{IIl) oxyhydroxides and oxides
from Fe(lll}-salt solutions has been studied by many
authors. It was observed that the phase composition
of precipitate, morphology and particle size depended
on different factors, such as the concentration of
Fe(I1I)-salt, pH, temperature, precipitation time, etc.
For the same concentration of Fe** ions and the same
conditions of slow hydrolysis, the nature of the corres-
ponding anion (Cl~, F~, ClO;,NOj, SOZ7) may
change the phase composition of hydrolytical pro-
ducts, as well as the shape of the particles.
Investigation of the influence of sulphate anions on
the precipitation of iron(IIl) oxyhydroxides and
oxides is important from the practical point of view
(pigments, catalysts, atmospheric corrosion, etc.). For
instance, the phase composition of the rust, generated
during the atmospheric corrosion of steel, and the
corresponding phase transformations, were dependent
on the presence of SO,/SO; in the atmosphere [1].
Musi¢ et al. [2-4] investigated the phase composi-
tion, crystallinity, stoichiometry and °’Fe nuclear
magnetic properties of oxide precipitates formed from
FeSO, solutions. The chemical and structural proper-
ties of the oxide precipitates were strongly dependent
on the [Fe?*]/[OH"] concentration ratio at the
beginning of the precipitation process, on the rate of
oxygenation, the precipitation time, the temperature
and the kind of alkali (NH,OH or NaOH) added.
The influence of sulphate anions on the formation
of iron(IT) oxide was investigated by the titration of
acidified 6.25x1072M Fe,(SO,); solution with
NaOH [5]. Phase analysis of the precipitates showed
the presence of the a-FeOOH, o-Fe, O and amorph-
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ous phase. It was concluded that sulphate anions
could promote or suppress the formation of iron
oxides, depending on the experimental conditions.
The precipitation of jarosite-type compounds was not
observed.

Matijevi¢ et al. [6] found conditions for the pre-
cipitation of monodispersed basic iron(IIl) sulphate
particles from acidic solutions, and also emphasized
the role of FeSO,; complex in the formation of basic
iron(IIT) sulphates [7]. Musi¢ et al. [8] investigated
the mechanism of the formation of iron(IIl) oxyhy-
droxides and oxides using hydrolysis of iron(ITI)-salt
solutions at elevated temperature. The hydrolysis of
Fe** ions in the nitrate and chloride solutions started
with the formation of simple hydroxy complexes, and
this process was followed by the formation of poly-
meric species. The hydroxy polymers in the nitrate
solution were not presumed to include the nitrate ions
in the polymer chain, whereas the polymers formed in
chloride solution contained some chloride ions in
place of the OH™ ions. The next step in the pre-
cipitation process was the formation of oxo-bridges
and the development of a-FeOOH or B-FeOOH
structure. In the sulphate solution, the formation of
FeSO; complex suppressed the polymerization pro-
cess and the formation of the oxyhydroxides and
oxides. Basic iron(I1I) sulphates were formed instead.

The crystalline jarosite and a compound described
as amorphous Fe(IlI) hydroxysulphate were found in
the precipitates formed by the oxidation of 0.1-0.2 M
FeSO, solutions with Thiobacillus ferrooxidans cells
[9]. Bigham et al. [10] investigated a poorly crystal-
lized Fe(III}) oxyhydroxysulphate produced by the
bacterial oxidation of Fe?™" in acid mine waters. The
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content of the crystal unii-cell of this compound
was determined as Fe,s0;4(OH);,(SO,),. The
stoichiometry of this compound varied up to
Fe,60,6(OH);0(S0,)s.

The precipitation of jarosite-type compounds was
extensively investigated by Dutrizac et al. [11-18],
because this precipitation process is important in
metallurgy. For instance, in the zinc industry, the
precipitation of jarosites can be used to remove excess
of iron, sulphate and alkali ions from zinc
sulphate-sulphuric acid solutions. The advantages of
this process include the excellent settling and filtration
properties of the precipitates, and low losses of diva-
lent metals, such as Zn?*, Cu?* and Ni?*.

Iron jarosites are described by the general formula
MFe,(OH)4(SO,),, M = H;0", Na*, K*, Rb*, Ag™,
T1*,NH;, 1 Pb?* or 1 Hg?*. They can be used as raw
material for the production of iron oxide pigments.
The experimental conditions for the conversion of
jarosite-type compounds into iron oxides were invest-
igated [19, 20]. Music et al. [21] also investigated the
thermal decomposition of basic iron(III) sulphates.

The aim of the present investigation was to obtain
more information about chemical and structural
properties of the precipitates generated by the
hydrolysis of Fe** ions in Fe,(SO,); solutions. It is
known that small changes of the experimental condi-
tions can affect significantly the phase composition
and morphology of particles formed by hydrolysis of
Fe®** ions. For this reason, in the present work the
number of experimental parameters, which affected
the process of hydrolysis of Fe** ions, was restricted.
Fe,(SO,); solutions were heated at elevated temper-
ature in order to accelerate the hydrolysis of Fe*”*
ions. Three parameters were controlled during the
precipitation process: (a) initial concentration of
Fe,(SO,); solution, (b) temperature, and (c} precipit-
ation time.

2. Experimental procedure

The precipitations were performed in glass autoclaves
(Schott, Germany) at 90 or 120 °C. Precipitates were
washed with bidistilled water. The separation of the
precipitate from the mother liquor was performed
using a Sorvall RC2-B ultra-speed centrifuge (max-
imum 20000 r.p.m.). Experimental conditions for the
precipitation of hydrolytical products from Fe,(SO,);
solutions are given in Tables I and II.

Structural properties of precipitates were investig-
ated by X-ray diffraction (XRD), *’Fe Mdssbauer
spectroscopy and Fourier transform—infrared spectro-
scopy (FT-IR), while the shape of particles was invest-
igated by transmission electron microscopy (TEM).
X-ray diffraction (XRD) powder patterns were taken
at room temperature using a counter diffractometer
with monochromatized CuK, radiation (Philips dif-
fractometer, proportional counter and graphite
monochromator). XRD patterns were interpreted
using data available in the literature [22]. >’Fe
Mossbauer spectra were recorded using equipment
made by Wissel. MOssbauer spectra were fitted using
the SIRIUS program. All FT-IR spectra were re-
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TABLE I Experimental conditions for the precipitation of the
hydrolytical products in Fe,(SO,); solutions (samples S;-S;,)

Samples Concentration Heating Heating
of Fe,(SO,); temperature time (h)
solution (M) (°C)

S, 0.005 90 6

S, 0.005 90 24

S, 0.005 S0 72

S, 0.03 90 6

S, 0.03 90 24

Se 0.03 90 48

S, 0.03 90 72

Se 0.1 90 6

S 0.1 90 24

Sio 0.1 90 48

Sy 0.1 90 72

TABLE II Experimental conditions for the precipitation of the
hydrolytical products in Fe,(SO,); solutions (samples S,,-S,,)

Samples Concentration Heating Heating
of Fe,(SO,); temperature time (h)
solution (M) {°C)

Sis 0.03 120 6

Sis 0.03 120 24

Sia 0.03 120 72

Sis 0.1 120 6

Si6 0.1 120 24

Si7 0.1 120 72

Sis 0.5 120 6

Sio 0.5 120 24

S0 0.5 120 48

S, 0.5 120 72

corded with spectrometer made by Perkin—Elmer.
The specimens were pressed into disc form using
spectroscopically pure KBr. In the present paper the
FT-IR spectra are presented as relative transmittance
versus the wave number. Transmission electron
microscopy was performed with an electron micro-
scope made by Opton.

3. Results and discussion

The results of XRD phase analysis of all samples are
given in Tables IIT and 1V. XRD powder patterns of
samples S,, S, and S;, shown in Fig. 1, can be ascribed
to a-FeOOH, goethite. XRD lines are broadened and
this effect can be interpreted in terms of poor crystal-
linity of precipitated goethite and small size of crystal-
lites. Fig. 2 shows XRD powder pattern of sample Sq
with well-defined diffraction lines, which correspond
to H;OFe,;(OH)4(SO,),, hydronium jarosite. The
phase analysis of precipitates indicated that at lower
Fe,(SO,); concentrations gocthite was formed as a
single phase, while at higher Fe,(SO,}; concentrations
hydronium jarosite was formed alone. These results
can be explained by a high tendency of Fe*” ions at
lower concentrations to make hydroxy complexes
which undergo polymerization. On the other hand, at
higher concentrations of Fe** the formation of the



TABLE I1I X-ray diffraction phase analysis of the precipitates
formed from Fe,(SO,); solutions (samples S;-S,,)

Sample Phase composition
S, a-FeOOH

S, a-FeOOH

S, a-FeOOH

S, a-FeOOH, H;OFe;(OH),(SO,),
Ss a-FeOOH

Se a-FeOOH

S, a-FeOOH

Sg System not analysed
Sy H;0Fe;(OH)((S0,),
S1o H;0Fe;(OH)4(SO4),
Si H;0Fe;(OH)6(S0,),

TABLE IV X-ray diffraction phase analysis of the precipitates
formed from Fe,(SO,); solutions (samples S;,-S,,)

Sample Phase composition

Si, a-FeOOH

Sis a-FeOOH

Sia a-FeOOH

Sis H,0Fe;(OH)4(S0,),, 2Fe,04-:505-5H,0
Sis H;OFe;(OH)4(SO,),. 2Fe,0,-SO;:5H,0
Siy H;OFe;(OH)((S0,),, 2Fe,05-80;5H,0
Sis System not analysed

Sie System not analysed

S0 H;0Fe3(OH)6(SO,),

Say H,0Fe;(OH)((SO,),

10 s 20
6 (CuK,)/(deg}

Figure 1 Characteristic parts of XRD powder patterns of samples
S;, S, and S, showing «-FeOOH.

0 (Cuk,)/(deg)

Figure 2 Characteristic parts of X-ray diffraction powder pattern of
sample Sq, showing H3;OFe;(OH)((SO,),-

FeSO; complex strongly suppresses the polymeriz-
ation of hydroxy complexes and precipitation of
gocethite. Similar effects were observed for other
Fe(I11)-salt solutions. For instance, in stock solution,
2-4 M FeCl,, the chloride complexes of Fe** are
dominant and there is strong suppression of the hy-
drolysis. However, in diluted FeCl; solutions there is a
relatively fast hydrolysis of Fe>", even at room tem-
perature, and the precipitation of B-FeOOH occurs.
Fig. 3 shows XRD powder patterns of samples S, .
S, and S,,. These samples were prepared at 120 °C.
XRD patterns of samples S, and S,, corresponded to
goethite and hydronium jarosite, respectively. The
XRD pattern of sample S, ; showed diffraction lines of
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Figure 3 Characteristic parts of X-ray diffraction powder patterns
of samples S,;,, S,; and S,;: (V) o-FeOOH, (o)
H;OFe3(OH)4(SO,),, (<) 2Fe,04:S0,5H,0.
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Figure 4 °"Fe Mossbauer spectra of sample S, recorded at (a) RT
and (b) 80 K.
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hydronium jarosite, while the additional lines were
ascribed to 2Fe,053-SO5-5H,0.

Mossbauer spectra of the samples containing goeth-
ite showed a quadrupole doublet at RT and hyperfine

magnetic splitting at 80 K, thus indicating the super-
paramagnetic character of precipitated goethite.
Spectra of superparamagnetic goethite, sample S,

recorded at RT and 80K, are shown in Fig. 4. Fig. 5
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Figure 6 °"Fe Massbauer spectrum of sample S,,, recorded at RT.
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TABLE V *’Fe Mgssbauer parameters calculated for the selected samples

Sample Temperature Isomer shift, >* Quadrupole splitting, HMF Line width, Identification
(mms~1)? A (mms™ 1) (kOe) I (mms™")

S, RT 0.357 0.627 0.747 a-FeOOH

80K 0436 — 0255 460 0.830

S, RT 0.378 0.995 0.356 H,;OFe;(OH),(SO,),

Sio RT 0.362 0.997 0.372 H,0Fe;(OH)(SO.),

S, RT 0.378 1.133 0.358 H,OFe,(OH).(SO.),
0.379 0.868 0.395 Fe,(OH),,SO,

Sie RT 0.380 1.008 0.390 H;O0Fe;(OH)4(SO,),
0.368 0.590 0.405 Fe, (OH),,S0O,

Si4 RT 0.381 0.982 0.377 H,O0Fe;(OH)((SO,),
0.364 0.525 0.395 Fe, (OH){,SO,

* 8* isomer shift is given relative to a-Fe.

shows Mdssbauer spectrum of samples S, recorded at
room temperature. This spectrum shows the central
quadrupole doublet and the collapsing sextet. At 80 K,
the Méssbauer spectrum of sample S5 also showed the
hyperfine magnetic splitting (sextet). The Mdssbauer
spectrum of hydronium jarosite, precipitated from
Fe,(SO,); solution at 90°C, sample S,,, is shown in
Fig. 6. MOssbauer parameters (Table V) calculated for
hydronium jarosite, which was precipitated as a single
phase, are in accordance with the literature data.
Leclerc [23] published the following M&ssbauer para-
meters (RT) for the compound H;OFe;(OH)4(SO,),:
8p. = 0.38-0.39 mms ! and A = 1.00-1.10 mms .

Fig. 7 shows Mgssbauer spectra of samples S 5, S
and S, -, recorded at room temperature. These spectra
were evaluated as the superposition of two doublets. It
is shown in Table V that the quadrupole splitting of
the first doublet, A,, decreased from 1.133 for sample
S,5t00.982 mms~* for sample S, ;. Quadrupole split-
ting of the second doublet, A, changed from
0.868 mms~! for sample S,; to 0.525mms™! for
sample S, ;. Gancedo and Martinez [24] published the
following  Mossbauer  parameters (RT) for
Fe,(OH),,S0O, {2Fe,05:8S0O;-5H,0), which was ob-
tained as the corrosion product: &g, =0.35
4+ 0.03mms~!and A = 0.55 + 0.03 mm s~ *. The ob-
served decrease of A, values is probably influenced by
the changes in the stoichiometry of the corresponding
iron(I1I) basic sulphate.

Transmission electron microscopy (TEM) of goeth-
ite precipitates showed that small «-FeOOH particles
were aggregated in near spherical agglomerates, as
illustrated in Fig. 8. a-FeOOH agglomerates could be
dispersed using an ultrasonic bath. Particles of
hydronium jarosite were much bigger than those of
goethite, showing an irregular shape. On the basis of
TEM pictures, a clear distinction between a-FeOOH
and H;OFe;(OH)4(50,), particles could be made,
which was not possible between particles of
H;OFe;(OH)4(SO,), and Fe, (OH),,SO, (Fig. 9).

Fig. 10 shows FT-IR spectra of samples S, and S,
containing goethite. These spectra are of the same
type, and for this reason, only the bands characteristic
for sample S, will be interpreted. A very strong and
broad band at 3187cm ™! with a shoulder at
3384 cm ™! were observed. The band at 3187 cm ™! is

*—ﬁq—x it
o -

Velogity (mm s™)

Figure 7 >'Fe Mobssbauer spectra of samples S5, S; and S5,
recorded at RT.

due to the presence of the OH stretching mode in
goethite. The shoulder at 3384 cm™"' can be ascribed
to stretching modes of surface water molecules or to
the envelope of hydrogen-bonded surface OH groups
[25]. The band at 1636 cm ! is usually interpreted as
the H,O bending mode. Two characteristic bands at
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2 ym
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Figure 8 Transmission electron micrograph of samples (a) S, and
(b) Sy

|
|

Figure 9 Transmission electron micrograph of sample S,.

887 and 794cm”~! can be assigned to Fe-O-H
bending vibrations in goethite. Verdonck ez al. [26]
applied a method of normal coordinate analysis
(NCA) in the interpretation of the IR spectrum of
«-FeOOH. Observed and calculated vibrational fre-
quencies for o-FeOOH and deuterated «-FeQOD
were compared. The observed bands at 630, 495 and
270 cm ! were rather insensitive to deuteration, and
on the basis of this fact, they were ascribed to Fe-O
stretching vibrations {26]. Cambier [27] observed a
band at 3150 cm~?, due to the OH stretching mode,
and two bands at 892 and 795 cm !, due to the OH
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Figure 10 FT-IR spectra of samples S, and S;, recorded at RT.
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Figure 11 FT-IR spectra of samples S,, S, and S, ;, recorded at
RT.

bending modes, in goethite. The interpretation of
bands below 650cm ™' was similar to that of
Verdonck et al. [26]. It was also observed that the
intense IR band around 630 cm ™! was affected by the
shape of the goethite particles.




The FT-IR spectrum of sample S; also showed
bands at 976, 1050 and 1137 cm ! with the shoulder
at 1200 cm~!. The band at 976 cm ™! can be inter-
preted as v,(SQ,) frequency, while the bands at 1050,
1137cm ™! and the shoulder at 1200 cm ™! can be
interpreted as v5(SO,) frequencies. These vibrational
frequencies can be attributed to specifically adsorbed
SOZ~ ions on the external, as well as on the internal
surfaces of the goethite particles. Because the pre-
cipitation of goethite occurred at low pH values, the
precipitates showed a high affinity for sulphate anions.
It is known that specifically adsorbed anions, for
instance, 103, CrO2~ or SOZ~ have their absorption
maxima at low pH values [28-30]. With increase of
pH, the specific adsorption of these anions on the
oxide surface decreases; this behaviour being opposite
in relation to the specific adsorption of metal cations.

Fig. 11 shows FT-IR spectra of samples Sg, S, and
S,, containing H;OFe,;(OH)4(SO,),. These spectra
are of the same type and for this reason, their vibra-
tional frequencies will be interpreted using the spec-
trum of sample S,,. The FT-IR spectrum of sample
S, is characterized with a very strong and broad
band at 3366 cm ™! corresponding to the v(OH) stret-
ching frequencies, while the characteristic band at
1646 cm ! is due to the H,O bending mode. Strong
bands at 1196, 1089 and 1010 cm ™! were also re-
corded for sample S, ;. In accordance with Serna et al.
[31] the bands at 1196 and 1089 cm ™! correspond to
the v4(SO,) frequency, while the band at 1010 cm™*
can be ascribed to the v,(SO,) frequency. The strong
and sharp band at 624 cm ™! can be ascribed to the
v4(SO,) frequency of lattice sulphates. The Fe-O

/
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3338 412
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Figure 12 FT-IR spectra of samples S5, S;¢ and S, recorded at
RT.

lattice vibrations are characterized by the bands at 504
and 471 cm ™%,

Botto er al. [32] investigated some crystalline sul-
phates of the type M;In(SO,);, M = K*, Rb*, Cs™,
T1" or NHJ . In their IR spectra the authors observed
a band at =~ 870cm ™! which was atiributed to a
water-liberational mode. This IR band showed a
tendency to disappear with removal of water from
hydrated M;In(SO,);.

Fig. 12 shows FT-IR spectra of samples S5, Si¢
and S, which contained H;OFe,(OH)(SO,), and
2Fe,0,SO;H,0. The main difference in relation to
the spectrum of pure HyOFe (OH)((SO,), (Fig. 11)
occurred in the region corresponding to v5(SO,) and
v,(80O,) frequencies. The band at 1196 ¢m ™!, observed
for sample S, 5, became a shoulder at 1170 cm™* for
sample S, . The spectrum of sample S, ; also showed a
well-pronounced shoulder at 892 cm™*. The FT-IR
spectra of all other samples, prepared in the present
work, were in accordance with the type-spectra shown
in Figs 10-12.
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