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Abstract

The influence of Zn-dopant on the precipitation of �-FeOOH in highly alkaline media was monitored by X-ray diffraction (XRD), 57Fe Mössbauer
and Fourier transform infrared (FT-IR) spectroscopies and field emission scanning electron microscopy (FE SEM). Acicular and monodisperse
�-FeOOH particles were precipitated at a very high pH by adding a tetramethylammonium hydroxide solution to an aqueous solution of FeCl3.
The XRD analysis of the samples precipitated in the presence of Zn2+ ions showed the formation of solid solutions of �-(Fe, Zn)OOH up to a
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oncentration ratio r = [Zn]/([Zn] + [Fe]) = 0.0909. ZnFe2O4 was additionally formed in the precipitate for r = 0.1111, whereas the three phases
-FeOOH, �-Fe2O3 and ZnFe2O4 were formed for r = 0.1304. In the corresponding FT-IR spectra, the Fe OH and Fe O stretching bands were
ensitive to the Zn2+ substitution, whereas the Fe OH bending bands of �-FeOOH at 892 and 796 cm−1 were almost insensitive. The Mössbauer
pectra showed a high sensitivity to the formation of �-(Fe, Zn)OOH solid solutions which were monitored on the basis of a decrease in Bhf values
n dependence on Zn-doping. A strictly linear decrease in Bhf for �-FeOOH doped with Zn2+ ions was measured up to r = 0.0291, whereas for
= 0.0476 and higher there was a deviation from linearity. The presence of �-(Fe, Zn)OOH, �-Fe2O3 and ZnFe2O4 phases in the samples was
etermined quantitatively by Mössbauer spectroscopy. Likewise, Mössbauer spectroscopy did not show any formation of the solid solutions of
-Fe2O3 with Zn2+ ions. FE SEM showed a strong effect of Zn-doping on the elongation of acicular �-FeOOH particles (∼500–700 nm in length)
p to r = 0.1111. For r = 0.1304 the sizes of ZnFe2O4 particles were around 30–50 nm, and those of �-Fe2O3 particles were around 500 nm, whereas
relatively small number of very elongated �-(Fe, Zn)OOH particles was observed. A possible mechanism of the formation of �-(Fe, Zn)OOH,
-Fe2O3 and ZnFe2O4 particles was suggested.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Goethite (�-FeOOH) is a widespread mineral in nature, for
xample, in various soils, marine sediments and ore deposits. It
s also identified in the rust layers generated by the corrosion
f steel in atmospheric or “wet” conditions. For many centuries
he natural �-FeOOH was used as a pigment in painting. In all
hese cases, the natural �-FeOOH contains various metal sub-
titutions. Since the metal substitutions influence the chemical,
icrostructural and physical properties of �-FeOOH, it is not

urprising that many researchers are strongly focused on the
nvestigation of metal substituted goethites.

∗ Corresponding author.
E-mail address: music@irb.hr (S. Musić).

Huynh et al. [1] found that the solubility of Cd2+ ions
in the �-FeOOH structure was about 10 mol%. A progres-
sive increase in the values of the unit-cell parameters and
the unit-cell volume was influenced by a great difference in
ionic radii of Cd2+ (0.95 Å) and Fe3+ (0.645 Å). TEM obser-
vations showed that the particle size of the Cd-substituted �-
FeOOH decreased with the increase in Cd substitution. Sileo
et al. [2] reported that �-FeOOH structure was preserved up to
µcd = 5.50, where µcd = 100 × [Cd]/([Cd] + [Fe]). The incorpo-
ration of Cd2+ ions into the �-FeOOH structure was drastically
reduced at µcd = 7.03, and it was suggested that for the same
µcd value Cd-substituted hematite (�-Fe2O3) was formed as an
associated phase.

The natural samples of Ni-substituted �-FeOOH from the
Vermelho deposit (Brazilian Amazonia) were investigated by
Mössbauer spectroscopy [3] and X-ray absorption spectroscopy

925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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[4]. The Ni-substituted �-FeOOH incorporated up to ∼4 mol%
Ni into the �-FeOOH structure. The substitution of Ni for Fe
was explained by a proton capture resulting in the formation
of NiO2(OH)4 octahedra, whereas the polyhedral linkages were
similar to those of �-FeOOH.

The synthetic Mn-substituted �-FeOOH samples were also
investigated. Stiers and Schwertmann [5] found that ∼15 mol%
Mn could be incorporated into an �-FeOOH structure. The
oxidation of Mn2+ to Mn3+ was suggested on the basis of
measurements of the unit-cell parameters which were approach-
ing those of groutite (�-MnOOH). Vandenberghe et al. [6]
used Mössbauer spectroscopy to investigate the synthetic �-
(Fe1−cMnc)OOH and �-(Fe1−cMnc)2O3 up to c = 0.08. Mn
substitution suppressed drastically the Morin transition in �-
(Fe1−cMnc)2O3 which resulted in a weakly-ferromagnetic state
at 80 K for c > 0.04. Singh et al. [7] used EXAFS to investigate
the incorporation of Cr3+, Mn2+ and Ni2+ into an �-FeOOH
structure. The authors determined maximum isomorphous sub-
stitutions: 8 mol% for Cr, 15 mol% for Mn and 5 mol% for Ni.
Gerth [8] measured the unit-cell parameters of the synthetic
�-FeOOH with the dopants Co3+, Ni2+, Cu2+, Zn2+, Cd2+ or
Pb4+.

Morales et al. [9] used Mössbauer spectroscopy to investi-
gate the properties of �-FeOOH crystallized in the presence of
Cr3+, Cu2+ and Mn2+ ions. This investigation was related to �-
FeOOH formed in the rust during the atmospheric corrosion of
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the investigations of Al3+ [20–23], Ga3+ [24] and Sn4+ [25]
substitutions for Fe in �-FeOOH.

In the present work we focused on the effect of Zn2+ ions on
the precipitation of �-FeOOH in highly alkaline media with an
aim to extend the present knowledge about the incorporation of
metal cations into the �-FeOOH type structure. In that sense, we
have investigated: (a) the phase composition of the precipitates
formed in the presence of Zn-dopant; (b) the change of the hyper-
fine magnetic field and the formation of �-(Fe, Zn)OOH solid
solutions as a function of Zn2+ concentration; (c) the change in
the size and morphology of �-(Fe, Zn)OOH particles; and (d)
a possible mechanism of the formation of �-(Fe, Zn)OOH, �-
Fe2O3 and ZnFe2O4 in the corresponding precipitation systems.
The precipitation of �-FeOOH was based on a novel synthesis
route proposed in our earlier work [26]. The conditions for the
precipitation were adjusted to obtain �-FeOOH as a single phase
in the absence of Zn2+ ions. In this way, the effects observed in
the presence of Zn2+ ions can be assigned with certainty to these
cations. It is also important to note that the method and the con-
ditions of the synthesis of �-FeOOH particles play an important
role in the formation of specific microstructural properties of
that oxyhydroxide.

2. Experimental

The chemicals FeCl3·6H2O and ZnCl2 of analytical purity were used.
T
g
p
o
w
i
f
u
a
p
t
c
t
E

P
m

s
T
s
a

2
i
T
K

S
u

3

a
T

eathering steels. The addition of Cr3+, Cu2+ and Mn2+ ions in
mall amounts to weathering steels increased the resistance of
hese types of steel to atmospheric corrosion. A similar investi-
ation was performed by Balasubramanian et al. [10] in which
r-substituted �-FeOOH was used to simulate the formation
f �-FeOOH in the rust. A strong chemical stabilization of �-
eOOH by structural incorporation of Cr3+ ions was shown by
chwertmann et al. [11].

Cornell [12] monitored the phase transformations of ferrihy-
rites precipitated in the presence of metal cation substitutions.
t was shown that these phase transformations depended on the
ype of metal cation (Mn2+, Co2+ or Ni2+) incorporated into
he �-FeOOH structure. Cu2+ ions favoured the formation of
u-substituted �-Fe2O3, whereas the mixture of �-FeOOH and
-Fe2O3 was obtained in the presence of Zn2+ ions, and with a

urther increase in Zn2+ concentration a spinel phase was also
resent. Crystallization of metal substituted ferrihydrites to �-
eOOH was also discussed in other works [13–16]. Sudakar et
l. [17] investigated the effect of Al3+, Cr3+, Co2+ or Ni2+ substi-
ution on the structural properties of �-FeOOH and the magnetic
roperties of maghemite (�-Fe2O3) derived from metal substi-
uted �-FeOOH. �-FeOOH was precipitated by air oxidation of
e(OH)2·xH2O gel containing metal cation substitution. Mar-

inez and McBride [18] investigated phase transformations of
errihydrite precipitated at pH 6 in the presence of Cd2+, Cu2+,
b2+ and Zn2+ cations. The substitution of Mn for Fe in �-
eOOH influenced the adsorption of Pb2+, Cu2+ and Zn2+ ions

n aqueous media [19].
Mössbauer spectroscopy is a very useful technique in the

nvestigation of metal cation substitutions in iron oxyhydroxides
nd oxides. Specifically, this technique showed its potentials in
etramethylammonium hydroxide (TMAH) solution (25%, w/w, electronic
rade 99.9999%) supplied by Alfa Aesar was used. Twice distilled water pre-
ared in our own laboratory was used in all experiments. Predetermined volumes
f FeCl3 and ZnCl2 solutions and twice distilled water were mixed, then TMAH
as added as a precipitating agent to the prepared solution. The exact exper-

mental conditions for the preparation of samples are given in Table 1. The
ormed suspensions were vigorously shaken for ∼10 min, then heated at 160 ◦C,
sing a general-purpose bomb by Parr (model 4744), comprising a Teflon vessel
nd cup. After 2 h heating the precipitates were cooled to RT (mother liquor
H ∼13.5–13.8) and subsequently washed with twice distilled water using
he Sorvall RC2-B ultraspeed centrifuge. After drying, all precipitates were
haracterized by X-ray powder diffraction (XRD), Mössbauer and FT-IR spec-
roscopies, thermal field emission scanning electron microscope (FE SEM) and
DS.

XRD patterns were taken at room temperature (RT) using an automatic
hilips diffractometer, model MPD 1880 (Cu K� radiation, graphite monochro-
ator, proportional counter).

57Fe Mössbauer spectra were recorded in the transmission mode using a
tandard instrumental configuration by WISSEL GmbH (Starnberg, Germany).
he 57Co in the rhodium matrix was used as a Mössbauer source. The velocity
cale and all the data refer to the metallic �-Fe absorber at RT. Quantitative
nalysis of the recorded spectra was made using the MOSSWINN program.

FT-IR spectra were recorded at RT using a Perkin-Elmer spectrometer, model
000. The FT-IR spectrometer was connected to a personal computer with
nstalled IR Data Manager (IRDM) program to process the recorded spectra.
he specimens were pressed into small discs using a spectroscopically pure
Br matrix.

JSM-7000F, thermal FE SEM manufactured by JEOL Ltd. was used. FE
EM was coupled with EDS/INCA 350 (energy dispersive X-ray analyzer) man-
factured by Oxford Instruments Ltd.

. Results and discussion

The reference �-FeOOH sample was prepared in a highly
lkaline medium (pH ∼13.5–13.8) by adding the aqueous
MAH solution to the aqueous solution of FeCl3 salt. TMAH is
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Table 1
Experimental conditions for the synthesis of samples G to ZG8

Sample 2 M FeCl3
(ml)

[FeCl3]
(M)

(0.1 M ZnCl2
+ 0.01 M HCl) (ml)

(0.01 M ZnCl2
+ 0.001 M HCl) (ml)

[ZnCl2] (M) r = [Zn]/([Zn]
+ [Fe])

H2O (ml) TMAHa (ml)

G 2 0.1 – – 0 0 28 10
ZG1 2 0.1 – 4 0.0010 0.0099 24 10
ZG2 2 0.1 – 8 0.0020 0.0196 20 10
ZG3 2 0.1 – 12 0.0030 0.0291 16 10
ZG4 2 0.1 2 – 0.0050 0.0476 26 10
ZG5 2 0.1 3 – 0.0075 0.0698 25 10
ZG6 2 0.1 4 – 0.0100 0.0909 24 10
ZG7 2 0.1 5 – 0.0125 0.1111 23 10
ZG8 2 0.1 6 – 0.0150 0.1304 22 10

a TMAH: tetramethylammonium hydroxide (25%, w/w).

a strong organic alkali, utilized to adjust a very high pH, which
generally shows an advantage over NaOH or other strong inor-
ganic alkalis [27]. In previous work [26] we demonstrated that
monodisperse acicular �-FeOOH particles could be obtained by
this method. This synthesis method is highly reproducible, a
fact which is important when investigating the effects of vari-
ous metal cations on the precipitation of �-FeOOH. The main
difference between NaOH (or KOH) and TMAH is that in the
case of TMAH the initially formed precipitate (“amorphous”
Fe(OH)3 or ferrihydrite-like) is completely dissolved at RT on
strong shaking as observed with the naked eye. After a prolonged
ageing time, �-FeOOH started to precipitate. Under these con-
ditions a homogenous �-FeOOH precipitation was achieved. It
is also known that in certain inorganic syntheses TMAH may
act as templating agent. Generally, TMAH has an advantage
as precipitant over NaOH at a very high pH because there is
no contamination of the starting material with Na+ ions which
in the next step would affect the ohmic conductivity of oxide
material.

Fig. 1 shows XRD patterns of selected samples ZG1, ZG6
and ZG8. Small shifts in diffraction lines were observed upon
Zn-doping (from ZG1 to ZG6), dependent on the Miller indices,
thus indicating anisotropy of the lattice expansion due to incor-
poration of Zn2+ in the crystal lattice of �-FeOOH. Also, for the
same samples the broadening of diffraction lines of �-FeOOH
with the increase in Zn2+ concentration was observed. The XRD
m
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Verdonck et al. [29] studied the IR spectrum of �-FeOOH and
compared the experimental and calculated vibrational frequen-
cies for �-FeOOH and the deuterated �-FeOOD. The bands at
630, 645 and 270 cm−1 were rather insensitive to deuteration
and on the basis of that finding these IR bands were assigned
to Fe O stretching vibrations in �-FeOOH. Cambier [30] gave
a similar interpretation of the IR bands observed for �-FeOOH
below 650 cm−1. Furthermore, it was reported that an intense
IR band around 630 cm−1 was influenced by the shape of the
�-FeOOH particles. The FT-IR spectrum of �-FeOOH was also
discussed by Weckler and Lutz [31].

Fig. 1. XRD patterns of samples ZG1, ZG6 and ZG8 recorded at room temper-
ature.
easurements gave an indication of the formation of �-(Fe,
n)OOH solid solutions as a single phase in samples ZG1 to
G6. Sample ZG7 contained �-(Fe, Zn)OOH solid solution and
nFe2O4. Sample ZG8 contained �-(Fe, Zn)OOH as the dom-

nant phase, as well as �-Fe2O3 and ZnFe2O4 phases. In this
ample the molar fractions for �-Fe2O3 and ZnFe2O4 were esti-
ated at ∼0.3 and 0.1, respectively.
Fig. 2 shows FT-IR spectra of the reference sample G and

amples ZG1 to ZG8. The reference sample G shows two inten-
ive IR bands at high wave numbers 3420 and 3163 cm−1. The
R band at 3420 cm−1 can be assigned to the stretching modes
f the surface H2O molecules or to the envelope of the hydro-
en bonded surface OH groups [28], whereas the IR band at
163 cm−1 can be assigned to the OH stretching mode in �-
eOOH. The bands at 892 and 796 cm−1 can be assigned to
e O H bending vibrations in �-FeOOH and they are usu-
lly used for identification of �-FeOOH in a phase analysis.
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Fig. 2. FT-IR spectra of samples G and ZG1 to ZG8, recorded at RT.

The FT-IR spectra of samples ZG1 to ZG6 indicated cer-
tain changes upon the incorporation of Zn2+ ions. At high wave
numbers shifts of the IR band from 3162 cm−1 (sample ZG1) to
3199 cm−1 (sample ZG5) and 3179 cm−1 (sample ZG6) were
measured, thus indicating that the OH stretching vibration was
influenced by the substitution of Zn for Fe. On the other hand,
the typical Fe OH bending vibrations were almost insensitive
to Zn substitution. The IR band at 638 cm−1 was more sen-
sitive to Zn substitution, and a shift from 638 cm−1 (sample
G) to 631 cm−1 (sample ZG6) was observed. Also, the relative
intensity of this IR band gradually increased in the same order
of the samples. The shifts of IR band at 405 cm−1 (sample G)
to 398 cm−1 (sample ZG6), as well as a gradual broadening

of this band were observed. On the basis of known identifica-
tions of IR bands for �-FeOOH, it can be concluded that in the
present case the stretching vibrations Fe OH and Fe O were
mostly influenced by Zn for Fe substitution. Similar tendencies
were observed in the FT-IR spectrum of sample ZG7. In the
FT-IR spectrum of sample ZG8 a new IR band at 563 cm−1 is
clearly visible, which can be assigned to �-Fe2O3 phase [32].
The less pronounced IR band at 480 cm−1 could be also assigned
to �-Fe2O3. In the present work, FT-IR spectroscopy lacked the
sensitivity and resolution to detect the ZnFe2O4 phase in sam-
ples ZG7 and ZG8.

Four IR lattice vibrations (F1u) in ZnFe2O4 are predicted
from symmetry considerations [35]. Accordingly, ν1 mode was

Table 2
57Fe Mössbauer parameters calculated for samples G to ZG8 and identification

Sample Spectral line δ (mm s−1) Eq or ∆ (mm s−1) Bhf (T) Γ (mm s−1) Area (%) Identification

G M 0.37 −0.26 34.9 0.26 100 �-FeOOH
ZG1 M 0.34 −0.24 33.9 0.26 100 �-(Fe, Zn)OOH
ZG2 M 0.36 −0.25 33.0 0.27 100 �-(Fe, Zn)OOH
ZG3 M 0.33 −0.25 32.1 0.28 100 �-(Fe, Zn)OOH
ZG4 M 0.34 −0.22 29.9 0.29 100 �-(Fe, Zn)OOH
ZG5 M 0.37 −0.21 26.7 0.31 100 �-(Fe, Zn)OOH
ZG6 M 0.33 −0.21 25.5 0.36 100 �-(Fe, Zn)OOH

ZG7
M 0.37 −0.21 25.0 0.26 93.1 �-(Fe, Zn)OOH

Z

E en rel
Q 0.39 0.38

G8
M1 0.39 −0.18
M2 0.37 −0.21
Q 0.34 0.48

rrors: δ = ±0.01 mm s−1; Eq = ±0.01 mm s−1; Bhf = ±0.2 T. Isomer shift is giv
0.54 6.9 ZnFe2O4

30.9 0.23 48.2 �-(Fe, Zn)OOH
51.4 0.35 37.2 �-Fe2O3

0.48 14.6 ZnFe2O4

ative to �-Fe at RT.
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Fig. 3. 57Fe Mössbauer spectra of samples G and ZG1 to ZG8, recorded at RT.

assigned to the stretching vibrations due to the interactions pro-
duced between oxygen and the cations occupying octahedral
(MO) and tetrahedral (MT) sites, MT–O–MO3, ν2 mode was
assigned to the stretching vibrations MO–O–MO2, ν3 mode was
assigned to the displacement of MT by MO cations, MT–MO,
and ν4 mode was assigned to MT–MT displacements. Two
prominent IR bands at 548 and 412 cm−1 and a shoulder at
330 cm−1 were recorded for ZnFe2O4 by Andrés-Vergés et al.
[33].

The results of Mössbauer measurements are summarized in
Figs. 3–5 and Table 2. The RT Mössbauer spectrum of the
reference �-FeOOH (Fig. 3; sample G) shows a sextet with
broadened spectral lines deviating from the theoretical inten-
sity ratios 3:2:1:1:2:3. This shape of the Mössbauer spectrum
is characteristic of �-FeOOH synthesized by the precipitation
method at high pH values. Generally, the RT Mössbauer spec-
trum of �-FeOOH may vary from one paramagnetic doublet up
to a well-shaped sextet, and this depends on the particle size and
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Fig. 4. Distribution of the hyperfine magnetic fields in �-FeOOH calculated for samples G and ZG1 to ZG8.

crystallinity. �-FeOOH particles smaller than ∼15–20 nm show
a superparamagnetic type of the Mössbauer spectrum at RT,
whereas �-FeOOH particles smaller than 8 nm remain super-
paramagnetic down to 77 K [34]. Incorporation of Zn2+ ions
into the �-FeOOH structure broadened the diffraction lines and
decreased the average hyperfine magnetic field from 34.9 to
25.5 T in the order of samples from G to ZG6. The distributions
of HMF (hyperfine magnetic field) for �-FeOOH phase were cal-
culated and the results are shown in Fig. 4. HMF distributions
were broadened with the increase in the Zn2+ ions incorpo-
rated into the �-FeOOH structure, and distribution centres were

shifted to lower Bhf values. HMF distributions of samples ZG6
and ZG7 are close to each other. However, HMF distribution
calculated for sample ZG8 was broadened with the maximum
shifted to a higher Bhf value. The spectrum of sample ZG7 was
additionally fitted for the central quadrupole doublet. Since XRD
showed the presence of ZnFe2O4 phase, the quadrupole doublet
can be assigned to that phase. The RT Mössbauer spectrum of
sample ZG8 was fitted for three phases, �-FeOOH, ZnFe2O4
and �-Fe2O3. The average HMF = 30.9 T can be assigned to the
solid solution (Zn2+ ions incorporated into �-FeOOH), whereas
HMF = 51.4 T can be assigned to �-Fe2O3. Since the value of
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HMF = 51.4 T is only a little smaller than that of the monolithic
�-Fe2O3 (HMF = 51.7 T) it can be concluded that this phase
did not show a tendency to form a solid solution with Zn2+

ions under the given experimental conditions. The incorporation
of Zn2+ traces into the �-Fe2O3 structure cannot be excluded.
The varying of ∆ value for the central quadrupole doublet in
samples ZG7 and ZG8 could be influenced by the microstruc-
tural properties of ZnFe2O4. The fitting procedure could also be
responsible for some error. Nevertheless, both ∆ values for sam-
ples ZG7 and ZG8 are within the framework of those reported
for ZnFe2O4 [35–37]. In the RT Mössbauer spectra of ball-
milled ZnFe2O4 samples Chinnasamy et al. [36] observed an
increase in quadrupole splitting from 0.38 to 0.45 mm s−1 with
a decrease in the average grain size from 89 to 17 nm. Potzel et
al. [37] suggested that the large inversion present in the normal
ZnFe2O4 spinel might be a cause of this effect. Samples pre-
pared by chemical precipitation may possess a high degree of
inversion.

The appearance of two phases in sample ZG7 and three
phases in sample ZG8 led to an imbalance in chemical concen-
trations. That factor, along with the microstructural changes in
the particles, should be considered in the interpretation of HMF
values measured for �-(Fe, Zn)OOH phase in samples ZG7
and ZG8. Fig. 5 clearly shows that for Zn concentrations up to
r = [Zn]/([Zn] + [Fe]) = 0.0291 there is a strictly linear decrease
in the HMF value, whereas for the ratio r = 0.0476 and higher

Fig. 5. Dependence of the average hyperfine magnetic field in �-FeOOH on the
[Zn]/([Zn] + [Fe]) ratio.

there is a deviation from linearity. XRD and Mössbauer mea-
surements showed that up to the ratio r = 0.0909 only one phase
was formed, i.e., the solid solution �-(Fe, Zn)OOH.

Fig. 6 shows FE SEM micrographs of samples G, ZG3, ZG4
and ZG6. These micrographs were taken at the same magnifica-
tion and the size bar on these micrographs is 100 nm. It is clearly
Fig. 6. FE SEM micrographs of samples (a) G; (b) ZG3; (c) ZG
4; and (d) ZG6 taken at the same optical magnification.
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Fig. 7. FE SEM micrographs of samples (a) ZG7 and (b–d) ZG8 taken at various optical magnification.

visible that an increase in Zn-doping is accompanied by a signif-
icant increase in the length of �-FeOOH particles. At the same
time, there is a gradual decrease in the width of �-FeOOH parti-
cles. Sample ZG7 (Fig. 7a) also shows very elongated Zn-doped
�-FeOOH particles. Some of these particles are ∼500–700 nm
long. In the same photograph very small ZnFe2O4 particles of
∼30 nm are discernible. A different situation is observed for
sample ZG8, visible in the FE SEM micrographs taken at various
magnifications (Fig. 7b–d). �-Fe2O3 particles of characteristic
shape and size around 500 nm are clearly visible. The relative
number of long �-FeOOH particles is rapidly decreased. Large
aggregates of tiny �-FeOOH rods and ZnFe2O4 particles are
visible. The size of ZnFe2O4 particles in sample ZG8 is around
30–50 nm.

4. Conclusions

• Acicular and monodisperse �-FeOOH particles were pre-
cipitated by the novel synthesis route based on adding the
aqueous solution of tetramethylammonium hydroxide to the
aqueous solution of FeCl3. pH ∼13.5–13.8 was achieved.
Strong effects of Zn2+ ions on this precipitation process were
observed.

• XRD phase analysis of samples showed the formation of
solid solutions �-(Fe, Zn)OOH for a concentration ratio up
to r = 0.0909. ZnFe O was additionally formed in the pre-

cipitate for r = 0.1111, whereas for r = 0.1304 three phases
�-FeOOH, �-Fe2O3 and ZnFe2O4, were found.

• In the FT-IR spectra of Zn-substituted �-FeOOH, Fe OH
and Fe O stretching bands were sensitive to Zn2+ substi-
tution, whereas the typical Fe OH bending bands at 892
and 796 cm−1 were almost insensitive. The broadening of IR
bands at 638 and 405 cm−1, increase in their relative intensi-
ties, and their shift to lower wave numbers, with the increase
in the concentration of Zn-dopant, were observed. ZnFe2O4
phase could not be detected on the basis of recorded FT-IR
spectra.

• The Mössbauer spectra showed a high sensitivity to the for-
mation of solid solutions �-(Fe, Zn)OOH. The formation of
solid solutions was monitored on the basis of a decrease in the
Bhf value in dependence on Zn-doping. The formation of �-
(Fe, Zn)OOH structure, as a single phase, up to r = 0.0909 was
shown by Mössbauer spectroscopy. A strictly linear decrease
in Bhf for �-FeOOH structure doped with Zn2+ ions was
measured up to r = 0.0291, whereas for r = 0.0476 and higher
values a deviation from linearity was observed. The presence
of �-(Fe, Zn)OOH, �-Fe2O3 and ZnFe2O4 in the samples was
quantitatively determined by Mössbauer spectroscopy.

• FE SEM showed a strong effect of Zn substitution on the
elongation of acicular �-FeOOH particles. With the increase
in Zn-doping the length of these particles increased sev-
eral times (∼500–700 nm), whereas their width gradually
2 4
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decreased. This effect was observed for r up to 0.1111. In
the sample obtained for r = 0.1304, three kinds of particles
were observed. The relative number of very long �-(Fe,
Zn)OOH particles was drastically decreased, and the tiny
�-(Fe, Zn)OOH with very small ZnFe2O4 particles formed
large aggregates. The size of ZnFe2O4 particles was around
30–50 nm, and around 500 nm for �-Fe2O3 particles.

• The results of the present investigation show a very complex
influence of Zn2+ ions on the precipitation of �-FeOOH in
highly alkaline media. On the basis of these results the main
features of that precipitation process can be elucidated. The
initially formed “amorphous” Fe(OH)3 or ferrihydrite-like
precipitate containing Zn2+ ions was dissolving, whereas, on
the other hand, a rapid nucleation and crystallization of �-(Fe,
Zn)OOH was taking place. Musić and Ristić [38] investi-
gated the adsorption of zinc(II) on iron (hydrous) oxides and
showed that the “amorphous” Fe(OH)3 or ferrihydrite-like
phase coprecipitated almost all Zn2+ ions in highly alkaline
media. It means that in the present case the “amorphous”
Fe(OH)3 or ferrihydrite-like phase was releasing both Fe3+

and Zn2+ ions into the solution. The rapid nucleation and
crystallization of �-(Fe, Zn)OOH, as a single phase, con-
tinued up to r = 0.0909. Since for higher concentrations of
Zn2+ ions the incorporation of these ions into the �-FeOOH
structure is strongly retarded, the released Zn2+ and Fe3+ ions
precipitated as a small amount of ZnFe O (for r = 0.1111).
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With a further increase in the Zn-dopant concentration, due
to the stabilizing role of Zn2+ ions inside the structure of the
“amorphous” Fe(OH)3 or ferrihydrite-like phase, the disso-
lution of this phase and, consequently, the crystal growth of
the �-FeOOH type structure were suppressed. In that way the
conditions for additional nucleation and crystal growth of �-
Fe2O3 were established. However, the so formed �-Fe2O3 did
not show a tendency to form solid solutions with Zn2+ ions.
The fraction of ZnFe2O4 was also increased for r = 0.1304.
By this mechanism and also taking into account the imbalance
in the chemical concentrations of iron divided among three
phases, it is easier to understand the increase in Bhf value for
�-FeOOH type structure in a sample with r = 0.1304.
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