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Abstract

Phase composition, size and shape of iron oxide particles produced by forced hydrolysis of Fe* ions depended on the
concentrations of FeCl;y and HCI, and on the presence of 0.005 M quinine hydrogen sulphate (QHS). After 7 days of forced
hydrolysis, a-Fe,O3 was produced from the 0.01 M FeCl; solution, the mixture of -FeOOH and a-Fe,O3 was produced from
0.02 M FeCl; solution, whereas p-FeOOH was produced from the 0.1 M FeCl; solution. Forced hydrolysis of the 0.1 M
FeCl;+0.1 M HCI solution yielded a-Fe,Oj3. In the presence of 0.005 M QHS, the formation of B-FeOOH and a-Fe,O5 was
partially or completely suppressed in dependence on the conditions of forced hydrolysis of Fe® " ions. Specific shapes of B-
FeOOH particles (cigar-type, X-, Y-, and star-shapes) were not obtained in the presence of 0.005 M QHS. The bundles of -
FeOOH needles with irregular ends were obtained instead. Also, in the presence of 0.005 M QHS, the formation of a-FeOOH is
favoured. The preferential adsorption of sulphate groups and a possible influence of quinine group at the very beginning of

FeCl; hydrolysis were suggested as responsible for the effects observed.
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1. Introduction

In several past decades, the phenomena related to
slow and forced hydrolysis of Fe*>* ions in aqueous
media were extensively investigated from the aca-
demic point of view [1,2]. These phenomena play a
significant role in the transport of iron in natural
aquatic systems, as well as in the iron cycle in living
organisms [3]. Iron(Ill)-oxyhydroxides and -oxides
are the solid products of hydrolysis of Fe’* ions,
and they are often cited in the reference literature
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under a general name, iron oxides. Synthetic iron
oxides have found various applications as pigments,
catalysts, magnetic materials, sensors, etc. Analogies
between the precipitation of iron oxides and their
phase transformations in aqueous media on one side
and the rusting of steel on the other, were observed.
The precipitation of iron oxides by hydrolysis of
Fe?* ions in aqueous media depends on the type of
Fe(IIT)-salt and its concentration, pH, the presence of a
complexing agent, temperature and time [4—7]. The
presence of sodium polyanethol sulphonate in hydro-
lysing FeCl; solutions influenced the size and shape
of B-FeOOH particles [8]. The influences of various
amines [9] and dioxane [10] on the shape of a-Fe,03
particles, produced by forced hydrolysis of FeCls
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Table 1

Experimental conditions of the Fe> " hydrolysis in aqueous solutions at 90 °C and the phase composition of samples as determined by XRD

Sample [FeCl /M [HCI)/M [QHSI/M Time of heating Phase composition as found by XRD
(days) (approximate molar fraction)

S1 0.01 7 a-Fe,03

S2 0.01 0.005 7 a-FeOOH

S3 0.01 0.05 0.005 7 a-FeOOH

S4 0.02 7 -FeOOH (0.8) + a-Fe,05 (0.2)

S5 0.02 0.005 7 a-FeOOH

S6 0.02 0.05 0.005 7 a-FeOOH

S7 0.1 1 -FeOOH

S8 0.1 0.005 1 3-FeOOH

S9 0.1 7 p-FeOOH

S10 0.1 0.005 7 -FeOOH (0.9) + a-FeOOH (0.1)

S11 0.1 0.005 1 p-FeOOH

S12 0.1 0.005 0.005 1 3-FeOOH

S13 0.1 0.005 7 p-FeOOH

S14 0.1 0.005 0.005 7 -FeOOH (0.9) + a-FeOOH (0.1)

S15 0.1 0.05 0.005 7 a-FeOOH

S16 0.1 0.1 7 a-Fe,03

S17 0.1 0.1 0.005 7 no visible precipitate

solutions, were also observed. The presence of metal
ions (Cu?* or Cr’ ") in hydrolysing FeCl; solutions
inhibited the growth of p-FeOOH particles at lower
concentrations, whereas the growth of p-FeOOH
particles was promoted at higher concentrations of
these metal ions [11]. Ellipsoidal a-Fe,O3 particles
were produced by forced hydrolysis of FeCl; solu-
tions in the presence of a small amount of phosphates
[12—15]. Forced hydrolysis of Fe(ClO,4); solutions
with decomposing urea yielded only a-Fe,O3 par-
ticles and their shape was also modified by the
presence of a small amount of phosphates [16].

In the present work, we have investigated forced
hydrolysis of FeCl; solutions with a focus on the
properties of the solid phase formed by this process.
The effects of FeCl; and HCI concentrations on the
phase composition, size and morphology of iron oxide
particles have been analysed. The strong effect of
quinine hydrogen sulphate (QHS) on the properties of
solid hydrolytic products has also been observed.
Quinine and its salts have applications in medicine
and food technology. It is generally assumed that
quinine and its derivatives act in living organisms
via the formation of quinine complexes with metal
ions. Specifically, the antimalarial action of quinine
was explained by its coordination with the iron of
heme in erythrocytes of blood infected with the
malaria parasites.

2. Experimental

FeCl;-6H,0 and HCI of analytical purity supplied
by Kemika were used. Quinine hydrogen sulphate
(C20H2402N2'H2804'7H20) Supplied by BDH was
used. All solutions were prepared with doubly dis-
tilled water. Experimental conditions for the prepara-
tion of the precipitation systems are given in Table 1.
Aging of the precipitation systems was performed in
glass autoclaves at 90 °C. After a proper aging time,
solid hydrolytic products were separated from the
mother liquor using an ultraspeed centrifuge (Sorvall
RC2-B, operational range up to 20,000 rpm). The
solid hydrolytic products were subsequently washed
with doubly distilled water, and then dried. All solid
hydrolytic products were characterized by X-ray pow-
der diffraction (XRD), Fourier transform infrared (FT-
IR) spectroscopy and transmission electron micro-
scopy (TEM).

3. Results and discussion

Figs. 1 and 2 show characteristic XRD patterns of
selected samples, whereas the phase compositions of
all samples are given in Table 1. The table shows a
strong dependence of the phase composition of the
solid hydrolytic products on the experimental con-
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Fig. 1. Characteristic parts of XRD patterns of samples S1, S2, S4
and S5. XRD patterns were measured at room temperature.
A=akaganéite; G=goethite; H= hematite.

ditions. After 7 days of forced hydrolysis of the 0.01
M FeCl; solution a-Fe,O3 particles were precipi-
tated, the mixture of B-FeOOH and «-Fe,Osz par-
ticles was precipitated from the 0.02 M FeCly
solution, whereas B-FeOOH particles were precipi-
tated from the 0.1 M FeCl; solution. In the presence
of 0.005 M QHS, the formation of B-FeOOH and -
Fe,O5 was partially or completely suppressed in de-
pendence on the conditions of forced hydrolysis of
Fe’* ions. Forced hydrolysis of the 0.1 M FeCl;+
0.1 M HCI solution yielded a-Fe,O5 after 7 days,
whereas the addition of 0.005 M QHS to this pre-
cipitation system completely suppressed the forma-

tion of a solid hydrolytic product for the same time
of aging.

All samples prepared without the QHS addition
exhibited sharp diffraction lines, indicating crystallite
sizes of the orders of several tens of nanometers. QHS
suppressed the growth of crystallites. The samples
prepared with an addition of QHS showed a much
lower crystallinity (crystallite sizes of several nano-
meters) than those prepared without QHS. a-FeOOH
showed different broadening of diffraction lines cor-
responding to sets of crystal planes with different
indices, indicating an anisotropic shape of crystallites
elongated in the c-direction.

The results of FT-IR phase analysis of the solid
hydrolytic products showed a good agreement with
those obtained by XRD. The FT-IR spectra of selected
samples are shown in Fig. 3. The FT-IR spectrum of
sample S1 corresponds to a-Fe,O; as a single phase.
Iglesias and Serna [17] reported a dependence of the
IR bands on the shape of a-Fe,O;5 particles. a-Fe,03
spheres showed IR bands at 575, 485, 385 and 360
cm !, whereas a-Fe,Os laths showed IR bands at
650, 525, 440 and 300 cm ~ '. The FT-IR spectrum of
sample S2 can be ascribed to a-FeOOH as a single
phase. The IR band at 3401 cm ~ ' can be assigned to

S9
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Fig. 2. Characteristic parts of XRD patterns of samples S9 and S10.
XRD patterns were measured at room temperature.
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Fig. 3. Fourier transform infrared spectra of selected samples, S1,
S2, S4, S5, S9 and S10, recorded at room temperature.

stretching modes of H,O molecules or to the envelope
of hydrogen-bonded surface OH groups, whereas the
IR band at 3174 cm ~ ! is due to the presence of the
OH stretching mode in a-FeOOH [18]. The bands at
892 and 795 cm ' can be assigned to Fe—O—H
bending vibrations in a-FeOOH. In the FT-IR spec-
trum the bands at 1200, 1118, 1056 and 976 cm ~ ! are
also visible and these bands can be ascribed to
adsorbed sulphate anions. The origin of these IR
bands was reported in a previous work [19].

The FT-IR spectrum of sample S4 indicates the
mixture of B-FEOOH and «a-Fe;O;. a-Fe,O5 can be
detected in this sample only on the basis of the band at
584 cm ~ ! and partially using the band at 481 cm ™~ !
but this is not sufficient for exact detection of the a-
Fe,O; phase. The FT-IR spectrum of sample S9
corresponds to 3-FeOOH as a single phase. The FT-
IR spectrum of sample S9 shows a doublet at 3475
and 3389 cm ~ !, a band at 843 cm ~ ! with a shoulder

at 820 cm ~ ', a doublet at 698 and 642 cm ' and a
very strong and broad band centred at 424 cm ~ ' with
a shoulder at 475 cm ~ '. In the reference literature
there is no full agreement about the nature of OH-
stretching bands at 3475 and 3389 cm ~'. The two
OH-stretching bands in p-FeOOH at 3475 and 3389
ecm ™' can be a result of two slightly different OH
sites [20], and this conclusion was supported with the
structural refinement [21], indicating hydrogen bonds
to be formed by oxygen atoms located on two
crystallographically non-identical sites. In the case
of H,O molecules adsorbed onto PB-FeOOH, the
OH-stretching band corresponding to adsorbed H,O
is superimposed onto the OH-stretching bands of -
FeOOH. The IR bands at 843 and 698 cm ~ ' can be
assigned to deformation vibrations of —OH groups,
whereas the intensity of the shoulder at 642 cm ~ ' can
be related to the interaction of the Fe—OH groups with
Cl™ ions [22]. Weckler and Lutz [23] discussed two
sets of vibrations at 847 and 820 cm — 1, as well as at

Fig. 4. TEM photographs of samples (a) S1 and (b) S2.
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Fig. 5. TEM photographs of samples (a) S4 and (b) S6.

697 and 644 cm ~ ! in terms of two O—H---CI hydro-
gen bonds present. Murad and Bishop [20] suggested
that the weak shoulder at ~ 818 cm ~ !, observed for
the octahedral Fe—OH bonds in p-FeOOH, could be
related to the nature of the OH-bending band near 820
ecm ! in smectites. B-FeOOH possesses a holandite-
type structure [24,25] with the structural channels
containing H,O and a small amount of Cl ™~ ions.

The FT-IR spectrum of sample S10 shows R-
FeOOH as the dominant phase and a small fraction
of a-FeOOH, as concluded on the basis of the bands
at 895 and 795 cm ~ '. In this spectrum, the IR bands
of adsorbed sulphates are also visible, similar as in the
FT-IR spectrum of sample S2.

TEM showed a variety of particle shapes formed
by forced hydrolysis of FeCl; solutions under phys-
ico-chemical conditions given in Table 1. Fig. 4a
shows uniform a-Fe,Oj3 particles produced by forced
hydrolysis of the 0.01 M FeCl; solution for 7 days
(sample S1). With the addition of 0.005 M QHS to

this precipitation system small particles were obtained
(sample S2), composed of a few laterally aggregated
a-FeOOH needles (Fig. 4b). Fig 5a shows a mixture
of p-FeOOH and «-Fe,O; particles produced by
forced hydrolysis of the 0.02 M FeCl; solution for
7 days (sample S4). Cigar-shaped B-FeOOH particles
showed irregular ends and surfaces due to their
dissolution, whereas a-Fe,03 particles were close to
a spherical shape. The addition of 0.05 M HCIl+
0.005 M QHS at the beginning of this precipitation
process caused the formation of small a-FeOOH
needles (sample S6), which also showed a tendency
towards lateral aggregation (Fig. 5b). Fig. 6a shows
R-FeOOH particles produced by forced hydrolysis of
the 0.1 M FeCl;+0.005 M HCI solution for 1 day
(sample S11). Cigar-shaped and X-shaped p-FeOOH
particles are visible, typical of B-FeOOH colloids.
The addition of 0.005 M QHS to this precipitation
system strongly changed the morphology of p-
FeOOH particles (sample S12), as is visible in Fig.

)

Fig. 6. TEM photographs of samples (a) S11 and (b) S12.



S. Musi¢ et al. / Materials Letters 57 (2003) 1096—1102 1101

Fig. 7. TEM photographs of samples (a) S15 and (b) S16.

6b. This effect was observed for all B-FeOOH par-
ticles formed in the presence of QHS. The formation
of the bundles of B-FeOOH needles could be ascribed
to a possible complexing role of quinine at the very
beginning of hydrolysis of Fe** ions and a specific
adsorption of sulphates on the crystal planes along c-
axis of 3-FeOOH. Forced hydrolysis of the solution
0.1 M FeCl;+0.05 M HCI+0.005 M QHS (sample
S15) yielded a-FeOOH particles after 7 days and the
morphology of these particles (Fig. 7a) is different
from that observed for a-FeOOH particles produced
at lower FeCl; concentrations (samples S2 and S6).
The particles of sample S15 are also composed of a-
FeOOH needles; however, these secondary particles
are much bigger. Finally, forced hydrolysis of the 0.1
M FeCl3+0.1 M HCI solution yielded a-Fe,O3
particles (sample S16), as shown in Fig. 7b. It is well
visible that these a-Fe,Oj; particles are much bigger
than those produced from the 0.01 M FeCl; solution
over the same time of hydrolysis. In the presence of
0.005 M QHS there was no visible precipitate over

the same time of hydrolysis (precipitation system
S17).

The present work indicates that in the presence of
0.005 M QHS, the formation of goethite is favoured.
The preferential adsorption of sulphate groups influ-
enced the morphology of iron oxide particles, whereas
the influence of quinine group at the very beginning
of FeCl; hydrolysis via quinine—iron interactions
cannot be excluded [26]. At high sulphate concen-
trations the formation of basic iron(Ill)-sulphates is
favoured. It is generally assumed that this mechanism
is directed by the FeSO; complex which strongly
suppresses the polymerisation of Fe(IlI)-hydroxy
complexes [27-30].
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