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a b s t r a c t

Iron oxide hydroxides were synthesized through forced hydrolysis of iron (III) chloride hexahydrate and
iron (III) nitrate nonahydrate that as a function of temperature yield different phases characterized by
their colors. The tonalities were related to the chemical composition as well as particle size as shown
through energy dispersive spectroscopy, thermogravimetric analysis and dynamic light scattering. Iron
chloride yielded Akagan�eite with different opaque yellow tonalities and a mean particle size of196
(50 �C), 253 (70 �C), 235 (90 �C) and 170 nm (110 �C). The nitrate precursor yielded Goethite with yellow
tonalities and particle size of 360 (60 �C) and 318 nm (70 �C), and Hematite with red tonalities and
particle size of 262 (90 �C) and 261 nm (110 �C). The test dispersion and coloring of the white paint
(water-based) showed an effective coating capacity, chemical and physical stability of the dispersant and
iron pigments.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Iron makes up about 6.3% of the Earth's crust; however it is
never found in pure form, but instead, combined with other ele-
ments, especially oxygen, yielding iron oxides. These iron com-
pounds possess distinct properties such as coloration, resulting
from electron transitions between the d (t2g and eg) orbitals. These
colors include yellows and reds, which are responsible for soil
colors [1,2].

In living organisms, iron oxides are responsible for the activities
of many enzymes, and in this way, they can be applied in
biomedicine. Synthetic iron oxides are of great importance in many
fields. Some oxides are used as catalysts, in redox processes and as
pigments [3e8]. They are used to dye paper, rubber, plastics and
cement, paint components, varnishes and enamels, because of the
range of colors (yellow, brown, red, etc.) that can be obtained [9].

The colors of synthetic iron oxides differ depending on the
method and conditions employed [8e16], as for each oxide or oxide
hydroxide phase a specific method is necessary. No reporting was
mail.com (F.J. Anaissi).
found in the literature regarding the synthesis of different types of
iron oxides employing different forced hydrolysis temperatures in
order to obtain pigments with different colors.

This article presents the identification of iron oxide hydroxides
synthesized at different temperatures of forced hydrolysis (thermo-
hydrolysis), beginning with inorganic precursors iron (III) chloride
hexahydrate (FeCl3$6H2O) and iron (III) nitrate nonahydrate
(Fe(NO3)3$9H2O). These syntheses yielded nanoparticles with a
slight change in the composition that is responsible for the colors in
these oxide hydroxides. The principal properties studied were
thermal behavior, size distribution, morphology and chemical
composition. The instrumental techniques used for characteriza-
tion were thermogravimetric analysis, energy dispersive spectros-
copy, Raman spectroscopy and X-ray diffractometry. Particle size
was determined through dynamic light scattering and X-ray
diffractometry. Colors were attributed through electronic
spectroscopy.

2. Materials and methods

In the synthesis of the iron oxide pigments (IOPs), iron (III)
chloride hexahydrate (FeCl3$6H2O, VETEC) and iron (III) nitrate
nonahydrate (Fe(NO3)3$9H2O, SYNTH) were used. All reactants
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Fig. 1. Photography of the bottles of reactions containing IOPs identified in relation to
precursors (FeCl3eFe(NO3)3) and their temperatures the forced hydrolysis.
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were of analytical grade, and all solutions were prepared with ul-
trapure water.
2.1. Synthesis of iron oxide pigments e IOPs

Iron chloride (6.76 g) and iron nitrate (10.10 g) were dissolved in
250 mL of water and stored in autoclavable flasks (limit of 150 �C).
Fig. 2. XRD of the IOPs synthesized according to precursor: A
These solutions were transferred to a thermal reactor (QUIMIS,
model Q-819v). Syntheses were carried out at 50 �C, 60 �C, 70 �C,
90 �C and 110 �C for a period of 24 h. This period corresponds to the
time necessary for the formation of iron oxide hydroxide crystal-
lites [7]. In the studied condition, iron (III) chloride precipitated at
50 �C, while iron (III) nitrate precipitated at 60 �C. All IOPs were
washed with ultrapurewater using ultracentrifugation at the speed
of 10,000 rpm. The pH of the solutions was monitored and
remained constant, with values near 3. Fig. 1 shows photographs of
the flasks with their respective suspensions, in which the different
colors and their tonalities can be observed. The suspensions were
frozen (at�7 �C) and lyophilized, and then the IOPs in powder form
were characterized as to their structure, morphology and spectro-
scopic behavior.

2.2. IOPs dispersion in white paint

In order to verify the compatibility and chemical stability of
IOPs, they were dispersed in commercial white water-based paint.
The dispersionwas carried out in the proportion of 100mg of IOP in
1 mL of water, and then mixed with 1 mL of white paint.

2.3. Characterization techniques

The thermal behavior of the IOPs was studied with a simulta-
neous thermal analyzer (TG-DTG-DTA) manufactured by Seiko,
model 6300. Samples were heated in alumina pans, and the heating
rampwas from 30 to 1200 �C, using a heating ratio of 20 �C/min in a
compressed air atmosphere (200 mL/min). Chemical analysis were
studied through energy dispersive spectroscopy (EDS), model
SwiftED-3000, with a tungsten filament as a source of electrons,
operated at 15 kV. X-ray diffractometry (XRD) was performed in a
Bruker diffractometer, model D2 Phaser, equipped with a copper
cathode (l ¼ 1.5418 Å), operated at 30 kV, current of 10 mA, with a
working window of 2�e90� (2q) and increment of 0.02 �/s. XRD
data were treated with the software EVA (Bruker version 1.1) and
indexed according to ICDD-PDF2 2009 cards. Raman spectra were
) ferric chloride (FeCl3) and B) ferric nitrate (Fe(NO3)3).



Fig. 3. Raman spectra of the IOPs synthesized according to precursor: A) ferric chloride and B) ferric nitrate.
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recordedwith a confocal RamanmicroscopeWitec alpha 300, using
532 nm laser excitation and 100� objectives. Laser power was
0.2 mW/cm2 measured at laser output. Particle size were obtained
through dynamic light scattering (DLS) at 20 �C using a Malver
Zetasizer Nano, model ZS90 with a detection range of 0.3 nme6 mm
with water as a dispersant. Electronic spectra were obtained using
an Ocean Optics spectrophotometer, model USB 2000, equipped
with a tungsten-halogen lamp and silicon (UVeVis, 350e720 nm)
and germanium detectors (near IR, 720e1050 nm), linked to a fiber
optic accessory and operated in diffuse reflectance mode.

3. Results and discussion

Due to the fact that IOPs prepared with different precursors
have distinct colors, different characterization techniques were
used for a better understanding of their structural, morphological
and spectroscopic properties as well as chemical composition and
how it affects their colors and tonalities. The respective oxides were
identified through X-ray diffractometry and labeled: Akagan�eite
(A), Goethite (G)eHematite (H), followed by the synthesis tem-
perature (for example, A_70 �C).
Table 1
Analytical data determined by EDS (% elements Fe, O, Cl) and TGA (water) used to e

Sample Tentative composition by EDS and TGA

A_50 �C [(b-Fe0.43O1.07(OH)1.11Cl0.15]$0.25H2O
A_70 �C [(b-Fe0.63O0.86(OH)0.89Cl0.22]$0.26H2O
A_90 �C [(b-Fe0.34O1.16(OH)1.20Cl0.12]$0.20H2O
A_110 �C [(b-Fe0.42O1.08(OH)1.12Cl0.14]$0.24H2O
G_60 �C [a-Fe0.43O1.14(OH)1.18]$0.15H2O
G_70 �C [a-FeO1.16(OH)1,19]$0.16H2O
H_90 �C [a-Fe0.5O2.22]$0.22H2O
H_110 �C [a-Fe0.6O2.07]$0.20H2O

SD e standard deviation.
3.1. X-ray diffractometry (XRD)

X-ray diffractograms showed in Fig. 2A revealed that for the iron
chloride [FeCl3] precursor, the principal product was the iron oxide
hydroxide [b-FeO(OH)] known as Akagan�eite [7,17e19]. The profile
is typical of anisotropic crystals, and the Miller indices agree with
ICDD (00-016-0123, 00-042-1315 and 00-034-1266) cards. At
higher temperatures (90 �C and 110 �C), hematite (a-Fe2O3) was
also observed, but in low quantities. Characteristic Hematite peaks
can be observed at the 38.30� and 41.26� (2q degree), which
correspond to the distances of 2.69 Å and 2.51 Å, respectively.

Fig. 2B shows the XRD for the product obtained through the
forced hydrolysis of iron nitrate [Fe(NO3)3]. Unlike the chloride
precursor, at 60 �C and 70 �C, the principal product was Goethite [a-
FeO(OH)] [20e22], characterized by the Miller indices (hkl) (110/
120/310/212/111/121/140) and confirmed through ICDD (01-081-
0462 and 00-029-0713) cards. At higher temperatures (90 �C and
110 �C), high crystalline Hematite (a-Fe2O3) was the main product.
At the temperature of 90 �C, the XRD pattern revealed the presence
of low quantities of Goethite [22,23]. The Hematite patterns agreed
with ICDD (01-088-2359e00-024-0072) cards and their
stimate the composition of the IOP samples and particle sizes (nm) by DLS.

Size (nm) ± SD
peak 1

Size (nm)
peak 2

196.50 ± 0.111 n.d.
253.30 ± 0.204 3731.0
235.40 ± 0.152 3703.1
170.50 ± 0.164 1608.1
360.20 ± 0.105 n.d.
318.80 ± 0.046 3221.2
262.50 ± 0.213 5155.0
261.60 ± 0.127 5184.3



Fig. 4. Curves TG-DTG-DTA of Akagan�eite particles obtained precursor: A) ferric chloride, and B) ferric nitrate.
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Table 2
Data of the thermal behavior of IOPs: mass loss as a function of temperature range and their assignments.

Temperature range (�C) Samples/mass loss (%) Assignment

A_50 �C A_70 �C A_90 �C A_110 �C

5e100 4.0 3.2 2.6 3.0 Water (hydration)
100e280 1.2 14,6 11.9 11.2 Water (constitution)
280e450 8.8 6.3 5.8 6.0 Crystallization
450e1200 1.3 1.3 1.5 1.7 Phase transition

G_60 �C G_70 �C H_90 �C H_110 �C

25e100 2.5 2.7 2.2 2.0 Water (hydration)
100e300 16.0 16.0 9.6 5.3 Water (constitution)
300e450 e e 1.6 2.1 Crystallization
300e1100 2.3 1.4 e e Crystallization and phase transition
450e1000 e e 0.1 1.8 Phase transition

Fig. 5. Electronics spectra (UVeVis) of the IOPs synthesized according to precursor: A)
ferric chloride and B) ferric nitrate.
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characteristic Miller indices were (012/104/110/113/024/116/018/
214/300).

The samples A_110 and H_110 exhibited an amorphous halo
between 20� and 50� (2q). This behavior results from the heating
temperature [17]. Crystal growth depends on the kinetics and the
thermodynamics of the system [24], heating at higher tempera-
tures leads to kinetic dominance, which results in amorphous
crystals. As time goes on during the heating process, part of the
material formed suffers a dissolution followed by a recrystallization
of a new material with greater thermodynamic stability. In this
case, we have Akagan�eite contaminated with Hematite (greater
thermodynamic stability than Akagan�eite) in sample A_110, and
Hematite (greater thermodynamic stability than Goethite) in
sample H_110. This halo is not observed in Akagan�eite samples
heated at 110 �C for more than 24 h [7].

3.2. Raman spectroscopy

According to Schwertmann and Cornell [17], the characteristic
Raman spectra of Akagan�eite obtained at 90 �C showed bands at
314, 380, 549e720 cm�1. These bands did not correspond with the
materials obtained in this work for the iron chloride reactant at
90 �C. The bands were displaced for temperatures under or above
90 �C (Fig. 3A). This effect could be related to the different shades of
these colors. On the other hand, hydrated iron oxide hydroxide
showed characteristic band near 383 cm�1, and one or more bands
above 476 cm�1 that could be related to the modes FeeOeFe or
OH� group in the crystal structure [25].

Raman spectra of the iron oxides obtained through iron nitrate
precursor showed different vibrational modes (Fig. 3B). Goethite
was identified in the samples G_60 �C and G_70 �C. Bands at low
frequencies (297e300, 387e397, 554 and 675e690 cm�1) are
attributed to octahedral vibration (FeeO) as described in the liter-
ature [26e28]. Raman spectra of the samples H_90 �C and H_110 �C
showed bands characteristic of Hematite at 225, 290, 404,
640e1310 cm�1. The band at 1310 cm�1 is characteristic of a
magnon scattering that is described as an overtone connected to a
longitudinal optical phonon (LO) [29].

3.3. Chemical composition (EDS and TG) and particle size

Analytical data were obtained through energy dispersive spec-
troscopy (EDS) and thermal analysis curve (TG). Table 1 shows the
qualitative composition of the iron oxide hydroxides. EDS analysis
of the iron chloride precursor at different temperatures (A_50 �C,
A_70 �C, A_90 �C, A_110 �C), have iron, chloride and oxygen in their
composition, and chloride is an essential component to the for-
mation of Akagan�eite [b-FeO(OH)]. Otherwise, samples obtained
through the iron nitrate hydrolysis showed just iron and oxygen, in
conformity with the chemical formula of Goethite and Hematite.

Table 1 also shows the particles' mean size in nanometers (nm),
obtained through dynamic light scattering (DLS) following a
bimodal profile. Peaks 1 and 2 showed the mean intensities related
to the size. It can be observed that smaller particles are obtained the
synthesis carried out at higher temperatures. Peak 1 represents the
dominant population (higher percentage) and size at nanometer
range, while peak 2 shows the populationwith bigger size (range of
microns), probably due to iron oxide hydroxide clusters.

In general, the iron oxide hydroxides particles obtained through
the chloride and nitrate precursors possessed nanometer size. For
the FeCl3 precursor at a temperature of 50 �C, the mean size is of
196.5 nm. As temperature increases, the mean size increases, then
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above 90 �C it decreases again. For instance, the particles' mean size
was 253 nm (70 �C), larger than at 50 �C; at 90 �C it decreased to
235 nm, and at 110 �C, it decreased to 170 nm, which is smaller than
the sample obtained at 50 �C. This size indicates that in order to
obtain Akagan�eite through forced hydrolysis with the smallest
particle size, 110 �C is the best temperature.

Samples obtained from iron nitrate also showed particles in the
nanometric range, but larger than Akagan�eite particles. The mean
size for these particles was 360 nm (G_60 �C) and 318 nm (G_70 �C),
and the iron oxide hydroxide was identified as Goethite. As the
temperature increased, Hematite was formed as the predominant
phase and the mean size decreased to 262 nm (H_90 �C) and
261 nm (H_110 �C).
3.4. Thermal analysis curves (TG-DTG-DTA)

Fig. 4A shows the simultaneous thermal analysis curves, each
curve shows three or four thermal events. Losses of mass due to
chemical or physical processes are shown in Table 2. The first
process (endothermic peak, DTA), initial temperature (Tonset, 50 �C,
DTG curve) was attributed to the leaving of water (hydration and
weakly adsorbed), which is a physical phenomenon. After this
event, some exothermic events were observed (120e260 �C), due to
the dehydroxylation of the iron oxide hydroxides [17,30], which is a
chemical process (hydroxyl condensation).

In the range of 400e650 �C, for the Akagan�eite samples (Fig. 4A),
there was an exothermic process due to the leaving of Cl� or HCl,
followed by the rupture of the Akagan�eite crystal structure [5,31].
According to Music et al. [32], with the structure rupture, Aka-
gan�eite undergoes a recrystallization yielding Hematite (a-Fe2O3).
The third event showed a different behavior in terms of tempera-
ture peak. The DTA curve revealed a gradual decrease in tempera-
ture, for instance, at 617 �C (Fig. 4A.1), 567 �C (Fig. 4A.2), 561 �C
(Fig. 4A.3) and 552 �C (Fig. 4A.4).

This decrease is related to the loss of thermal stability of the
particles and reflects in the structure of the iron oxyhydroxides
since they have different arrangements and chemical bond length
(metallic center in the coordination compound). Music et al. [32],
reported that this displacement in thermal behavior depends on
the methodology adopted, that is, the preparation of the solutions
with the addition of other chemical species. In this work, the
methodology was changing the temperature of hydrolysis. The
fourth and fifth events (750e1100 �C) were due to phase transi-
tions, specifically dehydroxylation.

Fig. 4B shows the thermal behavior characteristics of Goethite
and Hematite identified through Raman spectroscopy (Fig. 3B). The
events in the TG-DTA curves were attributed to the leaving of water
weakly adsorbed on the surface, and dehydroxylation, which
occurred at 25e180 �C. After that, in the range of 180e400 �C
(Fig. 4B.3 and 4B.4), Goethite was transformed to Hematite [31,33];
the same behavior was observed for the products of 60 �C and 70 �C
hydrolysis (Fig. 4B.1 and 4B.2). The fourth event (400e1200 �C) was
an exothermic event for the oxide hydroxides (Fig. 4B.3 and 4B.4),
attributed to a phase transition, probably Hematite-Maghemite [34].
3.5. ElectronicSpectra (UVeVis)

The electronic spectra (Fig. 5) shows bands at 350 nme900 nm,
characteristically of UVeVis absorption involving transitions
metals. The IOPs prepared through the chloride and nitrate
Fig. 6. Raman spectra and photographs of colorful white paint with their IOP: A) white
paint, B) ferric chloride and C) ferric nitrate.
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precursors showed bands at 480 nme520 nm and 800 nme900 nm
attributed to the metal-oxygen bonding (6A1 / 4T1) for the octa-
hedral ion Feþ3 [5,17,35].

The variation in the shades of colors is related to the displace-
ment of the absorption band due to the transfer of charge between
the ligand (OHeor O2�) and the Fe3þion, followed by the loss of
symmetry of the Fe3þion [36]. The shades of colors in the phases
Akagan�eite, Goethite and Hematite, are explained through the
ligand-metal charge transference (LMCT), for instance, the transi-
tion (orbital p of O2�or OH�) to the metallic center of Fe3þion
(orbital 3d), which correspond to the transition 6t1u / 2t2g [37,38].

3.6. Dispersion and coloration of white paint

The white and colored paint were used to paint glass micro-
scope slides (Fig. 6) using three coats of paint. The digital photos
show the white paint and its degree of coverage compared to the
colored paint. Fig. 6A shows the Raman spectra of white paint.
Characteristic bands appeared at 900, 1030 and 1862 cm�1 (marked
with *) and these were considered as a background for the struc-
tural monitoring.

Fig. 6B and C correspond to the Raman spectra of the colored
white paint with their IOP. In all Raman spectra (Fig. 6B and C) two
characteristic bands of iron oxides (446 and 612 cm�1) are present.
Three new bands appear at 1000, 1030 and 1085 cm�1, which may
be due to specific interaction between the dispersant phase (white
paint) and IOP. These bands will be elucidated in future work.

Fig. 6B shows that the characteristic bands of white paint
(marked with *) gradually diminished in intensity as the IOP's
particle size decreased (Table 1), i.e., as the degree of paint coverage
increases. Fig. 6C shows different (non-linear) behavior. The sample
G_60 �C has a profile similar to that of the sample A_50 �C, but the
samples G_70 �C, H_90 �C and H_110 �C suffered an abrupt decrease
in the relative intensity of the bands of the white paint, thus
showing a greater degree of coating and reflectivity.

The test dispersion and coloring of the white paint showed an
effective coating capacity, chemical and physical stability of the
dispersant and IOP.

4. Conclusions

Through a simple synthesis methodology, it was possible to
obtain inorganic pigments, using hydrated iron salts followed by
the forced hydrolysis of their solutions at different temperatures.
The products had different shades of colors depending on the
reactant and temperature. XRD pattern and Raman spectroscopy
showed the formation of Akagan�eite when the precursor was iron
chloride (FeCl3) and Goethite (60 �C and 70 �C) and hematite
(90 �Ce110 �C) when the reactant was iron nitrate (Fe(NO3)3).

Thermal analysis confirmed the processes of mass loss of Aka-
gan�eite, Goethite and Hematite respectively, associated with the
precursors and temperatures used in this work as well as other
works found in the literature. Through electronic spectroscopy
(UVeVis) it was possible to distinguish the bands associated with
the different shades of colors for each iron oxide hydroxide syn-
thesized. Their colors are a result of differences in the structural
arrangement as well as the size of the particles. In this way, they are
potentially applicable as inorganic pigments for paints and enamels.
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