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The work in this paper was devoted to investigating some nanosized iron oxide pigments prepared by microemulsion technique.
The role of concentration of iron salt and surfactant (cetyltrimethylammonium bromide) on the produced iron oxide was studied.
The techniques employed to characterize the samples were thermogravimetric analysis, X-ray diﬀractometry, transmission electron
microscope, infrared spectroscopy, and diﬀuse reflectance spectroscopy. The results revealed that the particle size of the prepared
sample using 0.2 M iron sulfate and 3.2 wt% of surfactant was in the range 7–9 nm. Increasing the concentration of either iron
salt or the surfactant increased the particle size of the obtained ferric oxide. The diﬀuse reflectance measurements showed that the
charge transfer/electron pair transition absorption peak, which is closely related to the reddish color of the oxide, was shifted to
a longer wavelength (blue shift) by decreasing the dimension of the particles. The samples were tested as pigments. They showed
diﬀerent tints of red color and were found to be promising for applications as pigments in the field of paint manufacturing.

1. Introduction
Nanostructured iron oxides are of a great interest when
compared with their bulk counterpart due to their large
surface area, high rate of reactivity, and due to the possibility of enhancing environmental friendly reactions. They
have superior characters in nontoxicity, chemical stability,
durability, and low costs [1]. Due to these properties, they
find wide applications in the fields of nanoscience and
nanotechnology as pigments, enhancing storage capacity in
electronic recording devices, catalysts in some industries, and
contrasting agents in magnetic resonance imaging [2–4].
Iron oxide nanoparticles with various structures, sizes,
and morphologies have been attained. It is now well known
that the morphology and size of the particles have a great
impact on their chemical and physical properties. In order to
control particle size and obtain monodispersed nanoparticles
with a narrow size distribution, various techniques have been
employed [5]. Among these techniques, water-in-oil (W/O)
microemulsions or reverse micelles are particularly good
reaction media for fabricating metal oxide nanoparticles.

The outstanding dispersion, small particle size distribution,
and shape control imparted by the microemulsion synthesis
technique make it a very attractive method for synthesis
of nanooxides. In this technique, nanosized water droplets
are dispersed in a continuous oil medium and stabilized by
surfactant molecules accumulated at the oil/water interface.
These highly dispersed water droplets are ideal nanostructured reaction media for producing monodispersed
nanoparticles [6]. The growth rate, shape and size of the
particles produced using microemulsion technique depend
on many factors such as type and concentration of surfactant
[6, 7], both oil and alcohol types [8–10], speed of mixing
[11], and particle aging [12].
In this paper, it is aimed to synthesize nanoparticles by
application of a water-in-oil microemulsion route. The eﬀect
of changing ferric salt concentration, surfactant concentration, and calcination at diﬀerent temperatures on structure,
and particle size of the samples prepared by this method were
discussed. The study was also directed to evaluate some of
these samples as pigments and to demonstrate the eﬀect of
particle size variation on the tinting strength, hiding power,
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and other physical and chemical properties of the prepared
red paints.

2. Experimental
2.1. Materials. The chemicals used in the present investigation were of analytical reagent grade and obtained from
Merck (Darmstadt, Germany).
2.2. Techniques. The thermogravimetric analysis was conducted using a Perkin-Elmer Delta series (TGA7) thermoanalyzer. The rate of heating was 10◦ C min−1 in a static
air. The X-ray diﬀractograms were recorded using the
monochromatized Cu Kα radiation of a Bruker 8 advance
diﬀractometer. The mean crystallite size was calculated from
Scherrer formula based on the full width at half maximum
intensity (FWHM) of the major peaks. The particle size and
morphology of the samples were examined by a transmission
electron microscope (JEOL TEM 2010) operated at 200 kV
accelerating voltage. The samples were prepared by making a
suspension of the powder in distilled water using ultrasonic
water bath. The suspension was centrifuged for 5 min, and a
drop of well-dispersed supernatant was put on a carbon grid
and left to dry. The diﬀuse reflectance spectra were recorded
using a Shimadzu UV-3101 PC-Spectrophotometer. Infrared
(IR) spectroscopic analysis was conducted and recorded
using a JASCO spectrometer (model FT/IR-6300 type A) in
the ranges (150–650) cm−1 and (400–4000) cm−1 .
2.3. Preparation of α-Fe2 O3 Nanoparticles. α-Fe2 O3 nanoparticles were prepared by a microemulsion-mediated synthesis
process. In this process, a first microemulsion was prepared
by dissolving cetyltrimethylammonium bromide (CTAB)
in n-octane, followed by the addition of heptanol. The
resulted solution was stirred for 30 min until it became
transparent. Next, a ferric sulfate solution was added to the
microemulsion. The system was stirred slowly until a transparent microemulsion suspension was obtained. After that, a
second microemulsion composed of CTAB/heptanol/octane
and 0.25 M of ammonium hydroxide was prepared. Equal
volumes of the two microemulsion systems were then mixed
slowly while stirring. After mixing, the reverse micellar
solution was vigorously stirred for 6 h keeping the pH of the
system in the range of 7-8. The obtained buﬀ precipitate was
centrifuged, washed several times with deionized water and
acetone, and dried at room temperature. The powders were
slightly ground and calcined at 700◦ C for 6 h and cooled to
room temperature.
The same procedures were repeated using diﬀerent
concentrations of ferric sulfate and CTAB surfactant to study
the influence of changing concentration of the iron salt and
surfactant on structure, particle size, and crystallinity of the
samples.
2.4. Evaluation of the Nanoparticles as Pigments. Evaluation
of the samples as pigments was carried out according to
the American Society for Testing and Materials (ASTM)
standard methods for evaluation of pigments. These tests
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included specific gravity, oil absorption, hiding power,
tinting power, bleeding test, permanence to light and heat,
and the chemical resistance towards acids and alkalies [13–
19].
The typical heating schedules are 60 minutes at 105–
120◦ C, 45 minutes at 120–135◦ C, 30 minutes at 135–150◦ C,
15 minutes at 150◦ C, and 10 minutes at 175–200◦ . The
Alkali resistance was evaluated as Excellent: for almost no
change after 60 minutes immersion; V. Good: for significant
change, but no complete failure after 60 minutes immersion;
Fair: for no significant change after 5-minute immersion,
but complete failure after 60 minutes; Poor: for failure after
immersion for 5 minutes or less. The acid resistance was
evaluated as Excellent: for almost no change after 18 hours
immersion; V. Good: for significant change, but no complete
failure after 18-hour immersion; Fair: for no significant
change after 6-hour immersion, but complete failure after 18
hours; Poor: for failure after immersion for 6 hours or less.

3. Results and Discussion
3.1. Characterizations of α-Fe2 O3 Nanoparticles
3.1.1. Thermal Gravimetric Analysis (TGA). TGA shows
three stages of weight loss in the temperature ranges: 30–
160◦ C, 160–192◦ C, and 192–400◦ C (Figure 1). The first step:
weight loss can be ascribed to desorption of physically
absorbed water in the sample. The abrupt weight loss
between 160◦ C and 400◦ C can be ascribed to desorption and
decomposition of the surfactant and to dehydroxylation of
the precipitated samples [20]. There is no further weight loss
after reaching the temperature 450◦ C.
3.1.2. X-Ray Diﬀraction. The XRD patterns of the samples
show well-defined peaks, which clearly indicates that the
samples are crystalline (Figure 2). The diﬀraction patterns of
the diﬀerent samples showed the same characteristic peaks
belonging to standard α-Fe2 O3 phase. The Bragg lines are
indexed in the hexagonal sitting of the space group R3c. The
lattice parameters (a and c) of the synthesized powder were
determined using the least square fits. Both the diﬀraction
peaks and lattice parameters of the samples were found to
be in a good agreement with those reported for hematite in
the literature (JCPDS Card no. 89-0529) [21]. Moreover, it
was found that the ratio between the integrated intensities of
(104) to (110) peaks (I104 /I110 ) is greater than the unity which
corresponds well to the standard XRD pattern of hematite
[22].
It was observed that the gradual increase in the concentration of the ferric salt led to an increase in the
relative intensity of the peaks indicating the improvement of
crystallinity. Full-width at half-maximum (FWHM) data was
used to calculate the average crystallite size for each sample
in its respective X-ray diﬀractogram using the Scherrer’s
equation [23] (Table 1). The microstrain was estimated by
analyzing the X-ray diﬀraction lines using Williamson and
Hall method. It was observed that the integral breadth of
the Bragg lines of the 0.2 M assisted sample was slightly
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Table 1: X-ray data of the α-Fe2 O3 samples synthesized. Using
diﬀerent molar concentrations of ferric sulfate.
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Figure 1: TGA pattern of the as-synthesized sample assisted by
0.2 M ferric sulfate.
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reactions in their restricted geometries and to limit the
growth of α-Fe2 O3 particles and render particle size in the
nanometer scale [26].
TEM images revealed also that the particle size increased
by using high concentrations of the iron salt. It was found to
be in the range 7–9 nm for the α-Fe2 O3 sample synthesized
using 0.2 M of ferric sulfate, while it varied between 12–
16 nm and 16–22 nm for the prepared samples using 0.40
and 0.60 molar concentrations of the salt, respectively. These
findings may be attributed to that when the concentration of
the iron salt increased from 0.20 to 0.60 M, a higher micellar
uptake of the α-Fe2 O3 nanoparticles has occurred and this
led to an increase in the ferric ion occupancy number per
reverse micelle. Subsequently, the nucleation growth was
enhanced and the particle size increased [27, 28].
3.1.4. Infrared Spectra. Infrared spectroscopy has been carried out to characterize the composition of the as-prepared
samples. It also studied the vibration of oxygen atoms around
the metal atom in the bulk of ferric oxide lattice.
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Figure 2: XRD pattern of α-Fe2 O3 powder synthesized by
microemulsion method using diﬀerent molar concentrations of
Ferric sulfate: (a) 0.2 M, (b) 0.4 M, and (c) 0.6 M.

greater than that of the 0.4 and 0.6 M samples, respectively.
This suggests that it has a smaller grain size and higher
microstrain content (see Table 1). These results were found
to be in accordance with those reported in the literature
referring that large-sized crystals possess small-lattice strain
while small-sized crystals possess high-lattice strain [24, 25].
3.1.3. Transmission Electron Microscope. Figures 3(a)—3(c)
represent TEM images of α-Fe2 O3 samples prepared using
diﬀerent molar concentrations of ferric sulfate. They showed
that the particles are nearly spherical and lie in the nanosized
range. They show also a narrow-particle-size variation
throughout the field of the micrograph.
This can be ascribed to that the quaternary system
composed of CTAB/n-heptanol/n-octane/water which was
used as the reaction medium resulted in the formation of
nanosized water droplets dispersed in the continuous oil
medium and stabilized by the surfactant molecules. These
droplets were used as nanoreactors to carry out chemical

(a) Infrared Spectra (Middle Region 400–4000 cm−1 ). The
infrared spectra of the as-synthesized precursor samples
before thermal treatment at 700◦ C (Figure 4(a)) show a
strong wide band in the region 3000–3660 cm−1 and a
moderate band around 1650 cm−1 . These bands are assigned
to adsorbed water and vibration of the OH groups, respectively, (Figure 4) [29]. They showed also absorption bands at
around 2920, 2850, 1510, 1330, and 1470 cm−1 which may
be attributed to the organic residuals of oil, alcohol, and
surfactant [30].
Figure 4(b) showed that almost all the bands vanished
when the dried iron oxide containing precursors were heated
at 700◦ C. Most of the absorption bands have disappeared
due to the complete thermal decomposition of the organic
residues at 700◦ C. Although the O–H bond vibration around
3000 cm−1 is still present, the intensity of this band decreased
markedly on heating the samples at 700◦ C. The bands which
are related to FeO6 structure of the samples will be discussed
next in the far region infrared spectra.
(b) Infrared Spectra (Far Region 150–650 cm−1 ). As expected
from the factor group analysis, the spectra of the samples following dry-thermal treatment at 700◦ C (Figure 5) displayed
two distinct infrared modes, that is, 2A2u +3Eu . The observed
five bands were in a good agreement with the prediction
of the factor group analysis of the hexagonal structure of
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Figure 3: TEM morphologies of the α-Fe2 O3 sample synthesized by microemulsion method using (a) 0.2, (b) 0.4 M, and (c) 0.6 ferric sulfate.
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Figure 4: Mid-IR spectra of as-synthesized samples by microemulsion method using Fe2 (SO4 )3 (a) before calcination and (b) after
calcination 700◦ C.

Figure 5: Far-IR spectra of α-Fe2 O3 prepared by microemulsion
method using 0.2, 0.4, and 0.6 M concentrations of Fe2 (SO4 )3 and
calcined at 700◦ C.

hematite [31]. The two bands observed in the ranges 384–
388 cm−1 and at 625 cm−1 were attributed to two onedimensional A2u vibration modes with polarization parallel
to c-axis of the hematite crystal, while the bands observed
in the ranges (329–337) cm−1 , (470–473) cm−1 , and (552–
558) cm−1 are related to Eu vibration mode with polarization
perpendicular to the c-axis [32].
The factor group analysis claimed that hematite has
another band in the low wavenumber region (Eu symmetry)
at 230 cm−1 which was not recognized in our samples [33,
34]. The disappearance of one band around 230 cm−1 in all
samples; two bands around 385 and 625 cm−1 for the sample
synthesized using 0.20 M of ferric sulfate; one band around
625 cm−1 for the 0.40 M sample may be ascribed to the small
particle size of the prepared α-Fe2 O3 nanoparticles [32].

in Figure 6. The red color of the prepared samples can
be assigned to the ligand-to-metal charge transfer (CT)
transition: the 6 t1u (O2 − ) → 2 t2g (Fe3+ ) which appeared
in the range 555–561 nm [33]. A second specificity of the
samples is the spin and parity forbidden d-d transitions
[34]. Four d-d transition bands characteristic α-Fe2 O3 were
observed in the visible to near IR region. In the light of
the ligand field theory, the three bands observed in the
ranges (429–433) nm, (668–672) nm, and (875–877) nm are
assigned to the following ligand field transitions: 6 A1 → 4 E;
4 A , 6 A → 4 T , and 6 A → 4 A , respectively. The position
1
I
2
1
l
of the fourth band, assigned to the electron pair transition
“EPT” 6 A1 +6 A1 → (4 T1 +4 T1 ) double excitation, overlapped
with the position of the CT band in the range (555–561) nm.
The band position at (555–561) nm together with the band
at (875–877) nm indicated that the prepared samples are
red iron oxide, hematite [35]. The position of the CT/EPT
band in the α-Fe2 O3 sample synthesized using 0.2 M of iron

3.1.5. Diﬀuse Reflectance Spectra. The diﬀuse reflectance
spectra of the synthesized α-Fe2 O3 samples are shown
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Figure 6: Diﬀuse reflectance spectra of α-Fe2 O3 prepared by
microemulsion method using () 0.2 M, () 0.4 M, and () 0.6 M
concentrations of Fe2 (SO4 )3 and calcined at 700◦ C.

sulfate was shifted to a longer wavelength (blue shift) than in
the samples prepared using 0.4 and 0.6 M of the ferric salt,
respectively. This can be ascribed to the smaller particle size
of the 0.2 M sample. Another property that can be ascribed to
the small particle size of 0.2 M sample is its higher reflectance
in the red color range than the 0.4 and 0.6 M samples,
respectively [35].
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Figure 7: XRD pattern of α-Fe2 O3 powder synthesized by
microemulsion method using diﬀerent concentration of surfactant
(CTAB).
Table 2: X-ray data of α-Fe2 O3 samples synthesized using diﬀerent
concentration of CTAB surfactant.
CTAB conc.

vÅ3

Average crystallite

aÅ

cÅ

3.5

5.03(2)

13.740(9)

301.3

10

4.2
4.8

5.03(7)
5.03(5)

13.74(1)
13.73(9)

301.9
301.6

13
23

(wt%)

size (nm)

3.2. Eﬀect of Changing Surfactant Concentration
3.2.1. X-Ray Diﬀraction. The XRD patterns of α-Fe2 O3
powders synthesized using diﬀerent surfactant concentration
values are displayed in Figure 7. The diﬀraction patterns of
the samples matched perfectly with the standard α-Fe2 O3
(XRD Card no. 89-0529). The X-ray diﬀractograms showed
also that the diﬀraction peaks became stronger and sharper
as the concentration of surfactant increased. This indicated
improving of crystallinity and increasing of the particle size.
The average crystal size was estimated by analyzing X-ray
diﬀraction lines using Scherrer formula and Williamson and
Hall method, respectively (Table 2).
3.2.2. Transmission Electron Microscope. Figures 8(a)—8(c)
represent the transmission electron micrographs prepared
using diﬀerent concentration of CTAB surfactant. It was
observed that elevating surfactant concentration resulted in
an increase in the particle size (Table 2). This observation can
be explained by that increasing surfactant concentration at
constant water content resulted in an increase in the number
of the reaction pools (water in oil droplets). Consequently,
more sites are available for nucleation of the particles, which
are expected to yield smaller particles [36]. However, the
increased number of droplets, resulted from increasing the
concentration of the surfactant, that led to a high rate of
collisions among these droplets (shorter droplet mean-free
path), hence, increased the probability of agglomeration of
nanoparticles upon centrifugal separation. In other words,
the monodispersed particles suspended in a microemulsion
resulted in more agglomeration upon settling down and

drying. Similar trends were reported in the literature for
nanoparticle synthesis by microemulsion technique [37].
3.3. Eﬀect of Changing Calcination Temperature. Figure 9
shows a series of XRD patterns of diﬀerent iron oxide samples
produced at various temperatures ranging from 200 to
700◦ C. The XRD patterns showed that the crystalline phase
started to appear on calcination of the parent material at
≥400◦ C. This finding is supported by the TGA analysis (see
Figure 1). When the temperature was not high enough to
break down the surfactant, below 300◦ C, the observed X-ray
diﬀraction peaks were found to be smooth and undefined.
On the other hand, when the calcination temperature was
raised to 400◦ C, the surfactant decomposed and the XRD
peaks appeared as weak broad peaks. The presence of
these broad peaks indicated the small (nanosize) crystallite
size of the formed product at this temperature. By raising
calcination temperature, the peaks corresponding to goethite
and ferrihydrite phases disappeared, while those corresponding to α-Fe2 O3 phase became predominant. When the
temperature reached 500◦ C, the XRD pattern of the sample
agreed well with the standard α-Fe2 O3 perfectly, indicating
the end of phase transformation. Further calcination of the
powder improved the crystallinity of the products but did not
cause any changes in phase composition.
3.4. Assessment of Some α-Fe2 O3 Samples as Pigments. Evaluation of some samples as pigments was carried out according
to the ASTM standard methods for evaluation of pigments
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Figure 8: TEM morphologies of the α-Fe2 O3 sample synthesized by microemulsion method using (a) 3.6, (b) 4.2, and (c) 4.8 wt % of
surfactant.
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Figure 9: X-ray powder diﬀractograms for iron oxide particles prepared by microemulsion method and calcined at diﬀerent temperatures (200–700◦ C) g (goethite), f (ferrihydrite), and ∗ (hematite).

(Table 3). It was found that the specific gravity values of
the samples were in the range between 4.99 and 5.16. These
values are considered moderate values of specific gravity
and make the prepared α-Fe2 O3 nanoparticles suitable for
application as pigments since high specific gravity values lead
to settling of pigments in preparation of paint formulations.
The calculated oil absorption values of the samples were
found to be low. This leads to a reduction in the paint costs
due to the small amount of oil needed to convert the asprepared pigments to their corresponding paints.
The prepared samples showed high degrees of tinting. It
was found also that the tinting strength of the synthesized
nanosized pigments, which is defined as the ability of a
pigment to influence the color of a dispersion containing
other pigments, was improved as the particle size decreased.
The paint film formed using 0.20 M of the iron salt showed
the highest tinting power followed by those prepared using
0.40 and 0.60 M of the iron salt, respectively (Figure 10).
This is assigned to that the scattering eﬃciency of the

film increased as the particle size decreased. The samples
showed also a high level of hiding power. Therefore they
are capable of producing finished films whose opacity using
a low concentration of the pigment is equivalent to that
normally observed using higher concentration when using
a coarser material. Similarly, the hiding power was enhanced
as the particle size decreased. This is related to the increased
probability that light entering the applied film will be
reflected away from the substrate, hence eﬀectively hiding it
from view.
The prepared pigments are all distinct for their excellent
bleed resistance against various solvents such as water,
ethanol, acetone, chloroform, carbon tetrachloride, toluene,
xylene, and tetrahydrofuran. They showed also excellent
resistance towards acids and alkalies such as 5% H2 SO4 ,
2% NaOH, and 5% Na2 CO3 , whereas they showed very
good resistance towards 5% HCl and saturated solution
of Ca(OH)2 . Moreover, they revealed excellent resistance
toward light and heat. This can be ascribed to the ability
of these pigments, due to their small- and narrow-size
distribution, to be well packed within the coating film
surface. This property resulted in the formation of uniform
surface finish. The surface uniformity in combination with
the high scattering power associated with small particle size
resulted in a high degree of gloss that is a desirable outcome
for many applications. The small particle size also improved
the weathering characteristics of coatings since large particles
or agglomerates can be more easily dislodged from the
coating, resulting in that the film surface rapidly loses its
gloss. Overall, the good physical and chemical properties
of the prepared samples showed that these compounds
can be used satisfactorily as suitable pigments for coating
applications.

4. Conclusion
α-Fe2 O3 nanoparticles were successfully synthesized using
varying concentrations of iron sulfate and cetyltrimethylammonium bromide surfactant (CTAB). The size of the
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Figure 10: Tinting power of the α-Fe2 O3 pigments prepared using (a) 0.2 M, (b) 0.4 M, and (c) 0.6 M of ferric sulfate.

Table 3: Physical and chemical properties of α-Fe2 O3 nanoparticles prepared using microemulsion method.

0.2 M Fe2 (SO4 )3

Fe2 O3 pigment prepared using
0.4 M Fe2 (SO4 )3

0.6 M Fe2 (SO4 )3

9
5.16

14
5.1

19
4.99

Solubility
Oil abs.

Insoluble
27

Insoluble
26

Insoluble
24

Hiding power
Resistance against heating at (700◦ C)

4.5
Excellent

4.3
Excellent

4.1
Excellent

Fastness properties against
Sulfuric acid 5%
Hydrochloric acid 5%

Excellent
V. Good

Excellent
V. Good

Excellent
V. Good

Sod. Hyroxide, 2%
Sod, Carbonate, 5%

Excellent
Excellent

Excellent
Excellent

Excellent
Excellent

Cal. Hydroxide (Saturated Solution)
Organic Solvents∗
Linseed Oil

V. Good
Insoluble
Insoluble

V. Good
Insoluble
Insoluble

V. Good
Insoluble
Insoluble

Oleic Acid

Insoluble

Insoluble

Insoluble

Physical and chemical properties
Average particles size
Sp. Gr.

∗

Water, ethanol, acetone, chloroform, carbon tetrachloride, toluene, xylene, and tetrahydrofuran.

particles was found to increase using high concentrations of
the iron salt or the surfactant. Using elevated concentration
of the iron salt resulted in an increase in the ferric ion
occupancy number per reverse micelle and an increase in
the ionic strength of the water pool. Subsequently, the nucleation growth improved and the particle size increased. On
the other hand, raising surfactant concentration increased
concentration of water in oil droplets. This led to a high rate
of collisions among these droplets (shorter droplet meanfree path), hence, increased probability of agglomeration of
nanoparticles upon centrifugal separation.
The prepared samples demonstrated good pigments
properties showing that these compounds can be used

satisfactorily for coating applications. The α-Fe2 O3 sample
synthesized using 0.20 M of the ferric salt showed the best
pigment properties. This can be ascribed to its higher
scattering, reflection eﬃciency, and well-packing at the
film surface which is related to its small particle size; it
displayed the highest tinting and hiding powers followed
by the samples prepared using 0.40 and 0.60 M of the salt,
respectively.
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