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Maghemite (𝛾-Fe
2
O
3
) nanopowders were synthesized under aeration (oxidizing) conditions by aqueous synthesis in this study.The

microstructures of the prepared powders were characterized by X-ray diffraction (XRD), scanning electronmicroscopy (SEM), and
BET-BJH. The XRD analysis and the chemical experiments showed that well-crystallized 𝛾-Fe

2
O
3
nanoparticles were successfully

obtained with a mean particle size of approximately 17 nm. The prepared 𝛾-Fe
2
O
3
was spherical with a BET surface area of

14.357m2/g and a total pore volume of 0.050 cm3/g. Varying the reaction conditions, such as pH, temperature, and reaction time, we
obtained crystallized 𝛾-Fe

2
O
3
powders with different crystallization extent and different particle sizes.When the pH of the reaction

suspension was increased, the reaction time was prolonged, and the reaction temperature was increased, the 𝛾-Fe
2
O
3
powders

underwent superior crystallization and had larger particle sizes. All the obtained 𝛾-Fe
2
O
3
powders had significant photocatalytic

activities under both UV and visible light irradiation for Orange I degradation, and the powders with better crystallization and
larger particle size had relatively lower activities for Orange I photocatalytic degradation. The one-step aqueous synthesis method
presented in this paper may provide an advantageous pathway to synthesize large quantities of this important iron oxide.

1. Introduction

Recently, the synthesis of magnetic material on the ultra-
nanoscale has been a field of intense study. Therefore, the
development of monodisperse metal oxides has been inten-
sively pursued because of their technological and fundamen-
tal importance. The syntheses of iron oxide and ferric oxide
particularly attract a great deal of interest because of their
application in the nanotechnologies of information storage,
magnetic resonance imaging contrast agent, ferrofluids, and
catalysis [1–3]. Maghemite (𝛾-Fe

2
O
3
) is one of the most his-

torically interesting iron oxides due to its chemical stability,
biocompatibility, and heating ability [4]. It is of great interest
for potential applications, such as pigment, recordingmateri-
als, photocatalysis, ferrofluid technology, andmagnetocaloric
refrigeration [5–7]. Maghemite has a structure similar to that
of magnetite. It differs from magnetite in that all or most of

the Fe is in the trivalent state. Cation vacancies compensate
for the oxidation of Fe(II) [8].

Various preparation methods of maghemite nanoparti-
cles, including coprecipitation, microemulsion, electrochem-
ical synthesis, and hydrothermal synthesis, have been devel-
oped [9]. However, most of them have several problems and
only a few could be used in mass production. Among the
synthesis methods, hydrothermal synthesis is considered a
promising candidate for the mass production of maghemite
and has the following advantages [10]. (i) The maghemite
particles can be obtained at a lower reaction temperature and
this can prevent the agglomeration between particles. (ii)The
purity of the prepared product under appropriate conditions
could be high owing to recrystallization in hydrothermal
solution. (iii) The equipment and processing required are
simple, and the control of reaction conditions is easy. There-
fore, over the past several decades, the synthesis of materials
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by hydrothermal methods has been thoroughly studied.
However, the disadvantages of the traditional hydrothermal
method are also conspicuous. High pressures and relatively
high energy costs are typically required, and uniform size
powders are difficult to obtain [11]. It has been demonstrated
that powders prepared by aqueous synthesis under lower
temperatures are composed of much softer agglomerates
that sinter much better than those prepared by calcination
decomposition of the same oxides. The softer agglomerates
could thus be sintered at low temperatures without the
calcination and milling steps [12, 13].

In this paper, a novel aqueous process for the syn-
thesis of spherical maghemite nanoparticles was developed
by using Iron(II) chloride tetrahydrate, hexamethylenete-
tramine, and sodium nitrate. In the synthesis process, simple
instrumentation and a one-step procedure were needed for
the preparation of maghemite. Furthermore, the reaction
conditions, such as temperature, pH, and reaction time,
were investigated. The process described herein may be a
novel, promising aqueous method for the mass preparation
of maghemite nanopowders.

2. Experimental

2.1. Preparation Procedure of 𝛾-Fe2O3. All of the chemicals
used in this work were of analytical reagent grade from
the commercial market and were used without further
purification. The synthesis process was as follows: 20 g of
Iron(II) chloride tetrahydrate (FeCl

2
⋅4H
2
O), 26 g of hexam-

ethylenetetramine ((CH
2
)
6
N
4
), and 6 g of sodium nitrate

(NaNO
3
) were dissolved in 500, 100, and 100mL of double-

distilled water, respectively. Then, the three solutions were
mixed to obtain black-green precipitate. The precipitate was
aged in the mixture at 60∘C for 6 h with constant oxygen
pumping before it was filtered by filter paper. The precipitate
remaining on the filter paper was washed three times with
alcohol and distilled water to remove anions and organic
impurities and then dried at 55∘C for 48 h. At last, the dried
sample was ground and spherical maghemite nanopowder
was obtained. For the preparation of 𝛾-Fe

2
O
3
powders under

different conditions, the reaction temperature, reaction time,
or reaction pH was adjusted. The pH was adjusted by
titrating with 0.5MHCl solution or 0.5MNaOH solution,
while the other two corresponding reaction conditions were
held constant.

2.2. Characterization Methods for the Prepared 𝛾-Fe2O3 Pow-
ders. The X-ray powder diffraction patterns of maghemite
were recorded on a Rigaku D/max-III A X-ray diffractometer
at room temperature, operating at 30 kV and 30mA, using
a Cu K𝛼 radiation (𝜆 = 0.15418 nm) with the scanning
rate of 12 degrees per minute and 2𝜃 range from 10 to 70∘.
The specific surface areas were measured by the Brunauer-
Emmett-Teller (BET) method in which the N

2
adsorption at

77K was applied and a Carlo Erba Sorptometer was used
[14]. The morphology of the magnetite was observed using
scanning electron microscopy (SEM), which was conducted
on a JEIL 6400 microscope operated at 15 kV. The Fourier
transform infrared spectroscopy (FTIR) transmission spectra

were obtained fromKBr pellets on a FTIR-BomemMB series
instrument.

2.3.Photocatalytic Reactions.Thephotodegradation ofOrange
I was performed to evaluate the photocatalytic activities
of the prepared 𝛾-Fe

2
O
3

powders. All photoreaction
experiments were carried out in a photochemical reactor
system. The system consisted of a Pyrex cylindrical reactor
vessel with an effective volume of 250mL, a cooling water
jacket, two aeration inlets in the bottom, and an 8W UVA
lamp (Luzchem Research, Inc.) with the main emission at
365 nm or a 70W high-pressure sodium lamp (Luzchem
Research, Inc.) with the main emission in the range of 400–
800 nm positioned axially at the center as the UV or visible
light source. The reaction temperature was kept at 25 ± 1∘C
by cooling water, and the reaction suspension was constantly
stirred by placing the reactor on a magnetic stir plate during
the reaction process. The reaction suspension was prepared
by adding doses of 0.4 g/L 𝛾-Fe

2
O
3
powder into 250mL of a

20mg/L aqueous Orange I solution. Prior to photoreaction,
the suspension was magnetically stirred in the dark for
30min to establish an adsorption/desorption equilibrium
status. The aqueous reaction suspension was then irradiated
under UVA light with constant aeration. At given time
intervals, analytical samples were taken from the suspension
and immediately centrifuged at 4500 rpm for 20min. The
supernatant was carefully transferred and stored in the dark
for the analysis of the remaining Orange I at the wavelength
of 481 nmon aUV-Vis spectrometer.The total organic carbon
(TOC) concentration was determined by a total organic
carbon analyzer (Shimadzu TOC-V CPH, Japan). All of the
experiments were carried out in triplicate, and the mean
values were reported and used to calculate the rate constants.

3. Results and Discussion

3.1. Preparation and Characterization of 𝛾-Fe2O3 Powders.
Figure 1 shows the XRD pattern for the powder prepared
from a 6 h reaction at 60∘C and pH of 6.0. From the XRD
pattern, it can be observed that no diffraction peaks corre-
sponding to FeO and 𝛼-Fe

2
O
3
were present, based on the

Joint Committee on Powder Diffraction Standards (JCPDS)
data [15]. From the JCPDS data, it is clear that all of the
XRD peaks are from the cubic spinel 𝛾-Fe

2
O
3
or Fe
3
O
4
. The

XRD patterns of 𝛾-Fe
2
O
3
and Fe

3
O
4
are very similar except

for the differences in their corresponding “𝑑” values and
lattice constants [15, 16]. In the present case, the “𝑑” values
calculated for the XRD pattern are observed to be closer
to corresponding values for the 𝛾-Fe

2
O
3
phase. Further, the

lattice parameter calculated from the reflection from the
(400) plane was found to be 8.354 Å, which is very close to
the reported value for the 𝛾-Fe

2
O
3
phase (8.352 Å) [15, 16].

To further affirm the phase of 𝛾-Fe
2
O
3
and to discriminate

it from that of Fe
3
O
4
, a chemical experiment was conducted

by dissolving 0.1 g of the prepared powder in 100mL of 5M
HCl under N

2
-purging anoxic conditions throughout the

process. After the powder was completely dissolved, the 1,10-
phenanthroline method [17, 18] was applied to determine the
concentration of Fe2+. The results showed that there was no
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Figure 1: The XRD graph of 𝛾-Fe
2
O
3
powder prepared at 60∘C and

pH 6.0 for 6 h.

Fe2+ in the solution. However, when the same experimental
procedure was applied to a purchased Fe

3
O
4
powder, Fe2+

was detected. From the above XRD observations and the
chemical experiments, the prepared powder was identified as
𝛾-Fe
2
O
3
. The average crystallite size of the sample calculated

using the Scherrer formula, 𝐷 = 𝑘𝜆(𝛽 cos 𝜃)−1 (where
𝑘 = 0.9, 𝜆 = wavelength of X-rays, and 𝛽 = full width at
half maximum of the (311) reflection), was calculated to be
17.2 nm.

Figure 2 displays the FTIR spectra of the prepared 𝛾-
Fe
2
O
3
. First, the broad band at 2500 cm−1 is attributed to

both the stretching mode of the surface OH groups and the
stretching modes of the water adsorbed at the surface of 𝛾-
Fe
2
O
3
.The infrared bands at 3388 and 3097 cm−1 in the FTIR

spectra are due to the surface OH group vibrations, and the
small band at 1628 cm−1 may be due to the stretching of C-H,
which may exist in the residual precursor hexamethylenete-
tramine, or the bending of the water chemi/physisorbed at
the surface of 𝛾-Fe

2
O
3
. The broad structures at 1010, 877, 788,

558, and 443 cm−1 in the FTIR spectra are due to maghemite
vibrations; at these wavenumbers, the fine-grained, synthetic
maghemite shows broad IR bands in the Fe-O range [8].

To investigate the morphology of the prepared samples,
SEM was employed and the resulting image of the powder
prepared at 60∘C for 6 h is shown in Figure 3. The image
of the particles in the sample reveals a pattern with a
spherical morphology that consists of nearly homogeneous
grains with the average diameter of 19.5 nm, which is close
to that calculated from the XRD pattern results. The BET
surface area and the total pore volume, which were measured
by the BET-BJH method, were 14.36m2/g and 0.05 cm3/g,
respectively.

3.2. Preparation of 𝛾-Fe2O3 Powders under Different Condi-
tions. To study the effect of the synthesis conditions on the
properties of 𝛾-Fe

2
O
3
, the powders were prepared under

different pH, temperature, and reaction times. The XRD
analyses of the samples prepared under different conditions
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Figure 2: The FTIR spectra of 𝛾-Fe
2
O
3
powder prepared at 60∘C

and pH 6.0 for 6 h.

Figure 3:The SEMmicrograph of 𝛾-Fe
2
O
3
powder prepared at 60∘C

for 6 h.

are presented in Figure 4. FromFigure 4, we can see that, with
the pH between 6.0 and 12.0 (Figure 4(a)), the reaction tem-
perature between 60 and 90∘C (Figure 4(b)), and the reaction
time between 6 and 16 h (Figure 4(c)), well-crystallized 𝛾-
Fe
2
O
3
powders could be obtained, although the powders have

different degrees of crystallization and different particle sizes.
These results indicate that the proposed method can synthe-
size crystallized 𝛾-Fe

2
O
3
powders under a very wide range

of reaction conditions. The sizes of the 𝛾-Fe
2
O
3
powders

prepared under pH values of 6.0, 7.0, 8.0, 9.13, 10.16, and 12.0
were 17.2, 25.8, 31.3, 41.3, 51.6, and 54.6 nm, respectively, as
calculated using the Scherrer formula.The size of the 𝛾-Fe

2
O
3

powders increasedwith increasing reaction temperatures and
prolonged reaction times. When the 𝛾-Fe

2
O
3
powders were

prepared at 60, 70, 80, and 90∘C, the sizes were 17.2, 34.4,
36.5, and 38.9 nm, respectively. And when the reaction times
were prolonged from 6 h to 10 and 16 h, the sizes of the 𝛾-
Fe
2
O
3
powders were increased from 17.2 to 22.9 and 51.6 nm,

respectively.
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Figure 4: XRD patterns of 𝛾-Fe
2
O
3
powders prepared under the following conditions: (a) various pH values at 60∘C for 6 h; (b) various

reaction temperatures at pH of 6.0 for 6 h; (c) various reaction times at 60∘C and pH of 6.0.

3.3. Evaluation of the Photocatalytic Activity of 𝛾-Fe2O3
Powders. Orange I belongs to the family of azo dyes, which
represent approximately 50% of all dyes used in textile
industries. Azo dyes are very resistant to bacterial degra-
dation. Therefore, common wastewater treatment cannot be
employed to abate them [19]. Here, Orange I was employed
to evaluate the photocatalytic activity of prepared 𝛾-Fe

2
O
3
.

The photocatalytic degradation of Orange I by 𝛾-Fe
2
O
3

powders prepared at different conditions is presented in
Figure 5. It is well known that photocatalytic degradation of
organic compounds often follows pseudo-first-order kinetics
[20, 21] and can be represented as follows:

−
d𝐶
d𝑡
= 𝑘𝑡. (1)

In addition, it can be integrated as

𝑘𝑡 = ln(
𝐶0
𝐶
𝑡

) , (2)

where 𝐶
0
is the initial concentration of the Orange I solution

and 𝑘 is the rate constant. The apparent rate constants
for Orange I degradation by 𝛾-Fe

2
O
3
prepared at different

conditions were calculated by (2) and listed in Table 1. From
Figure 3 and Table 1 we can see that, under UVA light
irradiation, Orange I could be efficiently degraded. For all of
the 𝛾-Fe

2
O
3
samples prepared under different conditions, the

degradation percentages of Orange I were all over 25%, and
the rate constants (𝑘) were higher than 2.2 × 10−3min−1. The
𝛾-Fe
2
O
3
prepared at pH 6.0 and 60∘C for 6 h had particularly

high photocatalytic activity, and the Orange I degradation
percentages reached 48.89% and the 𝑘 was 4.1 × 10−3min−1.
The electronic structure of a semiconductor plays a key role in
semiconductor photocatalysis.The band gap (𝐸

𝑔
) of 𝛾-Fe

2
O
3

is 2.03 eV [2] and when excited by UVA light used in the
experiments electrons receive energy from the photons and
are thus promoted from VB to CB:

𝛾-Fe2O3 + ℎ𝜐 → e− + ℎ+. (3)
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Table 1: Rate constants (𝑘) of 𝛾-Fe2O3 prepared under different
conditions for Orange I photodegradation.

𝛾-Fe2O3 prepared under different
conditions

Rate constants
(k)

(×10−3 min−1)

Relative
coefficient (𝑅2)

Different pH values at 60∘C for
6 h
pH 6.0 4.1 0.948
pH 7.0 3.5 0.919
pH 8.0 3.2 0.942
pH 9.1 2.9 0.959
pH 10.1 2.6 0.970
pH 12.1 2.2 0.962
Different reaction temperature at
pH 6.0 for 6 h
60∘C 4.1 0.948
70∘C 3.9 0.959
80∘C 3.7 0.959
90∘C 3.4 0.971
Different reaction time at 60∘C
and pH 6.0
6 h 4.1 0.948
10 h 3.1 0.951
16 h 2.6 0.981

As a dye pollutant, the self-sensitization of Orange I was also
contributed to the degradation of the dye. For the model
pollutant of dyes, degradation also can take place by the self-
sensitization mechanism, in which the light is absorbed by
the dyemolecule, and charge transfer occurs from the excited
dye molecule to the conduction band of the semiconductor
and consequently results in the formation of an unstable dye
cation radical and in parallel an active species, including ∙O2

−

and HOO∙, on the semiconductor surface that attacks the
destabilized dye molecule [22, 23]:

Orange I+ ℎ𝜐 → Orange I∗ (4)

Orange I∗ + 𝛾-Fe2O3 → Orange I+ + 𝛾-Fe2O3 (e) (5)

O2 + e
−
+ 𝛾-Fe2O3 (e) →

∙O2
−
+ 𝛾-Fe2O3 (6)

∙O2
−
+H+ → HOO∙ (7)

For the sensitized and activated Orange I, ∙O2
− or HOO∙ can

act as themain active species for degradation ofOrange I [24]:

Orange I+ + ∙O2
−
(HOO∙)

→ peroxide or hydroxyl intermediates

→ degraded or mineralized products.

(8)

FromFigure 5, we can also see that different 𝛾-Fe
2
O
3
powders

prepared under different conditions had different photo-
catalytic activities for Orange I degradation. For 𝛾-Fe

2
O
3

prepared under different pH values at 60∘C for 6 h, the 𝑘

for Orange I photocatalytic degradation followed the order
of pH 6.0 > pH 7.0 > pH 8.0 > pH 9.1 > pH 10.1 > pH 12.1
(Figure 5(a)). The order of 𝑘 for 𝛾-Fe

2
O
3
prepared under

different reaction temperatures at pH 6.0 for 6 h was 60∘C >
70∘C > 80∘C > 90∘C (Figure 5(b)).The order of 𝑘 for 𝛾-Fe

2
O
3

prepared under different reaction times at 60∘C and pH 6.0
was 6 h> 10 h> 16 h (Figure 5(c)). From the above discussion,
we knew that with increased reaction pH value, reaction
temperature, and reaction time, the crystallization degree and
particle size of the powders increased. Furthermore, with
more severe reaction conditions, further conglomeration
of the powders may occur. An increase in the degree of
crystallization and in the particle size both would inhibit
the adsorption of Orange I onto 𝛾-Fe

2
O
3
powders. Lower

adsorption of organic pollutants onto the catalyst would
result in lower photocatalytic degradation [21, 25].Therefore,
an increase in the reaction pH value, reaction temperature,
and reaction time would result in 𝛾-Fe

2
O
3
powders with

lower Orange I photocatalytic degradation activities.
Because the band gap (𝐸

𝑔
) of 𝛾-Fe

2
O
3
is 2.03 eV and it is

expected to be activated by visible light [2], the photocatalytic
activities of the 𝛾-Fe

2
O
3
powders under visible light irradia-

tion were also investigated.The photocatalytic degradation of
Orange I by 𝛾-Fe

2
O
3
samples aged for different times under

the irradiation of a 70W high-pressure sodium lamp with
the main emission in the range of 400–800 nm is presented
in Figure 6(a). The results show that Orange I underwent
degradation processes by these three 𝛾-Fe

2
O
3
samples under

the irradiation of visible light, although the degradation
rates were lower compared with UV light irradiation. The
pseudo-first-order rate constant of Orange I degradation was
1.6 × 10−3min−1 for 𝛾-Fe

2
O
3
aged for 6 h, and the 𝑘 slightly

decreased to 1.4 × 10−3 and 1.1 × 10−3min−1 for 𝛾-Fe
2
O
3
aged

for 10 and 16 h, respectively. The visible light activities of the
different powders were of the same order as the activities of
the UV light. To further confirm the photocatalytic activities
of the obtained 𝛾-Fe

2
O
3
powders under different conditions,

the mineralization of Orange I during the photocatalytic
degradation was also investigated. Only the series of 𝛾-Fe

2
O
3

samples aged for different times was used in the mineraliza-
tion study to evaluate the consistency with the degradation
results provided in Figure 5(c). Figure 6(b) shows the TOC
removal rates of Orange I after reaction for 180min under
UVA light irradiationwith 𝛾-Fe

2
O
3
samples aged for different

times. The results revealed that the 𝛾-Fe
2
O
3
aged for 6 h

yielded the highest TOC removal (36.5%).The TOC removal
rates decreased with the 𝛾-Fe

2
O
3
aged for longer periods of

time and they were of the same order as the photocatalytic
degradation rates of Orange I under the same light source.

4. Conclusion

Maghemite nanoparticles were synthesized by an aqueous
synthesis process under oxidizing conditions. The parti-
cle size of the spherical prepared 𝛾-Fe

2
O
3
powders was

approximately 17 nm. With an increase in the reaction pH
value, reaction temperature, and reaction time, 𝛾-Fe

2
O
3
was

successfully synthesized with better crystallization and larger
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Figure 5: Photocatalytic degradation of Orange I by different 𝛾-Fe
2
O
3
powders that were prepared under the following conditions: (a) various

pH values at 60∘C for 6 h; (b) various reaction temperatures at pH of 6.0 for 6 h; (c) various reaction times at 60∘C and pH of 6.0.

particle size. All the prepared 𝛾-Fe
2
O
3
powders had signif-

icant photocatalytic activities and achieved up to 48.89%
removal and 36.5% mineralization of 20mg/L of Orange I
solutions under UV light irradiation. The 𝛾-Fe

2
O
3
powders

also had visible light photoactivities forOrange I degradation.
Increasing the reaction pH, prolonging the reaction time, and

increasing the reaction temperatures resulted in prepared 𝛾-
Fe
2
O
3
powders that had decreased photocatalytic activities.

The one-step aqueous method presented in this paper offers
technological, economic, and environmental advantages to
the production of large quantities of maghemite from solu-
tions.
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powders that were prepared under various reaction times at 60∘C and

pH 6.0 (a) irradiated by visible light and (b) the TOC removal rates under irradiation of UV light.
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