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INTRODUCTION

Nitrobenzene is a highly toxic and carcinogenic organic
pollutant and also known as the main contaminant in the aquatic
ecosystems [1,2]. Various methods have been proposed for the
treatment of nitrobenzene contamination in wastewater such
as advanced oxidation processes (AOPs) [3], biodegradation
using microorganisms [4], photocatalysis [5], etc. The photo-
catalytic treatment is one of the easy techniques, which works
based on applying light irradiation to the reaction mixture [6].

The use of photocatalysts such as titanium dioxide (TiO2)
materials for the reduction of nitrobenzene to aniline is increa-
singly popular among researchers due to its high selectivity
and activity [6,7]. Makarova et al. [8] and Kominami et al. [9]
also reported that TiO2 solids work well as photocatalysts in
the photoreduction of nitrobenzene to aniline. However, the
effectiveness of TiO2 photocatalyst did not go along with its
relatively difficult separation from a liquid medium [10]. To
avoid the use of such materials in large quantities, modifiers
which exhibit magnetic properties were applied in order to
recover the solid material and also can be reused repeatedly
[11]. Among the magnetic materials, magnetite (Fe3O4) is
commonly chosen as a modifier for photocatalysts [12,13].

Magnetite (Fe3O4) has been studied largely for its strong
magnetic properties, low toxicity, ease of production and high
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separation efficiency in liquid media [14,15]. Further, magnetite
can adsorb metal ions [16] and organic substances [17], which
is often beneficial for photocatalytic reactions [12,13].

Based on the previous work on the development of TiO2

photocatalyst materials and their use in the degradation of
organic wastes, this study reports on the synthesis of magnetite
modified TiO2 composite as a catalyst in the photodegradation
reaction of nitrobenzene. The effect of magnetite upon addition
on TiO2 on the degradation reaction of nitrobenzene in aqueous
media was evaluated.

EXPERIMENTAL

The chemicals viz. iron(II) sulfate heptahydrate (FeSO4·
7H2O), iron(III) chloride hexahydrate, (FeCl3·6H2O), titanium
tetraisopropoxide, trisodium citrate dihydrate (Na3C6H5O7·2H2O),
ethanol, ammonia solution (25%), nitrobenzene used were of
analytical grade and purchased from Merck, USA.

The equipment for product characterization was Fourier
transform infrared spectrophotometer (Shimadzu Prestige-21),
X-ray diffractometer (Shimadzu XRD 6000), transmission electron
microscope (JEOL-1400 120 kV) and vibrating sample magne-
tometer (Oxford VSM 1.2H). The degradation progress was
monitored by using a UV-vis spectrophotometer (Genesys 10S).

Preparation of Fe3O4/TiO2: The catalyst Fe3O4/TiO2 was
prepared according to previous work with slight modifications
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[18]. The molar ratio of FeSO4·7H2O and FeCl3·6H2O in 1:2
was dissolved in 100 mL of deionized water under purging of
N2 gas and ultrasonicated followed by the dropwise addition
of 25% NH3 solution. The produced black solid was washed
with deionized water to neutrality and soaked into 0.5 M of 100
mL sodium citrate solution for 1 h. The precipitate was separ-
ated from the liquid by using an external magnetic bar, washed
with deionized water and dried at 80 ºC overnight in the oven.
The Fe3O4 solids from the previous step weighing 0.10 g were
dispersed into 30 mL of 98% ethanol. About 1.3 mL of titanium
tetraisopropoxide 97% and 0.20 mL of distilled water were
added slowly and sonicated for 0.5 h for forming a sol. The
formed sol was mixed with Fe3O4 suspension and stirred for 1 h.
The precipitate was separated and calcined at 450 ºC for 3 h.

Photocatalytic degradation of nitrobenzene: A 20 mg
photocatalyst of either TiO2 or Fe3O4/TiO2 was added to 20 mL
of nitrobenzene solution 20 mg L-1 and pH was adjusted to 4,
5, 6, 7, 8 and 9. The mixture was stirred for 10, 20, 30, 60, 90,
120 and 150 min and was irradiated with UV light. After the
reaction ceased, the photocatalyst was separated by a centri-
fugation for TiO2 and by an external magnetic bar for Fe3O4/TiO2.
The supernatant was analyzed by UV-vis spectrophotometer to
determine the remaining nitrobenzene.

RESULTS AND DISCUSSION

Characterization of Fe3O4/TiO2: The X-ray patterns of
Fe3O4 and Fe3O4/TiO2 materials are presented in Fig. 1. The
peaks at 2θ of 30.62º, 36.02º, 43.84º, 54.50º, 57.76º and 63.32º
are observed (Fig. 1a) and correspond to that of magnetite (Fe3O4)
and match well with JCPDS No. 19-0629 [19]. In Fig. 1b, new
peaks were detected at 2θ of 25.38º, 38.00º, 48,24º, 55.14º,
70.59º and 75.40º, which are appropriate to the diffraction
patterns of anatase TiO2 in JCPDS No. 21-1272 [12].
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Fig. 1. Diffractogram of Fe3O4 (a) and Fe3O4/TiO2 (b)

Fig. 2 shows infrared absorption bands at a wavenumber
of 594.08, 1396.4 and 1589.34 cm-1. The band at 594.08 cm-1

may be attributed to the stretching vibration of the Fe-O bond
in Fe3O4. The absorption bands at 1396.4 and 1589.34 cm-1

are attributed to the presence of a citrate group (Fig. 2a). Fig. 2b
displays the infrared spectrum of Fe3O4/TiO2. The presence of
a broad absorption band from 477 to 795 cm-1 could be assigned
as the Ti-O band of TiO2 [13,20]. In Fig. 2b, it can also be seen
that the absorption band intensity at the wavelengths of 1396.4
and 1589.34 cm-1 is reduced. It suggests that the citrate anion
is completely lost due to the calcination at high temperatures.
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Fig. 2. Infrared spectra of Fe3O4 (a) and Fe3O4/TiO2 (b)

After the Fe3O4/TiO2 structure was confirmed, the micro-
analysis of the sample was carried out by TEM. The TEM
images (Fig. 3) revealed the morphology and size of the obtained
material. Fig. 3 shows that Fe3O4/TiO2 has a spherical shape,
with the dark part being the magnetite and the light colour being
the titania coating. It could also be noticed that the average
particle diameter of Fe3O4/TiO2 nanomaterials is in the range
of 14-24 nm. It indicates that the Fe3O4/TiO2 nanostructured
material is successfully prepared.

The magnetic property of Fe3O4/TiO2 composite was deter-
mined by VSM instruments. Conventionally, the study of magn-
etic properties was also carried out by dispersing the synthe-
sized material into distilled water in a container and a magnetic
bar was applied outside the container. Fig. 4a-b shows that the
separation time of Fe3O4 material was faster than that of the
Fe3O4/TiO2 composite (Fig. 4c-d). It implies a decrease in the
magnetic susceptibility of Fe3O4/TiO2 from that of the native
Fe3O4. The VSM results show that the magnetic moment of
Fe3O4/TiO2 composite is lower than that of unmodified solid.
The magnetic moment of Fe3O4/TiO2 and Fe3O4 was 21 emu/g
and 72 emu/g, respectively (Fig. 4e).

It has been reported that the coating of magnetite core by
titania leads to a decrease in the magnetic susceptibility [21].
Although there is an observed decrease in the magnetic moment,
the Fe3O4/TiO2 composite could be still separated from the
liquid medium with the use of an external magnetic bar.

Photocatalytic degradation of nitrobenzene

Effect of pH: To determine the reaction condition, the
nitrobenzene degradation reaction was carried out at various
pH solutions. For this, the plot of Co/Ct × 100% versus pH
solution was developed, where Co is the initial, Ct the final
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concentration of nitrobenzene after photodegradation at the
time (mg/L). In acidic and alkaline conditions, both catalysts
have similar profiles. The Fe3O4/TiO2 photocatalyst has a higher
degradation of nitrobenzene than that of unmodified TiO2. For
Fe3O4/TiO2 photocatalyst, at pH 7 the unreacted nitrobenzene
decreases from 100% to 26% (Fig. 5). On the other hand, for
TiO2 photocatalyst, the unreacted nitrobenzene decreases from
100% to 40% (Fig. 5).

In an acidic medium (e.g. pH < 4), the photodegradation
reaction occurs very slowly, which may be due to the disso-
lution of both photocatalysts and unfavourable conditions. The
degradation of nitrobenzene increases with increasing pH,
which is optimum at pH 7. In this condition, hydroxyl radicals

are directly generated from OH– ions, which interact with the
holes  (eqn. 1) [15,22]:

h+
vb + OH– → •OH (1)

Therefore, in conditions where the amount of H+ is equi-
valent to OH–, more hydroxyl radicals (•OH) will be produced
and the degradation reaction progresses well. Meanwhile, in
acidic conditions (pH < 7), the H+ will interact with the electrons
produced from photocatalysis to form H• radicals. The •H
radicals will react with •OH to form H2O (eqn. 2):

e– + H+ → H•

H• + •OH → H2O (2)

Fig. 3. TEM images of Fe3O4/TiO2 composite
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Fig. 4. Appearance of magnetic properties of Fe3O4 (a,b) and Fe3O4/TiO2 (c,d) before and after interaction with a magnetic bar and the data of
the VSM measurements (e)
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Decreasing the number of hydroxyl radicals (•OH) reduces
the ability of photocatalyst, which results in the lowering of
nitrobenzene degradation efficiency. However in the alkaline
media (pH > 8), a large number of OH– ions present and the
photocatalyst surface will be negatively charged due to the
deprotonation and repel one another. It leads to a reduced
generation of reactive species and slows down the degradation
reaction.

Effect of irradiation time: Fig. 6 exhibits the effect of
irradiation time on the nitrobenzene degradation catalyzed by
the two-photocatalyst materials. There is no significant differ-
ence in the degradation pattern of nitrobenzene using TiO2 or
Fe3O4/TiO2 after 10-30 min UV irradiation time. The unde-
graded nitrobenzene was 72% and 63%, respectively by TiO2

and Fe3O4/TiO2, respectively. This indicated that the absorbed
photons energy is not optimal, hence, the number of electron-
hole pairs produced to react with OH– ions have not shown a
difference for both photocatalyst materials.
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Fig. 6. Effect of UV irradiation time on nitrobenzene degradation catalyzed

by TiO2 and Fe3O4/TiO2

On the contrary, when the UV irradiation time increases
to over 90 min, there is a difference in the degradation results.
The results showed that the remaining undegraded nitrobenzene
after 120 min UV irradiation time was 26% and 45% by using

Fe3O4/TiO2 and TiO2, respectively. It suggests that Fe3O4/TiO2

is a better catalyst than TiO2 for the nitrobenzene photodegra-
dation. It could be explained by the fact that the magnetite
material has better adsorption capability which could facilitate
the photocatalytic degradation process.

Isotherm studies: The Langmuir-Hinshelwood model is
commonly used model to explain the kinetics of photocatalytic
degradation for the organic compounds [22,23]. The Langmuir-
Hinshelwood kinetics is represented as follows:

o
r

t

C
ln k t

C
= (3)

where Co is the initial concentration of nitrobenzene (mg/L),
Ct is the nitrobenzene concentration after photodegradation at
time t and kr is degradation rate constant. The rate constant
can be extracted from the plot of ln Co/Ct versus t. Fig. 7 displays
the Langmuir-Hinshelwood plot of the reaction. An increase
in the efficiency of degradation of nitrobenzene with Fe3O4/
TiO2 photocatalyst was clearly observed. The rate constant
(kr) of nitrobenzene degradation reaction was 0.0058 min-1 by
TiO2 and 0.0092 min-1 by Fe3O4/TiO2, respectively. These
results suggest that magnetite (Fe3O4) has a major role in incre-
asing the photoactivity of TiO2 catalyst in nitrobenzene degra-
dation.
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Fig. 7. Langmuir-Hinshelwood plot of nitrobenzene degradation

XRD studies: There was no structural change as indicated
by the X-ray diffraction pattern. The XRD patterns are still
similar to the reference of JCPDS No. 19-0629 for magnetite
and JCPDS No. 21-1272 for TiO2 anatase (Fig. 8). The diffra-
ction patterns of the two materials did not change appreciably
(Fig. 8a and b), except only that of a slight diminishing in the
peak intensity. It implies that Fe3O4/TiO2 photocatalyst was reus-
able after the successful separation from the reaction medium.

Comparison studies: The activity performance of the prep-
ared photocatalytic material was compared with the most relevant
reported photocatalysts for the degradation of nitrobenzene is
shown in Table-1. The percentage of degradation was 74% and
achieved within 2 h in the present work.

Conclusion

Magnetite modified titania composite of Fe3O4/TiO2 was
prepared and used as a catalyst for photocatalytic degradation
of nitrobenzene. The results suggested that Fe3O4/TiO2 catalysts
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could improve reaction efficiency. The photocatalytic degra-
dation of nitrobenzene catalyzed by TiO2 and Fe3O4/TiO2 exhibits
a rate constant of 0.0058 min-1 and 0.0092 min-1, respectively.
It proves that the modification of TiO2 with the magnetic material
of Fe3O4 improves the rate constant and facilitates the separation.
Concisely, synthesized Fe3O4/TiO2 composite could work as
an excellent photocatalyst for the degradation of nitrobenzene

even better then the other reported catalysts in terms of both
removable efficiency and re-useable.
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