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ABSTRACT

In this work, some hybrids Fe,O,/TiO,/multiwalled carbon nanotubes (MWCNTs; FTC samples)
containing different amounts of MWCNTs were synthesized. Then several analyses including X-ray
diffractometry (XRD), Fourier transform infrared, scanning electron microscopy (SEM) and energy
dispersive X-ray were employed to characterize the crystal structure, morphology and property of
the prepared samples. The photocatalytic removal performance of the FTC samples was evaluated
by removal of methyl orange (MO) under UV irradiation and visible light. SEM and XRD analyses
revealed that TiO, NPs with the size of about 11-15 nm and Fe,O, NPs with the size of about 12-45 nm
exist in the ternary nanocomposites. The as-synthesized nanocomposites could be rapidly separated
from aqueous solutions for repeated use under the external magnetic field. The photocatalytic removal
percentage of FTC (0.060) for MO was still 78% after repeating the process for four times.
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1. Introduction

Photocatalytic degradation by semiconductor nanomaterials
especially TiO, as a “green technology” has recently attracted
attention in water and wastewater treatment, environmental
purification and solar energy utilization [1-3]. Titanium oxide
(TiO,) has been widely used in the degradation of different
organic and inorganic pollutants for its nontoxicity, high stabil-
ity, and inexpensiveness [4]. TiO, can only be excited by high
energy UV irradiation which greatly limits its practical appli-
cation [5]. Research efforts have focused on integrating TiO,
with other materials to control electron-hole recombination and
increase the limited optical absorption of TiO, under sunlight
[6-8]. Multiwalled carbon nanotubes (MWCNTs) have been
subject of intensive research owing to their unique mechanical,
electronic and chemical properties as well as their fascinat-
ing one-dimensional tubular structures [9-12]. In the field of
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aerospace, nanosensor, biology, photocatalyst, and magnetor-
heological, hybrids consisting of MWCNTs and foreign species
are gaining increasing attention in many applications [13-19].
MWCNTs/TiO, hybrids have become one of the most commonly
mentioned nanomaterials due to their photocatalytic activity in
water and wastewater treatment. MWCNTSs not only act as an
electron transporting bridge to decrease the recombination rate
of photogenerated electron-hole pairs and increase photocata-
lytic activity of the nanocomposite but also act as a support to
render the uniform dispersion of TiO, and prevent a huge loss
of the catalyst [20-24]. However, MWCNTs/TiO, hybrids suf-
fer from difficult recollection for environmental applications.
Separation by a magnetic field is considered as a quicker and
more effective technique than traditional separation technology
including centrifugation and filtration as it helps the reduce
loss of catalyst to a minimum in the separation of nano-sized
materials [25-27]. In the present work, we report the synthe-
sis of ternary Fe,O,/TiO,/carbon nanotube (FTC) samples con-
taining different amounts of MWCNTs. The prepared samples
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were characterized by different analyses including, X-ray dif-
fractometry (XRD), Fourier transform infrared (FTIR), scanning
electron microscopy (SEM) and energy dispersive X-ray (EDX)
techniques. By employing the photocatalytic removal of methyl
orange (MO) as a model reaction, we investigated the photo-
catalytic activity of the prepared nanocomposites. The ternary
FTC nanocomposites exhibited an improved durability for suc-
cessive photocatalytic reactions as compared with the binary
Fe,0,/TiO, nanocomposite.

2. Experimental
2.1. Materials

MWCNTs functionalized by carboxylic groups were
provided by Neutrino Corporation (Iran). The average
diameter and length of the MWCNTs were 10-20 nm and
0.5-2 um, respectively. FeCl-6H,O (Merck No. 103943) and
FeSO,7H,O (Merck No. 103965) were used for the synthe-
sis of Fe, O, nanoparticles (NPs). Tetraisopropylorthotitanat
(TIP; Merck No. 8.21895), anhydrous ethanol, ammonia,
and MO were purchased from Merck. All the reagents were
of analytic grade and used without further purification.
Double-distilled water was used for the preparation of all
aqueous solutions.

2.2. Preparation of Fe,O, NPs

We synthesized Fe,O, NPs by chemical precipitation tech-
nique according to mentioned procedure by Laurent et al.
[28]. A complete precipitation of Fe,O, was achieved under
alkaline conditions, while maintaining a molar ratio of Fe?
to Fe®* 1:2, under an inert environment (nitrogen 99.999%). To
obtain 2 g of magnetic particles, 2.1 g of FeSO,7H O and 4.1 g
of FeCl,-6H,O were dissolved in 80 mL of double-distilled
water. While the solution was heated to 353 K, 10 mL of aque-
ous ammonia (25%) was added dropwise to ensure the com-
plete growth of the NP crystals and the solution was heated
at 353 K for 30 min. The resulting suspension was cooled to
room temperature and then washed three times with 50 mL
double-distilled water to remove unreacted chemicals.

2.3. Preparation of Fe,O /TiO,/MWCNTs samples

In this section, 0.1 g Fe,O, NPs prepared according to
abovementioned procedure (section 2.2) and 4 mL tetraiso-
propylorthotitanat (TIP) were mixed with 70 mL anhydrous
ethanol, followed by ultrasonication (ultrasound bath,
E60H, ELMA, Germany, ) for 1 h. Then, different amounts
of functionalized MWCNTs (0.015, 0.030 and 0.060 g) were
added to it followed by ultrasonicating it for another 3 h to
form solution A. After that, solution B was prepared using
3 mL acetic acid diluted to 90 mL deionized water. Solution
B was dropped into solution A at 50°C with mechanical
stirring for 30 min. Finally, after cooling to room tempera-
ture, the solid product was separated from the suspension
by employing a magnet, washed with deionized water and
ethanol several times and then dried in a vacuum for 12 h
at 60°C. The resulting powder was annealed at 300°C for
1 h to produce Fe,O,/TiO,/MWCNTs nanocomposite. From
now on these samples will be shown as FTC (x), where x

shows the mass of MWCNTs used during the synthesis.
In addition, TiO, (T), Fe,O,/TiO, (FT) and MWCNTs/TiO,
(CT) samples were synthesized through the same route for
control experiments.

2.4. Characterization

FTIR analysis was applied to determine the surface func-
tional groups, using an FTIR-2000, Bruker device, which
records the spectra from 4,000 to 400 cm™. The XRD patterns
were recorded on a Siemens, D5000 (Germany). In addition,
XRD analysis using an X-ray diffractometer equipped with
Cu K, radiation as the X-ray source. The diffractograms
were recorded in the 20 range of 20°-80°. The morphol-
ogy of the prepared samples was characterized using SEM
(Vega-Tescan) equipped with an EDX.

2.5. Photocatalytic removal of MO

To investigate the photocatalytic removal efficiency of
the prepared nanocomposites, the suspension containing
20 mg (optimum dose) nanocomposite and 100 mL aque-
ous solution of MO (conc. 10 mg/L) was stirred first in the
dark for 60 min to establish adsorption/desorption equilib-
rium. Irradiation experiments were carried out in a self-built
reactor and UV illumination was performed with a 400 W Kr
lamp (Osram, Germany). The illumination power of the lamp
is mainly in the UV-A region, that is, about 90% of the radi-
ated power is in the UV-A region (400-315 nm) and about
10% in the UV-B region (315280 nm). A visible lamp (500 W,
Halogen, Eco Osram) with an emission wavelength ranging
from 350 to 800 nm and the predominant peak at 575 nm
was used as the irradiation source. At certain intervals, small
aliquots (2 mL) were withdrawn and filtered to remove the
photocatalyst particles. These aliquots were used for moni-
toring the removal progress, with Rayleigh UV-2601 UV/VIS
spectrophotometer (A __ =492 nm).

2.6. Statistical analysis

All experiments were performed in triplicate and the
average values were presented. The data were analyzed by
one-way analysis of variance using SPSS 11.5 for Windows.
The data were considered statistically different from control
at P <0.05.

3. Results and discussion
3.1. X-ray diffraction analysis

Fig. 1 presents the XRD patterns of the purchased
MWCNTs and the synthesized Fe,O, NPs. Fig. 1(a) shows a
broad crystalline diffraction around 25.5°, which represents
the characteristic diffraction of MWCNTs [29]. In XRD pat-
tern of Fe,O, NPs (Fig. 1(b)), we detected that the characteris-
tic diffractions at 20 = 30.2°, 35.6°, 43.5°, 54.3°, 57.4°, and 63.1°
can be assigned to the reflection of cubic spinel structured of
the Fe,O,, which is in good agreement with those reported
by JCPDS card number 19-0629 [30] indicating phase purity
of Fe,O,. Moreover, the well-resolved diffraction peaks
reveal good crystallinity of Fe,O, NPs. Fig. 2 shows the XRD
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patterns of pure TiO, and binary nanocomposites (CT and
FT). In XRD pattern of pure TiO, (Fig. 2(a)), the strong diffrac-
tions at 20 = 25.3°, 37.7°, 48.0°, 53.8°, 55.0°, and 62.6° indexed
to pure anatase phase [31]. In the XRD pattern of the sample
MWCNTs/TiO, (CT), we did not detect any strong and main
diffraction of MWCNTs at 25.5° (Fig. 2(b)), which was over-
lapped with the main diffraction of anatase TiO, at 20 = 25.3°.
This observation confirms that the relatively large difference
between the mass percents of MWCNTs and TiO, could be
the reason for the MWCNTs diffraction not to be detectable
[32]. In XRD pattern of Fe,O,/TiO, (FT) sample (Fig. 2(c)), the
diffractions became relative weaker than the pure Fe,O, and
TiO, (Figs. 1 and 2) but matched well with the XRD patterns of
TiO, and Fe,O, which confirmed that this sample containing
Fe,O, and TiO, NPs. The diffractions of Fe,O, NPs denoted
by an asterisk in Fig. 2(c). Fig. 3 illustrates the XRD patterns
of ternary, Fe,O,/TiO,/MWCNTs nanocomposites (FTC sam-
ples). The diffractions of these samples matched well with
the XRD patterns of pure TiO, and Fe,O, NPs, however, they
are relatively weaker than those of the pure materials. The
main diffraction of MWCNTs is not observed because of the
low content of MWCNTs compared with Fe,O, and anatase
TiO,. In addition to diffractions of Fe,O, (showed with an
asterisk), there are also other diffraction peaks appearing at
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Fig. 1. The XRD patterns of (a) MWCNTS and (b) Fe,O, NPs.
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Fig. 2. The XRD patterns of (a) TiO,, (b) CT and (c) FT.

20 =25.3°,37.7°, 48.0°, 53.8°, 55.0°, and 62.6° that are indexed
to pure anatase TiO, [31]. The diffraction patterns of the
prepared samples show considerable line width, indicating
small crystal. The average crystal size of magnetic Fe,O, NPs
and TiO, NPs were calculated using the Scherrer formula for
the prepared samples [33].

D = KA/p cosO 1)

where D is the average crystal size of the sample, A the X-ray
wavelength (1.54056 A), B the full width at half maximum of
the diffraction peak (radian), K is a constant 0.89, and 0 is the
diffraction angle at the peak maximum. Moreover, 20 = 25.3°
and 35.6° were selected for average crystal size calculation of
TiO, and Fe,O,, respectively. The results are summarized in
Table 1.

3.2. SEM/EDX analysis

The SEM image of pure MWCNTs (Fig. 4(a)) was highly
knotted. The surface of MWCNTs is smooth, whereas the sur-
face of the FTC samples turned rough (Figs. 4(d)—(f)). In SEM
images of FTC samples, many nanocrystals with the size of
30-45 nm are seen attached to the surface of carbon nano-
tubes. According to Scherrer formula (Table 1), the average
crystal sizes of Fe,O, and TiO, are about 12.23 and 11.24 nm,
respectively. These nanocrystals with the size of 3045 nm
may be Fe,O, NPs wrapped by TiO, NPs [34,35]. In order
to further know the chemical composition of the prepared
sample, EDX analysis was performed. Table 2 presents the
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Fig. 3. The XRD patterns of (a) FTC (0.015), (b) FTC (0.030) and
(c) FTC (0.060).

Table 1
Average crystal size of the prepared samples according to
Scherrer equation

Sample Fe,O, (nm) TiO, (nm)
Fe,O, 12.23 -

TiO, - 11.24

CT - 11.24

FT 22.94 12.58
FTC (0.015) 12.51 15.17
FTC (0.030) 11.52 9.82
FTC (0.060) 12.29 7.74
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EDX analysis results for the prepared samples. Using these
data, it is revealed that the ternary nanocomposites consist
of C, O, Ti, and Fe atoms. In addition, although the existence
of carbon atoms is confirmed by EDX analysis but the XRD
patterns do not show any diffraction related to MWCNTs.
Fig. 5 presents the elemental mapping images of the prepared
samples. From the elemental mapping mode, highly and
uniformly dispersed Ti and Fe atoms are observed for FTC
samples. Accordingly, it is inferred that there is good interac-
tion between Fe O, and TiO, in the preparation process using
the sol-gel method.

3.3. FTIR analysis

Fig. 6 shows the FTIR spectra of the prepared samples.
In FTIR spectrum of FT sample (Fig. 6(c)), the vibration near
583 cm™ is indexed to the characterized vibrations of Ti-O and
Fe—O. Moreover, the vibration at 1,389 cm™ is ascribed to the
O-H bond vibration of Ti-OH on the surface of particles. The
vibrations at approximately 3,400, 2,930, and 2,850 cm™ are
attributed to the Ti-OH bond [36]. The OH bending vibration
of chemisorbed and/or physisorbed water molecule on the
surface of the catalysts is observed at ~1,630 cm™ for all the
samples (Figs. 6(c)—(f)). There are the stretching vibrations of
Ti-O-Ti bond in the range of 700-500 cm™ [37].The vibration
at 1,515 cm™ is due to the C=C stretching related to the struc-
ture of MWCNTs. It is obvious from Fig. 6 that the 500-700
and 1,515 cm™ are corresponding to TiO, and MWCNTs,
respectively. In FTIR spectrum of CT sample (Fig. 6(d)),
the vibration at 1,393 cm™ is indicative of the interaction of

COO" groups on MWCNTs with the titanium dioxide, and
the intense broad band in the vicinity of 550 cm™ can be
attributed to the combination of Ti-O-Ti and Ti-O-C vibra-
tions between the MWCNTs and TiO, [38]. Additionally, the
broad vibration in the vicinity of 3,250 cm™ is attributed to
not only the presence of hydroxyl groups of TiO, but also to
a strong interaction through hydrogen bonding between the
hydroxyl groups on the surface of titanium dioxide and the
carboxyl groups MWCNTs.

3.4. Photocatalytic removal performance of the prepared samples

Fig. 7 shows the performance of the prepared samples for
photocatalytic removal of MO under visible light after 120 min
irradiation time. As shown in this figure, with increasing
the MWCNTs weight, FTC (0.030) and FTC (0.060) samples
showed a high photocatalytic removal compared with the
other samples. This behavior confirms the role of MWCNTs
in these samples: since (1) MWCNTs prevent agglomeration

Table 2

Elemental chemical analysis of the prepared samples
Sample Cwt% O wt% Ti wt% Fe wt%
CT 32.75 34.41 32.84 -
FT 9.85 46.48 39.13 4.54
FTC (0.015) 9.95 56.61 32.20 2.24
FTC (0.030) 11.50 56.17 31.23 1.10
FTC (0.060) 11.56 56.48 30.89 1.06

Fig. 4. SEM micrographs of (a) Fe,O

3T

(b) CT, (c) FT, (d) FTC (0.015), (e) FTC (0.030) and (f) FTC (0.060) (SEM Mag = 35,000, 1 um).
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Fig. 5. Elemental mapping images of (a) Fe,O, NPs, (b) FT, (c) CT,
(d) FTC (0.015), (e) FTC (0.030) and (f) FTC (0.060).

| s e |

of TiO, by acting as a dispersing agent [32]; (2) In the pres-
ence of MWCNTs the adsorption efficiency of FTC samples
out performance that of pure TiO, because MWCNTs acts
as an adsorbent. In addition, MWCNTs in the ternary nano-
composites are useful to adsorb the MO dye and transfer the
compound to the surface of TiO, (Fig. 8) [39—41]; (3) Thereis a
synergetic effect between MWCNTs and TiO,and MWCNTs
acting as a photosensitizer. MWCNTs can trap the photoin-
duced electrons and form superoxide radical ion and/or
hydroxyl radical on the surface of TiO,, which is responsible
for the degradation of the organic compound [32,42]. Due to
the introduction of the MWCNTs, an increase in the surface
charge on TiO, in the hybrid catalysts can be suggested. The
surface charge may lead to modifications of the fundamental
process of electron/hole pair formation while applying visi-
ble irradiation [43]. Consequently, it may be the unique inter-
action between TiO, and the MWCNTs that provides the FTC
samples with a higher catalytic activity in the photocatalytic
removal of MO compared with pure TiO,.

Fig. 9 shows the photocatalytic removal of MO in the
presence of the prepared samples under UV irradiation after
120 min irradiation. The photocatalytic removal efficiency
of FTC samples is lower than pure TiO, due to the existence
of a stronger screen effect in our FTC samples as compared

—
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Fig. 6. FTIR spectra of (a) MWCNTs, (b) Fe,O, NPs, (c) FT, (d) CT,
(e) FTC (0.030) and (f) FTC (0.060).
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Fig. 7. Photocatalytic removal of MO over the prepared samples
(MO conc. 10 mg/L, 20 mg catalyst, 100 mL MO, visible light,
irradiation time: 120 min).
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Fig. 8. Adsorption of MO over the prepared samples (MO conc.
10 mg/L, 20 mg catalyst, 100 mL MO, stirring time at dark:
60 min).
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Fig. 9. Photocatalytic removal of MO over the prepared samples
(MO conc. 10 mg/L, 20 mg catalyst, 100 mL MO, UV irradiation,
irradiation time: 120 min).
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with pure TiO,. The Fe,O, NPs may be screened and thus
weaken the UV irradiation needed to irradiate the TiO, NPs
in the FTC samples [44] because (1) Fe,O, particles blocked
some of the TiO, active sites and (2) some UV irradiation
was absorbed by Fe,O, particles. Accordingly, the photo-
catalytic removal activity of FTC samples is lower than that
of pure TiO,. The active sites have an important role on the
photocatalytic removal activity where charges were gener-
ated and/or separated. For more investigation, we prepared
FTC samples containing different amounts of MWCNT with
fixed amounts of Fe,O, and TiO,. Our results (Figs. 7 and 9)
showed that the introduction of MWCNTs could significantly
increase the photocatalytic removal activity of FTC samples.
In addition, these results confirmed the proposed mechanism
through which MWCNTs act as an acceptor of the electrons
generated in the TiO, particles, suppress the recombination
of charges, and enhance the photocatalytic removal activity
of FTC samples [44].

3.5. Reusability of the samples

The reusability of photocatalyst was examined for the
removal of MO during a four cycles experiment. The results
show that the photocatalytic removal activity of FT sample
decrease by 20% after applying these four cycles (from 84% to
62%). The photodissolution of Fe,O, NPs is the main reason
for the poor durability of this sample [46]. In the presence
of photogenerated electrons, Fe* in Fe,O, NPs was reduced
to Fe*and then dissolved in the solution [45]. For the FTC
nanocomposites, the MWCNTs can push most of the pho-
togenerated electrons from the TiO, NPs and thus decrease
the opportunity of electron transfer to the Fe,O, NPs. TiO,~
Fe,O, binary system, thus enhancing its durability for the
photodegradation of MO. To clarify the above discussion,
we examined the cyclic photocatalytic removal of the FTC
(0.060) sample. No obvious decrease in the photocatalytic
removal efficiency (from 81% to 78%) was observed after
four cycles, indicating that our FTC sample is renewable for
environmental applications.

3.6. The kinetic of MO photocatalytic removal

The photocatalytic removal of MO is a first-order reac-
tion with its kinetics may be expressed as In(C/C) = -k t
(Fig. 10). In this equation, k, (min™) is the apparent rate
constant, C; and C are the initial concentration and concen-
tration at reactlon time t of MO, respectively. The k__ are
found from the slopes of the straight lines obtained by plot-
ting In(C/C,) vs. irradiation time (Fig. 10). The reaction rates,
rate constants and half-life (t,,) at various initial concentra-
tions of MO are given in Table 3. The results summarized
in Table 3 show that the reaction rate of removal of MO is
faster at higher initial concentration. However, the rate con-
stants decrease to some extent when the initial concentration
increases.

3.7. The mechanism of photocatalytic removal of MO

The lifetime of the photogenerated electron/hole pairs is
the main factor influencing the photocatalytic performance of
the prepared samples [46—49]. In the presence of MWCNTs,
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Fig. 10. Effect of initial concentration on the removal of MO.
Irradiation. Source: visible lamp, 100 mL MO, 20 mg FTC (0.060).

Table 3
The rate, rate constant (k,) and half-time (t,,) for various
concentrations of MO over FTC (0.060) under visible light

Concentration R? Initial reaction k. t

(mg/L) rate (mg/L (min!)) (min™) (min)
5 0.9960 0.046 0.0092 75.34
10 0.9935 0.085 0.0085  81.54
15 0.9933 0.125 0.0083  83.51
20 0.9904 0.162 0.0061  85.57

an effective separation of the photogenerated electron/hole
that generated in TiO, NPs can be improved. However, its
recombination can be suppressed because MWCNTs can store
a large number of electrons and transport them. In addition,
the crystal size and specific surface area affect the photocat-
alytic and adsorption ability of the prepared FTC samples.
The MWCNTs structure can inhibit the growth of TiO, NPs
and make reunion phenomenon reduced, which result in
the size of TiO, NPs decreased in FTC samples (Table 1). The
specific surface area and activity can be increased with the
decrease in size of TiO, NPs. The adsorption ability of sam-
ples will be strengthened when the specific surface area is
reduced. Such an excellent adsorption ability can increase
the contact chance of MO dye molecules, which enhance the
photocatalytic removal rate. Therefore, the photocatalytic
removal performance was remarkably improved because
of the improved efficient separation of the photogenerated
electron/hole and the synergic effect between adsorption and
photocatalysis process.

4. Conclusion

In summary, ternary Fe,O,/TiO/MWCNTs nanocom-
posites containing different amounts of MWCNTs were
successfully prepared by the modified sol-gel process and
characterized by a different analysis. It was found that the pre-
pared samples present enhanced photocatalytic removal of
MO and exhibit expansion in spectral response range shifted
to the visible region. This behavior is probably because of the
affiliation of some particular properties by MWCNTs sup-
port and Fe,O, NPs. The presence of MWCNTs could create
many active sites and increase surface area and improve the

separation of photogenerated electron—hole pairs. Therefore,
adding a suitable amount of MWCNTs into theTiO, leads to a
great improvement in the photocatalytic removal of MO and
thus these samples shows remarkable activity under visible
light. The reactions follow a pseudo-first-order kinetics and
the observed rate constant values change with MO concen-
trations. The reusability experiments showed the photocata-
lytic removal percent of FTC (0.060) for MO is still 78% after
repeating the procedure four times.
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