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ABSTRACT

Multiwalled carbon nanotubes (MWCNTs) supported and unsupported bimetallic iron and manga-
nese oxides nanoparticles (Fe-Mn NPs) were synthesized by wet chemical precipitation method. The
synthesized nanoparticles were then characterized by various instrumental techniques such as scan-
ning electron microscopy (SEM), energy dispersive X-ray and X-ray diffraction. The MWCNTs/Fe-Mn
and Fe-Mn NPs were used as photocatalysts for the photodegradation of methylene blue in aqueous
medium. The photodegradation study was monitored by using UV-Vis spectrophotometer. The effect
of various parameters such as irradiation time, pH, catalyst dosage and concentration of dye on the
photocatalytic degradation was studied. The activity of recovered catalyst was also examined.
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1. Introduction

Photocatalysis is a simple technology for the chemical
conversion of solar energy, during which a photoinduced
reaction accelerated by the presence of a photocatalyst [1,2].
Photocatalysis has received great research interest due to its
low cost, high efficiency and non-selective degradation [3].
Thisis an effective advance oxidation process and most emerg-
ing and promising technique successfully used for environ-
mental remediation such as toxic and bioresistant pollutants
in which semiconductor materials are used as a photocatalyst
[4-6]. Photocatalyst is a semiconducting material activated
by absorbing a photon having energy more than or equal to
its band gap energy, and capability of accelerating photodeg-
radation reaction without being consumed [7,8]. Such semi-
conductors are used to degrade organic pollutants in water to
less toxic inorganic species and regenerate its chemical com-
position after reaction involvement [9,10]. Pollutants mole-
cules get adsorbed on photocatalyst surface where chemical
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bond formation and breaking take place and as a result small
molecules get released as products [5]. Currently, nanoparti-
cles are used as photocatalysts due to their chemical stabil-
ity, low photocorrosion, high surface area and uniform pore
size [11]. Nanoparticles are small materials having at least
one dimension less than 100 nm [12]. They attracted much
attention as new materials due to their different physical and
chemical properties from those of both bulk and atom [13].
Various metals and metals oxide nanoparticles were used as
photocatalysts for the photodegradation of organic pollut-
ants such as TiO, [14], Fe,O, [15], Ag [16], Fe-doped ZnO [17],
manganese-added ZnO hybrid nanoparticles [18], Mn-doped
TiO, [19], etc. Currently, bimetallic nanoparticles and metal
or nonmetal-doped metallic nanoparticles such as ZnS doped
with Mn [20], TiO, loaded with Au (Au-TiO,) [5], Ag-doped
TiO, [21], etc., were also used as photocatalysts for photodeg-
radation of organic pollutants. Nanoparticles tend to form
strong agglomerates but in most applications such as photo-
catalysis, nanoparticles are required to be in a well-dispersed
form, which require extremely high specific energy in order
to overcome the adhesive forces [22].
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In the present study, bimetallic nanoparticles (neat Fe-Mn
oxides NPs and multiwalled carbon nanotubes [MWCNTs]/
Fe-Mn oxides NPs) were synthesized by wet chemical pre-
cipitation method. Both Fe-Mn oxides NPs and MWCNTs/
Fe-Mn oxides NPs were used as photocatalysts for the pho-
todegradation of methylene blue under UV light irradia-
tion in aqueous medium. The effects of various parameters
such as irradiation time, pH of the medium, catalyst dosage,
dye concentration and recycled catalyst activity were also
investigated.

2. Experimental
2.1. Materials

Iron chloride and manganese chloride (MnCl,) were
purchased from Scharlau (France) and Merck (Germany)
companies, respectively, and used as received. The meth-
ylene blue was purchased from Sigma-Aldrich (Germany).
Analytical grade nitric acid (HNO,) and sulphuric acid
(H,SO,) were purchased from Scharlau Company (France).
The MWCNTs (diameter and length 20-40 nm and 3040 um,
respectively) were supplied by Nanomirea (South Korea).

2.2. Functionalization of MWNTs

100 mL HNO, (6 M), 100 mL H,SO, (2 M) and 0.5 g
MWCNTs was taken in a flask and sonicated for 30 min. The
mixture was refluxed at 170°C for 6 h and then cooled. The
acid-treated MWCNTs were separated by filtration and then
washed several times with distilled water in order to remove
any attached acid from nanotubes. The MWCNTs were then
dried in oven at 110°C and stored for further use.

2.3. Synthesis of Fe-Mn NPs

100 mL FeCl, (0.1 M) and 100 mL MnCl, (0.1 M) solutions
was taken in round-bottom flask, and added NaOH (0.2 M)
solution drop wise until the pH became basic. The mixture
was then stirred continuously for 2 h at 60°C. The mixture
was cooled and then the Fe-Mn oxides NPs were separated
by filtration.

2.4. Synthesis of MWNTs/Fe-Mn NPs

100 mL FeCl, (0.1 M), 100 mL MnCl, (0.1 M) solutions and
known quantity of F-MWCNTSs were taken in round-bottom
flask and then added NaOH (0.2 M) solution drop wise to
the mixture at constant stirring until basic pH was obtained.
The mixture was heated at 60°C for 2 h with occasional stir-
ring. The mixture was cooled and then filtered to get the
MWCNTs/Fe-Mn oxides NPs.

2.5. Photodegradation of MB dye using F-MWNTs/Fe-Mn and
Fe-Mn NPs

0.0156 g E-MWNTs/Fe-Mn and 0.0135 g of Fe-Mn pho-
tocatalysts were added to 10 mL of MB (25 ppm) solutions
in 50 mL beakers separately. The beakers were sealed with
colorless plastic to allow light and to avoid dehydration. The
samples were placed in dark for 20 min in order to establish

adsorption/desorption equilibrium. The solution mixture
was then placed under UV light (254 nm, 15 W) with con-
stant stirring for a given specific irradiation time. After spe-
cific irradiation time, the catalyst was separated from the
dye solution by centrifugation. The dye degradation study
was performed by UV-Vis spectrophotometer. The percent
degradation of MB in aqueous media was calculated by the
following equation [23].

0

Degradation rate (%) = [COC_ C] x 100 (1)

Degradation rate (%) = [AOA_ AJ %100 2)

0

where C is the initial dye concentration, C is the dye
concentration after UV irradiation, A shows initial absorbance
and A shows the dye absorbance after UV irradiation.

2.6. Instrumentations

The morphological study was performed by SEM
Model No. JEOL-JSM-5910; JEOL Company, Japan. The
energy dispersive X-ray (EDX) study was performed by
EDX spectrometer Model Inea 200, UK, Company Oxford.
The photodegradation study was monitored by UV/VIS
spectrophotometer (Shimadzu 160 A, Japan).

3. Results and discussion
3.1. Morphological study
3.1.1. SEM and EDX

Fig. 1 shows the SEM images of supported and unsup-
ported bimetallic nanoparticles. Fig. 1(a) shows the SEM
images of F-MWCNTs/Fe-Mn oxides nanoparticles. The
micrographs presented that the bimetallic nanoparticles
are spherical in shape and well dispersed on the surface of
F-MWCNTs. While the unsupported bimetallic nanoparticles
were mostly present in agglomerated form (Fig. 1(b)). The
formation of Fe-Mn oxides nanoparticles was also confirmed
by their EDX analyses. Fig. 2 shows the EDX spectra of sup-
ported and unsupported bimetallic nanoparticles. Fig. 2(a)
shows peaks for carbon, which was due to the supported
materials CNTs. The presence of oxygen peaks in the both
figures conform the formation of oxides nanoparticles and
functionalization of nanotubes.

3.1.2. FT-IR study

Fig. 3 presents the FI-IR spectra of F-MWCNTs/Fe-Mn
and Fe-Mn nanoparticles. The spectra show prominent peaks
at about 583 cm™, which might be due to the Fe-Mn nanopar-
ticles [24]. The FT-IR spectrum of F-MWCNTs/Fe-Mn
(Fig. 3(a)) show peak at about 1,618 cm™, which might be due
to the stretching vibration of C=O [25]. The spectrum also
presents peaks in the range of 1,236-1,055 cm™, which might
occur due to the stretching vibration of C-O [26].
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Fig. 2. EDX spectrum of (a) FMWNTs/Fe-Mn nanoparticles and
(b) unsupported Fe-Mn nanoparticles.

The pore size and surface area of F-MWCNTs/Fe-Mn
and Fe-Mn nanoparticles are shown in Table 1. The pore
size and surface area of the material was characterized
by Quantachrome Nova version 11.04 (USA) surface area
and pore size analyzer. Before adsorption the material was
degassed at 400 K for 120 min in the presence of molecular
nitrogen. The BET surface area of the material was found in
the range of P/°P ~ 0.05-0.3. The surface area parameter of the
material is described in Table 1.

3.1.3. Photodegradation study of methylene blue

Photocatalytic activity of synthesized F-MWCNTs/Fe-Mn
and Fe-Mn oxides photocatalysts were studied by degrading
MB dye in aqueous medium under UV light irradiation. MB
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Fig. 3. FT-IR spectrum of (a) FMWNTs/Fe-Mn nanoparticles and
(b) unsupported Fe-Mn nanoparticles.

Table 1
BET surface area and pore size of FMWNTs/Fe-Mn and Fe-Mn
nanoparticles

Material name  BET surface BJH pore BJH pore

area (m*g™) volume (ccg™) radius (A)
Fe-Mn NPs 233.27 0.031 15.1
F-MWCNTs/ 79.567 0.029 14.48
Fe-Mn

is a basic dye and heterocyclic aromatic compound [27]. In
this study, MB was chosen because it is used as a traditional
dye and has many uses in the fields of biology and chemistry
[28]. It produces burning sensation and may cause vomiting,
nausea, diarrhea and gastritis if ingested, whereas it can lead
to short periods of rapid or difficult breathing if inhaled [29].
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Fig. 4 shows the UV-Vis spectra of MB in aqueous
solution before and after UV irradiation in the presence of
F-MWCNTs/Fe-Mn and Fe-Mn oxides NPs. The photodegra-
dation of MB was measured by the relative intensity of its
UV-Vis spectra, which gave maximum absorbance peak at
650 nm. The spectra presented that the photodegradation
of MB gradually increased as the irradiation time increased.
Fig. 3(c) shows the comparison of % degradation of MB dye
photodegraded by supported and unsupported photocat-
alysts. The F-MWCNTs/Fe-Mn oxides NPs degraded 70%
of dye within 2 h, while Fe-Mn oxides NPs photocatalysts
degraded 65.5% of dye within the same period of time. At
optimum time of 12 h, F-MWCNTs supported NPs and
unsupported NPs degraded about 93.7% and 92.8% dye,
respectively.

The photodegradation of dye can be achieved by the
fact that when UV light falls upon the NPs, the valence
electrons (e”) of metal NPs get excited from valence band to
conduction band, which create electron deficient or positive
hole (h*) in the valence band. The separated electrons and
holes participate in the generation of reactive radicals. For
example, the holes react with water molecules or hydroxide
anions and generate hydroxyl radicals (‘OH), whereas
electrons react with O, results in the formation of superoxide
radical ions (*O,"). These highly reactive radicals participate
in the photodegradation of dye. The function of nanotubes
is the dispersion of NPs in order to increase its surface
area for photon absorption. The major reaction mechanism
under sunlight irradiation is summarized in the following
equations [7,30].

NPs —> NPs (h* + ") @)
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The reaction mechanism can also be understood from the
proposed scheme in Fig. 5.

The effect of recovered catalysts was also studied by
using the recovered catalysts. The catalysts were washed
several times with deionized water in order to remove any
adsorbed dye and other attached byproducts and used under
the same experimental conditions. Fig. 6(a) shows the com-
parison of % degradation of dye photodegraded by using
recovered Fe-Mn oxides NPs photocatalysts three times.
The results revealed that degradation for the 1st, 2nd and
3rd time by the recovered Fe-Mn photocatalyst was 92.8%,
88.4% and 85.5% dye within irradiation of 12 h. Similarly,
Fig. 6(b) shows the comparison of % degradation of MB dye
by recovered F-MWCNTs/Fe-Mn oxides photocatalyst. The
results illustrate that recovered F-MWCNTs/Fe-Mn degraded
93.7%, 93.3% and 86.6% dye used in series three times. The
results (Fig. 6) show that the recovered photocatalysts also
significantly degraded MB in aqueous medium but show less
activity as compared with the original photocatalysts. This
decrease in the photocatalytic activity of the recovered cat-
alysts might be attributed to the deposition of photo insen-
sitive hydroxides on the photocatalysts surface, which block
its active site [31].
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Fig. 4. UV-Vis spectra of methylene blue
(c) % degradation comparison.

degraded by (a) F-MWCNTs/Fe-Mn nanoparticles, (b) Fe-Mn nanoparticles and
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Fig. 5. Proposed mechanism for the photodegradation of
methylene blue in aqueous medium.
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Fig. 6. % degradation comparison of methylene blue in aqueous
medium (a) Fe-Mn nanoparticles and (b) F-MWCNTs/Fe-Mn
nanoparticles.

4. Effect of pH of medium

Various industries such as paint, dyes, textile, surface
coating, etc., discharge their effluents at different pH lev-
els; therefore, the study of pH effect is also important. The
effect of pH on photodegradation of MB is shown in Fig. 7.
Fig. 7 shows the UV-Vis spectra and %degradation of MB in
aqueous medium before and after UV light irradiation in the
presence of F-MWCNTs/Fe-Mn and Fe-Mn oxides NPs. The
results revealed that the F-MWCNTs/Fe-Mn oxides degraded
about 77.2% dye at pH 4, which was gradually increased as
increased the pH of the medium and at pH 10 about 95.5% of
dye degraded within 8 h of irradiation time. Similarly, Fe-Mn
oxides NPs degraded 41.7% at pH 4 and 92.9% at pH 10 under
the same irradiation time. The higher photodegradation rate
in the basic medium might be due to the enhanced formation
of hydroxyl radicals and strong oxidizing species, which are
responsible for higher degradation [23].

5. Effect of photocatalyst dosage

The effect of photocatalyst dosage on the photodegra-
dation rate of the MB dye was studied by employing dif-
ferent catalyst quantity varying from 0.007 to 0.021 g per
10 mL dye solution at constant time (1 h). Fig. 8 shows the
UV-Vis spectra and % degradation of MB dye before and
after UV light irradiation employing different amounts of
F-MWCNTs/Fe-Mn and Fe-Mn oxides NPs, respectively.
Fig. 8(c) shows the comparison of MB dye by both supported
and unsupported photocatalysts. The results (Fig. 7(c)) show
that 0.007 g of both supported and unsupported catalysts
degraded about 79.2% and 62.2% dye, respectively. The grad-
ual increasing of % decolorization was observed as the cata-
lyst amount increases, and by adding 0.021 g of F-MWCNTs/
Fe-Mn and Fe-Mn oxides NPs degraded about 86.7% and
84.4%, respectively, within the same irradiation time.

6. Effect of initial dye concentration

The effect of initial dye concentration on degradation effi-
ciency was monitored by studying the photocatalysis process
at various dye concentrations (20, 30, 40, 50, 60 and 70 ppm).
Fig. 9 shows the % degradation of dye at various dye concen-
tration using constant catalyst dosage and irradiation time. The
results revealed that the photodegradation of dye decreases
gradually as the initial concentration of dye increased.
The observed decrease might be due to the increased dye
concentration because as the dye molecules adsorbed on cata-
lyst surface which absorb significant amount of UV light rather
than bimetallic nanoparticles. Also due to the high dye concen-
tration, the formation of hydroxyl radicals decreased because
of dye molecules, which occupy active sites of photocatalyst
[32]. It was also found that the supported and unsupported
bimetallic NPs degraded about 90% and 85% dye at initial dye
concentration of 20 ppm, and 39% and 36% dye at 70 ppm.

7. Conclusion

Functionalization of MWCNTs improves its interaction
with prepared bimetallic nanoparticles. F-MWCNTs sup-
ported and unsupported Fe-Mn oxides nanoparticles were
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and it was found that F-MWCNTs/Fe-Mn oxides NPs is
more efficient than unsupported Fe-Mn oxides NPs. The
photodegradation study of recovered and re-covered
catalysts presented that both had ability to degrade the MB
in aqueous medium but show less activity as compared with
fresh catalysts. The photodegradation rate was found higher
in basic medium and at low initial dye concentration.
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