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ABSTRACT. A Mn,05/Al,05/Fe,O5 nanocomposite photocatalyst was prepared by a co-precipitation method.
Flame atomic absorption spectroscopy (FAAS), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscope (SEM), and UV-Vis diffuse absorption spectroscopy (UV-Vis DAS) were
employed to study elemental composition, functional group identification, structure, morphology, and band gap of
the as-synthesized nanocomposite. The highest photodegradation efficiency was recorded for the sample
containing the 10/10/80 percentages composition of Mn,O3/Al,03/Fe,0;, respectively. The average crystallite size
calculated from XRD for this sample was 40 nm. UV-Vis diffuse absorbance of the sample showed strong
absorption in visible region at 550 nm, which is comparable to Fe,O; which has absorption at 563.6 nm. This
confirmed that coupling with alumina and manganese oxide did not contribute to the band gap narrowing but to
delay the electron-hole recombination as witnessed by the highest photodegradation efficiency.
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INTRODUCTION

Malachite green (MG) dye is widely used as antifungal, anti-bacterial and anti-parasitical
therapeutic agent in aquacultures and animal husbandry. Also, it is widely used as a direct dye
for silk, jute, paper, leather, etc. It can also be used as a saturable absorber in dye lasers, or as a
pH indicator between pH 0.2-1.8. It was classified as a Class II Health Hazard which shows
toxic effects on kidney, liver, gill and gonads of aquatic animals. It causes irritation and even
cancer in humans when inhaled or ingested [1]. For the removal of dye pollutants, traditional
techniques (adsorption on activated carbon, ultrafiltration, reverse osmosis, coagulation by
chemical agents, ion exchange on synthetic adsorbent resins, etc.) can generally be efficiently
used. Nevertheless, they are non-destructive, since they just transfer organic compounds from
water to another phase, thus causing secondary pollution [2].

Recent studies have shown that heterogeneous semiconductor photocatalysis can be an
alternative to conventional methods for the removal of dye pollutants from water [3].
Heterogeneous photocatalytic oxidations performed with light irradiated semiconductors
dispersions have been extensively investigated owing to their high efficiency to completely
mineralize the harmful organic species to carbon dioxide and water [4]. It has been a promising
method for the elimination of organic pollutants in water and atmosphere [5]. When
semiconductors are illuminated with an appropriate radiation source, electron/hole pairs are
produced with electrons promoted to the conduction band leaving behind positive holes in the
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valence band. The generated electron/hole pairs induce a complex series of reactions that can
result in the complete degradation of organic pollutants such as dye adsorbed on the
semiconductor surface [3]. Due to high photosensitivity and large band gap, TiO, and ZnO are
known to be good photocatalysts for degradation of many organic pollutants. However, there are
some drawbacks associated with these compounds, such as charge carrier recombination, which
occurs within nanoseconds and the band edge absorption threshold does not allow the utilization
of visible light [5, 6]. Iron oxide (Fe,03) is a well-known n-type semiconductor which exists in
nature in many forms in which hematite (a-Fe,O;) and maghemite (y-Fe,O;) are two common
iron oxides. (a-Fe,0s), has become a particularly attractive material in its abundance, low cost,
most active and stable under ambient conditions and no toxicity. It is widely used as a support
or sensor and its low band gap (2.2 eV) making it promising as catalysts for photochemical
transformations [1, 7]. Even though; its poor charge transport properties still remains a handicap
for photochemical transformation rate of organic pollutant degradation [8, 9].

There are earlier reports on the improvement of the electronic properties of hematite by
introducing transition metal cations and aluminum [8]. Alumina (Al,Os) is the most convenient
support for the catalyst employed in the oxidation reduction reaction. This is because of its high
surface area, thermal stability and porous structure. Also, it greatly increases the degree of
dispersion of the catalytically active constituents, hindering their grain growth and thus
increasing the activity and durability of supported catalysts. On the other hand, the combination
of transition metal oxides may result in modification in their thermal behavior, geometric
structures and electronic properties that lead to changes in catalytic functions [8, 10]. Mn,0Os can
be used as cheap, environmental friendly catalysts for removing carbon monoxide, organic
pollutants and nitrogen oxide or as an oxygen storage component (OSC) for a three-way catalyst
[11]. Manganese binary mixtures are active catalyst for inorganic pollutant conversion [12].
These interesting features of Al,O; and Mn,O; lead us to investigate the photocatalytic
properties of ternary oxide with Fe,Os.

EXPERIMENTAL
Materials

Chemicals used were: manganese(Il) chloride tetrahydrate (MnCl,-4H,0, MW: 197.9 g/mol,
Labmark), iron(Ill) chloride hexahydrate (FeCl;-6H,0, MW: 270.30 g/mol, 99.0%, Loba
chemie), aluminum chloride hexahydrate (AlICl;-6H,0, MW: 241.43g/mol, 99.0%, Merck),
(sodium hydroxide (NaOH, MW: 40 g/mol, 98%, Merck), malachite green (C,3HysN,Cl, MW:
364.50 g/mol, 90%, Blulux), niric acid (HNO;, MW: 63.01 g/mol, 67-72%, Fine-chem limited),
hydrochloric acid (HCI, MW: 36.46 g/mol, 37-38%, Fine-chem limited).

Preparation of powder samples

A 0.1 M of Mn,05/Al,05/Fe,0; mixed oxide was synthesized by co-precipitation method from
manganese(II) chloride tetrahydrate (MnCl,'4H,0), aluminum chloride hexahydrate
(AICl;-6H,0) and iron(III) chloride hexahydrate (FeCl;-6H,0) in deionized water with 10, 10,
80; 5, 15, 80 and 5, 5, 90 percentage of Mn,0s, Al,O; and Fe,0;, respectively. The hydroxides
were precipitated by concentrated sodium hydroxide at pH 12. The products were collected by
filtration, washed several times with deionized water and dried at 110 °C for 24 h in an electrical
oven. The dried samples were calcined at 400 °C for 4 h [11, 13, 14].

Characterization of powder samples

X-ray diffraction measurement was carried out to determine the crystal phase composition and
size of the nanocomposite. The sample was crushed to fine particles and analyzed by X-ray
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diffractometer (Shimadzu, XRD-7000, X-ray diffractometer), equipped with Cu K, radiation (1
= 0.15405 nm) at room temperature in the scan range 260 between 10 and 90-. The accelerating
voltage of 40 kV and the emission current of 30 mA were used. The surface morphology was
studied by using a scanning electron microscope (EVO 18 SEM). The optical property of the
sample was investigated by the band gap energy determination using UV-Visible diffuse
absorption. The powder sample was dissolved in hot methanol then the UV-Visible diffuse
absorbance was recorded at 200-800 nm range using SP65 spectrophotometer. Fourier transform
infrared spectrum (Bruker IFS 120M) was recorded at room temperature in the region 4000-400
cm ' to determine the surface functional groups. 10 mg of sample was thoroughly mixed with
100 mg (dry mass) of KBr and crushed to a fine powder. A transparent disc was formed by
applying a pressure in moisture free atmosphere. The elemental compositions of the as-
synthesized powder were analyzed by flame atomic absorption spectrophotometer. 0.1 g of the
as-synthesized powder was digested with conc. HNO; (7 mL), conc. HCI (4 mL) using acid
digestion tube till clear solution appears. The samples were transferred to 50 mL volumetric
flasks and brought to volume using deionized water. 1 mL of this solution was diluted further to
50 mL. Standard solutions of 1000 mg/L Fe, Al and Mn were prepared by dissolving
FeCl;-6H,0, AICl;-6H,0 and MnCl,4H,0 in de-ionized water, and series standard solutions
were prepared to plot the calibration curves of the metals by appropriate dilution.

Photocatalytic properties

Photocatalytic activities of the as-prepared powder sample were evaluated by
photodecomposition of malachite green in aqueous solution. The experiments were carried out
in the presence of UV and Visible light irradiation with Mn,03/Al,0;/Fe,O; photocatalyst. For a
typical photocatalytic experiment, 200 mg of the prepared catalysts was added to 100 mL of the
100 ppm MG in aqueous solution in 250 mL Pyrex glass beaker. Before illumination of the
samples by UV/Visible radiations, the solution was magnetically stirred for 30 min in dark in
order to establish adsorption desorption equilibrium. During the illumination stage, air/oxygen
was purged into the solution with the help of a porous tube at hand purging in order to keep the
suspension of the reaction homogenous. The suspension was irradiated by UV/Visible light
source at 12 cm distance. At 30 min time intervals, about 10 mL aliquots were sampled,
centrifuged at 4500 rpm, and filtered. The dye concentration in the filtrate was analyzed by
measuring the absorption intensity of MG at 620 nm. The UV lamp with a definite power 12 W,
230 V and 50 Hz frequency was employed as UV light source and incandescent bulb was used
as visible light source with a definite power of 40 W, 220 V and 60 Hz frequency. Percentage
degradation of MG dye was calculated using the following relation:

% Degradation = (=%)100 (1
Co
where ¢, is concentration of dye at initial stage; ¢, is concentration of dye at time t.
RESULTS AND DISCUSSION

Elemental composition

The percentage of iron, aluminum and manganese in the as-synthesized samples were
determined with the results as depicted in Table 1. The amount of each metal in the three
different composites is in good agreement with the theoretical composition.
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Table 1. Calculated Percentages of powder samples.

Sample code | % Mn® % Mn" % Fe' % Fe % AI" % Al
A 10 9.9 80 76.3 10 9.9
B 5 4.8 80 763 15 14.8
C 5 48 90 89.5 5 48

“nitial percentage composition of as-synthesized sample. "percentage composition of as-synthesized sample
calculated from the FAAS.

X-Ray diffraction analysis

The average crystallite size (D) was calculated from XRD pattern according to the Scherrer
equation: D = Bckﬁ where, k is constant (about 0.9), A is the wavelength (0.15405 nm), B is the

full width at half maximum (FWHM) of the diffraction line and @ is the diffraction angle [15].
From the XRD data (Table 2) we see that the as-prepared sample is nanosized. From the as-
synthesized ternary oxide samples, sample with (80% Fe, 10% Al and 10% Mn) was chosen
which have the highest photodegradation efficiency and its crystallite size was found to be 40.52
nm. The XRD pattern of this sample is depicted in Figure 1. The XRD diffraction pattern of the
nanocomposite in general appeared to be dominated by amorphous structure with limited
crystalline domains. Accordingly, the peaks at 20 values of 35.64° and 62.45° correspond to
hematite (a-Fe,0;) phase [96-900-0140] where as the peak at 20 value of 31° could be
associated with maghemite phase (y-Fe,0;) [06-900-6317]. The additional peak observed at 20
values of 45.11 shows the presence of bixbyite (0-Mn,0;) [96-151-4107]. The reason for the
absence of peaks related to Al,O; could be its low percentage (10%) in the composite and
relatively lower calcinations temperature employed in our experiment (400 °C). In fact,
crystallized alumina such as y-Al,0; might be present under thermal treatment at 800 °C and o-
Al,O; might present under thermal treatment at 1000 °C [9, 16, 17].

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (Degree)

Figure 1. The XRD patterns of samples with 10, 10, 80 Mn,05/Al,05/Fe,O; percentage
composition, respectively.
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Table 2. Average crystallite size (D) of the as prepared nanocomposite photocatalysts calcined at 400 °C for

4h.
Percentage (%) composition 260 (Degree) B (Radian) D (nm)
Fe Al  Mn
80 10 10 31.75 0.223 40.52
80 15 5 33.34 0.371 22.38
90 5 5 3342 0.269 30.87

Morphology investigation

Figure 2 shows the SEM images of ternary Mn,0;/Al,05/Fe,0; nanocomposite with different
magnifications. In lower magnification the aggregated morphology of the nanocomposite is
shown. At higher magnification the image specifies rod like structures of the host Fe,O;
particles. The addition of aluminum and manganese oxide may influence the size and
morphology of pure Fe,0;.

EHT = 10.00 kY Signal A = SE1 Date 125 Jul 2016 EHT = 10.00 kY Signal A = SE1 Date :25 Jul 2018
WD =125 mm Mag= 500KX Time :14:44:28 WD =125 mm Mag= 10.00KX Time :14:50.00
: —

EHT = 10,00 KV Signal A= SE1 Date :25 Jul 2016 EHT = 10,00 k/ Signal A= SE1 Date 25 Jul 2016

WD =125 mm Mag= 2000KX Time :14:66:33 WD =105 mm Mag= 20.00KX Time :15:06:31

Figure 2. SEM micrographs of sample with 10, 10, 80 Mn,05/Al,05/Fe,O; percentage
composition respectively with 2 um resolution.

FT-IR analysis

The peak at 3430 cm ™' is attributable to the O—H stretching vibration of water and an “OH group
on the surface of photocatalyst. Hydroxyl groups are crucial to the photocatalytic reactions since
they can react with photoexcited holes generated on the catalyst surface and produce hydroxyl
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radicals, which act as powerful oxidants [9]. The band at 1628 cm™ might be attributed to O-H
bending vibrations; the bands at 1385 and 1124 cm ' are characteristic absorption band of Al,0;
[18]. The bands at 480 and 570 cm™ could represent the M-O vibrational mode of the
nanocomposite [ 19].

701
651
60+
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501
45

40

% Transmittance

354

570
4000 3500 3000 2500 2000 1500 1000 500

30

‘Wave number cm'1

Figure 3. FT-IR data of sample with 10, 10, 80 Mn,05/Al,0,/Fe,0; percentage composition,
respectively.

UV-Visible diffuse absorption analysis

The band gap of the catalyst directly affects photocatalytic activity in such a way that, the direct
absorption of band-gap photons would result in the generation of electron-hole pairs within the
catalysts, subsequently; the charge carriers began to diffuse to the surface of the catalysts. As a
result, the photocatalytic activity for decomposing organic compounds with catalyst might be
enhanced [20]. The wavelengths of the absorption edges in the UV-Vis spectra were determined
by plotting a vertical line from the apex of the curve [21]. From the absorption spectra, it has
been investigated that the absorbance of the as-prepared nanocomposite photocatalyst is about
~540 nm, as shown in Figure 4. The measured band gap was found to be 2.29 eV, according to
the following formula [22].

1240

E (eV) = —

@

where, Ay = 540 nm, Eg(eV) :% = 2.29 eV. This value indicates that the as-prepared

photocatalyst is sensitive to visible portion of the solar spectrum.
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Figure 4. UV-Visible absorption spectra of sample with 10, 10, 80 Mn,05/Al,05/Fe,05
percentage composition, respectively.
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Photodegradation of malachite green

The photodecomposition of malachite green dye was done for a total of 180 min under UV and
visible light irradiation as shown in Figures 5 and 6. Sample with (80% Fe, 10% Al and 10%
Mn) showed the highest photoactivity which was 98%; samples with (90% Fe, 5% Al and 5%
Mn) and with (80% Fe, 15% Al and 5% Mn) showed 97 and 92% decomposition, respectively,
in visible light. The percent decomposition of the target dye is found to be 72%, 75% and 49%
for samples A (80% Fe, 10% Al and 10% Mn), B (90% Fe, 5% Al and 5% Mn) and C (80% Fe,
15% Al and 5% Mn), respectively, in the presence of UV light, as presented in Table 3.

Remarkable degradation was observed in visible light. This was a positive result for the as
prepared nanocomposite. The increased degradation in the presence of visible light was due to
the unequal number of d electrons in the 3d orbital of Fe and Mn when F ¢ was replaced by
Mn*', since they have the same ionic radii in their high spin state, which is 0.645 A [23, 24].
This is very important, since the electron mobility plays a key role in photocatalysis and this is
one of the problems that prevent hematite from being an efficient photocatalyst [8].

The visible light degradation results of all samples showed only slight differences. This is
because Fe,O; acts as a host in all the samples by taking minimum amount of 80% and the
percentage of Mn,O; and Al,O; changes slightly from 5 to 15%. As observed from degradation
results, increasing Mn,Os and alumina contents from 5 to 10%, increased photocatalytic activity
from 97 to 98%. A decrease in degradation was observed when alumina content was increased
from 10 to 15%. Samples A and B show similar degradation with slight increase in degradation
of sample A under UV light irradiation. A noticeable difference was observed in degradation
result of sample C which contains the lower fraction of alumina from all as-prepared samples.
Increasing alumina content from 5 to 15% increases the degradation under UV light.

Table 3. Percentage photodecomposition of malachite green dye under visible and UV-light irradiation.

Irradiation time (min)

Sample Percentage (%) % decomposition under % decomposition under
code composition visible light UV light
Fe Al Mn
A 80 10 10 98 72
B 80 15 5 92 75
C 90 5 5 97 49
100+ {
—
O 80 e
=
é 60+
5 404 Vd —»— (Sample C)
a ) / —+— (Sample B)
& 204 / (Sample A)
S
"0 30 60 9 120 150 180

Figure 5. Plots of percentage degradation of malachite green dye as function of time under
visible light irradiation.
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Figure 6. Plots of percentage degradation of malachite green dye as function of time under UV
light irradiation

CONCLUSION

A Mn,05/Al,05/Fe,0; nanocomposite with different percentages was prepared by co-
precipitation method. FAAS analysis showed that the obtained percentages of iron, aluminum
and manganese were similar to the calculated composition. The highest photodegradation was
observed for sample 80% Fe, 10% Al and 10% Mn, in the visible region. The FT-IR spectrum
for this sample shows the presence functional groups attributable to metal oxides. The XRD
results revealed that the as prepared sample is nanosized and its strong peaks show the presence
of hematite, maghemite and bixbyite. Rod like structure of the host particle Fe,O; was shown in
SEM micrographs. The UV-Vis diffuse reflectance spectra measured band gap was found to be
2.29 eV. This value indicates that the as-prepared photocatalyst is amenable for the phtocatalytic
experiment carried under visible light domain.
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