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This study was conducted on synthesis of titanium dioxide (TiO2) and Iron disulfide (FeS>)
nanocomposite (TiO.@FeS> NC) as a photocatalyst for degradation of methyl orange (MO) as
chemical pollutants in the industrial wastewater. The TiO2, FeS; and TiO2@FeS, NC were synthesized
through chemical methods. The morphology and crystal structure of prepared samples were studied
using FESEM and XRD analyses. The results showed humongous mixture of TiO2 and FeS; in
TiO2@FeS2 NC. Optical study revealed that the band-gap values for TiO2, FeS; and TiO.@FeS> NC
films were obtained 3.07, 2.74, and 2.88 eV, respectively. Electrochemical characterization exhibited
that specific capacitance of TiO.@FeS, NC was more than TiO> and FeS; due to effective
incorporation Ti and Fe ions to nanocomposite structure and higher effective surface area. The results
of photodegradation studies showed the complete degradation of 20 mg/l of MO in the presence of
TiO2@FeS2 NC photocatalyst were achieved under 65 and 58 minutes UV and visible light
irradiations, respectively. Results showed that the degradation efficiency of TiO> film was significantly
improved 20% and 33% by mixing FeS: in TiO2@FeS2 NC under UV and visible irradiation,
respectively.

Keywords: Photocatalytic degradation; Methyl orange; TiO2 and FeS2 nanocomposite; Band gap;
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1. INTRODUCTION

Organic dyes pollutants from the industrial wastewater sources such as textile, paper, leather,
pulp, soap, plastic, chemical, petrochemical, ink, palm oil can be released in the natural ecosystem and
contaminate the underground water sources, agricultural soils, lake and river [1, 2]. Studies confirmed
that some industrial organic dyes are exceeding toxic and show great hazard to the natural environment
due to their aromatic amine toxicity [3]. Today, industrial development and improper waste
management lead to increased organic dyes pollutants in habitat of humans and animals and creates
significant health problems and carcinogenic effects [4, 5].
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The more applicant industrial organic dyes contains methyl orange, methyl red, rhodamine B,
alizarin S, methylene blue, congo red, and acid chrome blue k. among them, methyl orange (MO,
Benzenesulfonic acid, p-((p-(dimethylamino)phenyl) azo)-, sodium salt) is one of most frequently azo
dyes in medical and chemical labs and the printing, pharmaceutical, and textiles industries.
Accordingly, many studies have been conducted on development identify and degradation techniques
of MO in environment and industrial wastewater [6-8]. The degradation techniques of MO include
coagulation, adsorption, flocculation, ozonation, ion exchange, reverse osmosis, electro-osmosis and
photocatalytic degradation. Many studies have been performed using photocatalytic degradation for to
remove the organic dyes pollutants from the industrial wastewater because of inexpensiveness, high
efficiency, simplicity and excellent stability of photodegradation process with irritation light sources
in presence of nontoxic semiconductors such as TiO2, SiOz, CuO,Fe>03,Sn02,Zn0O, Al20s3, etc[9-13].

Furthermore, modification of the photocatalyst materials and morphology of electrode surfaces
with doping, hybrid and composite materials and nanostructures can change the optical and electronic
structure of electrodes, and consequently improve the photodegradation rate [14-19]. For example,
Gonget al. [10] synthesized Ru-doped TiO2 Nanostructured as photocatalyst to photodegradation the
MO under visible and UV irradiations. Their results indicated that the removal rate was enhanced
through Ru doping and the whole degradation of MO after 45 and 55 minutes irradiation of sunlight
and UV, respectively. Tan et al. [15] synthesized V.Os@ZnO nanocomposite as a photocatalyst for
degradation of MO. They showed a combination of V.Os nanoparticles in ZnO nanorods structure led
to narrowing the band-gap of nanocomposite toward the ZnO film which improved degradation of MO
under visible light irradiation.

Although many studies had been carried out to investigate photocatalytic properties of
semiconductor materials, the TiO@FeS> nanocomposites have never been evaluated before.
Therefore, this study was conducted on fabrication TiO2@FeS> nanocomposite for photocatalytic
degradation of MO as organic dyes in the industrial wastewater.

2. EXPERIMENTAL

In order to preparation of TiO.@FeS2NC, the mixture of 4 g of FeSO4(98%, Shandong Kaiteda
Chemical Co., Ltd., China), 9 g of Na>S203.5H>0(98%, Qingdao HiseaChem Co., China) and 4g TiCl,
(99.9%, Hebei Yanxi Chemical Co., China) were ultrasonically added in 200 ml of ethanol (96%,
Shandong Kawah Oils Co., Ltd., China) for 120 minutes at 160 °C.The obtained suspension was
filtered (3 um, Guangzhou Lvyuan Water Purification Equipment Co., Ltd., China) and rinsed with
deionized water. The filtered suspension was washed with acetone and dried at 75 °C for 14 hours.

Scanning electron microscopy (SEM, Zeiss Supra 40VP) was used to characterize morphology
of synthesized samples. The crystal structures were studied by X-ray diffraction (XRD, X'Pert MPD,
Philips, Holand). In order electrochemical study, cyclic voltammetry (CV) measurements were
conducted on potentiostat (PGSTAT128N, Metrohm Autolab B.V., Utrecht, The Netherlands) in a
standard three-electrode electrochemical cell which contained Ag/AgCl electrode as the reference
electrode, Pt plate as the counter electrode and the prepared samples (TiO2, FeS, and TiO2@FeS2 NC)
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as working electrode. The electrolyte of CV measurement was 0.1 M KOH (95%, Shandong Kaiteda
Chemical Co., Ltd., China) solutions.

Photodegradation measurements were performed in a test chamber which contained a
photocatalyst (TiO2, FeS> and TiO.@FeS2 NC) and the 20 mg/l of methyl orange (99.5%, Lonwin
Industry Group Limited., China) aquatic solution. Optical absorption spectra of synthesized films were
done by a UV-VIS spectrophotometer (Perkin-Elmer, 550ES spectrometer, MA, USA). 300 W Xe
Lamp (Shandong Gelon Lib Co., Ltd., China) and UV Lamp (365nm, TaoYuan Optoelectronics
Shenzhen Co., Ltd., China) were employed to irradiate the visible and UV lights, respectively. Optical
absorption spectra was recorded after lights irradiations and the degradation efficiency was measured
using recorded absorption intensity of degraded dye according to following equation[15]:

Degradation efficiency (%) =(1 — Il—t) x 100 =(1 — %) x 100 1)
0 0

Where, Co and lo are concentration and absorption intensity of undegraded MO solution,
respectively. It and C; are absorption intensity and concentration of irradiated MO solution,
respectively.

The efficiency of the prepared photocatalyst was also evaluated on a wastewater effluent sampled from
municipal sewage and industrial wastewater of Shanghai, China. The sample was filtered and
centrifuged at 1500 rpm, and supernatant was used as a real sample to prepare the 5 mg/l MO solution.

3. RESULTS AND DISCUSSION

SEM images in Figure 1 shows the surface morphologies of the TiO», FeS;and TiO.@FeS; NC
electrodes. As observed from Figure 1a, there are a large number of TiO2 nanorods with average
diameter about 100 nm. The morphology of FeS> film in Figure 1b shows the cubic-shape structures
with average side length of 70 nm. Figure 1c displays the SEM of TiO.@FeS> NC with a bunch of
rods and rod-like structures with average diameter about 110 nm.

Figure 1. SEM images of the (a) TiO, (b) FeSz and (c) TiO2@FeS2NC films.

XRD patterns of TiO2, FeS; and TiO.@FeS2 NC are shown in Figure 2a to 2c. XRD pattern of
the TiO2 in Figure 2a shows recorded diffraction peaks at 26 = 25.75°, 38.03°, 48.01°,54.48°, 62.78°,
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69.03° and 75.22° can be attributed to the (101), (004), (200), (105), (213), (204), (116), and (215)
crystalline planes, respectively, which demonstrated to anatase crystal structure TiO, (JCPDS card
No0.21-1272)[20]. The XRD patterns of FeS, (Figure 2b) exhibits diffracted peaks at 20 = 28.25°,
32.93°, 36.68°, 40.53°, 46.98°, 56.14°, 58.74°, 61.34° and 63.82° can be associated with (111), (200),
(210), (211), (220), (311), (222), (023) and (321) crystalline planes, respectively, which reflected to
cubic pyrite crystal structure of FeS, (JCPDS card No. 42-1340)[21]. For TiO2@FeS> NC sample,
XRD pattern shows all diffraction peaks of TiO. and some diffraction peaks related to (200), (210),
(211), (311), (222) and (023) crystalline planes of crystal structure of FeSz which signified to good
mixture of TiO2 and FeS2 in nanocomposite.

Intensity (a. u.)

20 30 40 5I0 60 70 80
20(°)
Figure 2. XRD pattern of (a) TiO., (b) FeSz and (c) TiO2@FeS. NC films

Optical property of TiO., FeS; and TiO.@FeS, NC films was investigated through UV-Vis
spectra. The recorded absorption spectra are shown in Figure 3a. Figure 3a indicates the absorption of
Tis*in wavelength from 350 to 380 nm for synthesized TiO: film and associated with the transitions
from the TiO, valence band from the oxygen vacancies to the TiO, conduction band [22]. The
absorption spectra of FeS; exhibited the absorbance in 340 to 380nm. Absorption spectra of
TiO2@FeS2 NC film shows the spectra similar to spectra of TiO2 film with wider absorption
wavelength range (350 to 390 nm). The tail broadening of absorption peak in composite can be related
to the presence of a sulfur component [23]. The absorption of TiO.@FeS2> NC film is obtained from
UV to NIR due to the combination of the absorption spectra of TiO2 and FeS; films [24]. Therefore,
the absorption spectra of TiO.@FeS2 NC film is developed from UV to NIR compared to that of TiO>
film. Figure 3 shows Tauc plot of TiO2 and TiO.@FeS2 NC films that calculated using equation (2)
and by extrapolation of the linear portion of higher photon energy to zero absorption coefficient (a=0)
[25]:

(ahv) V2= A (hv—Eg) )
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Where a is the absorption coefficient of the semiconductor, Eg is the optical band gap energy,
A is a proportionality constant, hv is the energy of the photon. As observed, the band gap values in a
synthesized semiconductor are closely correlated to absorbed wavelength. The obtained band gap
values for TiO2, FeS;and TiO.@FeS2 NC films are 3.07, 2.74, and 2.88 eV, respectively. In addition,
the band gap values are decreased by increasing absorption wavelength. The semiconductor with a
wide band gap can be applied as photoactive materials for the UV region [26]. The narrow band gap
films can be used for visible light. This is important because the semiconductor with very small band
gap (<2.8 eV) shows very poor photo-activity because of higher rate of electron-hole recombination
[27].
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Figure 3. (a) UV-Vis absorption spectra and (b) calculation band gap energy of TiO,, FeS; and
TiO2@FeS2 NC films using Tauc plot method.

The electrochemical behaviour of TiO2, FeS, and TiO.@FeS2 NC films were investigated by
CV technique in 0.1 M KOH at scan rate of 20 mV/s. As shown in Figure 4a, the CV of TiO2 film
exhibits redox peaks at 0.06 V and 0.41 Vare attributed to the interconversion between Ti%* and Ti**
[28]. For FeS> film, the recorded CV in Figure 4b shows oxidation and reduction peaks at -0.14 V and
0.66 V which describe the interconversion between Fe?* and Fe*' [29]. The recorded CV of
TiO,@FeS, NC film displays the both redox peaks of TiO, and FeS; due to a pair of oxidation-
reduction processes of Ti and Fe nanocomposite. In addition, TiO.@FeS2 NC film exhibits the larger
area surrounded within the CV curve which illustrated to its specific capacitance enhancement than
TiO2 and FeS» due to effective incorporation Ti and Fe ions to nanocomposite structure and higher
effective surface area [30]. The higher effective surface area can be related to the larger number of
surface active sites and faster spatial charge transfer [31]. Studies have proved that as the specific
surface area, charge-carrier dynamics and light absorption efficiency of photocatalysts also changed,
and then the yield changed accordingly [32, 33].
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Figure 5 and 6 display degradation efficiency of 20 mg/l of MO in the presence of TiO2, FeS»
and TiO2@FeS, NC photocatalysts and without photocatalyst under-dark, UV and visible irradiations.
As indicated in Figure 5, degradation efficiencies of 0.07 %, 1.19 %, 1.07 % and 1.31 % are obtained
after 30 minutes, and 0.12 %, 1.29 %, 1.21 % and 1.41 % are obtained after 150 minutes for blank,
TiO2, FeS; and TiO.@FeS2 NC photocatalysts under dark condition, respectively. Therefore, results
for dark conditions show that the poor degradation (less than 1.5%) happens in the first 30minutes and
degradation rate is insignificant for the last 120 minutes. Therefore, before the degradation
measurements under UV and visible irradiations, the MO solutions were maintained for 35 minutes in
darkness to achieve adsorption-desorption equilibrium.

Current (pA)

! T T T T
0.5 0.0 0.5 1.0
Potential (V) vs Ag/AgCl

Figure 4. (a) The CV curves of (a) TiO2, (b) FeSz and (c) TiO2@FeS2 NC films in 0.1 M KOH at scan
rate of 20 Mv/s

Furthermore, the MO degradation efficiencies are 1.39 %, 83.20%, 36.20 % and 100% for
blank samples, TiO2, FeS; and TiO.@FeS, NC photocatalysts for 65 min UV radiation, respectively
(Figure 6a). The complete degradation of MO for TiO2 film is obtained after 100 minutes UV
irradiation. Figure 6b exhibits the photodegradation efficiencies of 0.87 %, 75.71 %, 38.50 % and 100
% are obtained for blank sample, TiO», FeS; and TiO.@FeS2 NC photocatalysts for 60 minutes visible
irradiation, respectively. Moreover, the complete degradation of MO is observed after 58 and 120
minutes visible irradiation at present of TiO.@FeS, NC and TiO. photocatalysts, respectively.
Accordingly, the degradation efficiency of TiO, film significantly is improved 20% and 33% by
mixing FeS; in TiO2@FeS,; NC under UV and visible irradiation, respectively. The incorporation of
FeS> can change in the TiOz electronic structure due to induce oxygen vacancies and creation of new



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210618 7

energy levels inside the band gap of TiO. that make active TiO.@FeS, NC under visible light
irradiation [34, 35]. These new energy levels can improve the photoexcited electron-hole separation
and promote the density of participated charges in the photodegradation of MO [36]. FeS2 shows the
minimum degradation rate in both UV and visible irradiations because of its narrow band gap it can be
easily excited under visible light but its higher electron—hole recombination rate decreases degradation
rate in visible light region [37]. These results are in agreement with the optical and electrochemical
studies of this work.
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Figure 5. Degradation efficiency of 20 mg/l of MO in blank sample and present of TiO,, FeS; and
TiO2@FeS2 NC photocatalysts under dark condition
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Figure 6. Degradation efficiency of 20 mg/l of MO in blank sample and present of TiO2, FeS, and
TiO2@FeS2 NC photocatalysts under (a) UV and (b) visible irradiations.
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The obtained results of this work were compared with other based TiO2 photocatalyst for
degradation efficiency of MO in Table 1. The comparison reveals the great photocatalytic activity of
TiO.@FeS, NC to degradation of MO under visible light irradiation which attributed to the synergistic
effect of the porosity which facilitates electron-transfer in the interface between TiO, and FeSa,
plentiful anatase and cubic pyrite interfaces, and oxygen vacancies can promote charge separation in
the TiO.@FeS2 NC [38].

Table 1. Comparison between the obtained results of degradation efficiencies of MO in presents TiOa,
FeS> and TiO.@FeS, NC photocatalysts with other TiO2 based photocatalyst.

Material MO Source Degradation Degradation Ref.
content time (minute) | efficiency (%)
(mg/l)
TiO; 20.00 uv 100 100 This
visible 120 100 work
FeS, 20.00 uv 65 36.2 This
visible 60 38.5 work
TiO,@FeS; NC 20.00 uv 65 100 This
visible 58 100 work
Fe-doped TiOzporous microspheres 20.00 visible 360 70 [11]
Pt-doped TiO2loaded on natural zeolite 20.00 uv 90 98 [12]
Cu-doped TiO; NPs 10.00 visible 45 100 [39]
N-doped TiO2 NPs 20.00 visible 60 14 [40]
S-doped TiO, NPs 20.00 visible 100 98 [41]
Fe-doped TiO,NTs 20.00 UV-vis 180 99.7 [42]
Ru-doped TiO2 NRs 20.00 uv 55 100 [10]
visible 45 100

Figure 7a and 7b show the UV-Vis spectra of photocatalytic degradation reaction of 5 mg/I
MO prepared from deionized water as model solution and real sample with respect to different
irradiation times by TiO.@FeS2 NC photocatalyst. It can be observed for both of samples that the
intensity of the absorption peaks at 450 nm continuously decreases during the photodegradation
reactions which similar to reported results of MO degradation over FesOs@SiO.@TiO2 microspheres
[43]. The peak is disappeared after 15 and 20 minutes degradationin model solution and real sample,
respectively. The degradation time for prepared solution with real sample is higher that the model
solution due to presence of MO in background of wastewater. Therefore, the novelty of this study lies
in facile and low-cost synthesis of TiO2 based photocatalysis to treat MO from industrial wastewater
under visible irradiation.
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Figure 7. UV-Vis spectra of photocatalytic degradation reaction of 5 mg/l MO prepared from (a)
deionized water as model solution and (b) real sample with respect to different irradiation times
byTiO.@FeS, NC photocatalyst.

4. CONCLUSION

This work was carried out to fabricate TiO.@FeS2NC for photocatalytic degradation of MO as
organic dyes in the industrial wastewater. The TiO2, FeS;and TiO@FeS, NC were synthesized
through chemical approach and the morphology and crystal structure of prepared samples were studied
using FESEM and XRD analyses. The structural findings showed that humongous mixture of TiO2 and
FeS2 in TiO2@FeS2 NC. Results of optical characterization showed that the band gap values for TiOo,
FeSz>and TiO2@FeS2 NC films were obtained 3.07, 2.74, and 2.88 eV, respectively, and addition FeS>
caused a narrowing band gap in composite film. Electrochemical study exhibited that specific
capacitance of TiO2@FeS, NC was more than TiO, and FeS> due to effective incorporation of Ti and
Fe ions to nanocomposite structure and higher effective surface area. Photodegradation studies showed
the complete degradation of 20 mg/l of MO in the presence of TiO,@FeS2 NC photocatalyst was
achieved after 65 and 58 minutes UV and visible light irradiations, respectively. Results revealed that
the degradation efficiency of TiO> film was significantly improved 33% and 20% by mixing FeS; in
TiO2@FeS2 NC under visible and UV irradiation, respectively. The incorporation of FeS> can change
in the TiO- electronic structure due to induce oxygen vacancies and creation of new energy levels
inside the band-gap of TiO. that make active TiO2@FeS2 NC under visible light irradiation. These new
energy levels can improve the photoexcited electron-hole separation and promote the density of
participating charges in the photodegradation of MO.
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