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Heterogeneous photocatalysis is an attractive alternative route to enhance the degradation of environmental
pollutants. In this work, we have fabricated Fe;TiOs/TiOy binary nanocomposites using natural ilmenite via
bottom up approach. Synthesized nanocomposites were characterized by X-ray diffractometry, X-ray fluorescence,
transmission electron microscopy, Raman spectroscopy, diffuse reflectance UV-Visible spectroscopy, scanning
electron microscopy, and X-ray photoelectron spectroscopy. These nanoparticles are in the range of 40-70 nm and

are of type I heterostructure with a band gap of 2.02 eV. They are sensitive to visible light and show higher
photocatalytic activity under direct solar energy. Photocatalytic activity of Fe,TiOs/TiO, was assessed using a
model textile dye, methylene blue. Over a period of 2 h, 76% of methylene blue was photodegraded at a rate of
0.0084 min~! in the presence of FesTiOs/TiOs.

1. Introduction

Finding practical techniques to producing a clean environment is a
globally demanding challenge. Environmental pollution caused by
anthropogenic activities such as development of industries and agricul-
ture has resulted in the release of heavy metals [1], textile dyes [2],
pesticides [3], fertilizers [4], pharmaceuticals [5] to water reservoirs.
Such contaminants cause adverse effects to all living beings including
human beings [6]. There are many existing methods to purify wastewater
such as chemical precipitation [7], adsorption [8], filtration [9], ion
exchange [10], oxidation [11], and electrolysis [12]. However, alterna-
tive methods are being sought because the current methods are expen-
sive, have limited selectivity and materials used have a short life time.
Advanced oxidation process (AOP) is an alternative pollutant destructive
technology which can completely degrade organic molecules to harmless
CO2 and Hy0. AOP is characterized by its ability of exploit the high
reactivity of hydroxyl radicals (oxidation potential 2.8 V) to mineralize
the organic pollutants [13]. Various semiconductor materials have been
used as photocatalysts including TiO5 nanoparticles [14], ZnO [15], iron
oxide nanostructures [16] etc and among them TiO5 has been the most
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studied due to its ability to cause complete mineralization. However, the
most stable oxides such as TiO, and ZnO are sensitive to only ultraviolet
light limiting their application in visible light. Although some semi-
conductors such as Fe,O3 were reported to be able to absorb visible light,
their photocarrier utilization and quantum efficiency are comparatively
low [17,18]. TiO5 has been doped with metals like Fe [19], Cu [20], Pt
[21] and nonmetals including N [22], C [23] and S [24] to increase its
visible light sensitivity. Interestingly, the scope of using AOP has broaden
to explore alternatives. Researchers have focused on synthesizing nano-
composites such as CuWO4/CuO [25], VO,/g-C3Ny [26], AgsPO4/P-g-
C3Ny4 [27], Co-Fe bimetallic based metal-organic frame works [28],
bimetallic Ag/Pt nanoparticles [29] etc. as efficient photocatalysts for
photodegradation of dyes [25,26], antibacterial activity [25,28,29], Hy
production [27], pharmaceutical degradation [28] due to excellent
charge separation. Novel nanohybrids such as CalnyS4/WSo [30],
CusInyZnSs/Gds05S:Tb [31], ZnIneS4/Ui0-66 [32], MoSey/Zn0O/ZnSe
[33] have shown phtocatalytic activity for Cr(VI) reduction due to
enhanced charge separation by inhibition of the recombination of pho-
togenerated electrons and holes. Composites such as Al;03-Crp03 [34],
WSiy/W  [35] and MoSi; and Si/MoSi, coated TZM
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(Mo-0.5Ti-0.1Zr-0.02C) alloy [36] have shown excellent mechanical
properties. It is highly desirable yet challenging to find effective semi-
conductor materials that are capable of using the abundant solar light.

Extensive deposits of ilmenite which are also rich in rutile and zircon
could be found in sea beaches in areas such as Pulmodai and Induwara,
Sri Lanka. Ilmenite could be used as a source of Ti in various Ti based
applications such as Ti based pigment in house paints, plastics, and paper
[37]. Ti alloys are used in aircrafts due to their low density, high strength
and ability to withstand high temperatures. Ti is used in power plant
condensers due to its high resistance to corrosion [38]. The main
disadvantage associated with the deposits is that ilmenite sand cannot be
applied directly to the above industries due to its macro nature, resulting
in low effectiveness efficiency. Special properties associated with nano-
materials are large surface to volume ratio and increased surface activity
compared to the bulk material. Hence, control of particle size and
morphology play a crucial role in activity related applications [39].
Therefore, reducing the particle size and modifying the morphology
accordingly, are important factors in improving the activity of naturally
available ilmenite. Scientists worldwide have researched on techniques
that could be used to modify ilmenite prior subjecting to many advanced
applications including oxidation and reduction [40-42]. In the light of
the aforementioned requirements we synthesized Fe;TiOs/TiO3 nano-
composites using ilmenite sand as the raw material by a simple chemical
method involving both top down and bottom up approaches. Fe;TiOs is a
narrow band gap (~2.2 eV) semiconductor, and hence could be used as a
photocatalyst in visible light for water splitting to generate an alternative
energy source [43,44]. Moreover, FesTiOs can be applied in various
applications such as, as an anode in Li-ion batteries [45], in the catalytic
reduction of NO with NHz [46], in proton exchange membrane fuel cells
as a dispersion in the Nafion membrane to improve the water uptake, in
proton conductivity and in improving thermal stability [47] etc. Heter-
ostructure FesTiOs/TiO, nanoparticles have been shown to be effective
in degradation of dyes such as Rhodamine B [39,48] methylene blue
(MB) [39] and for water oxidation [44] etc. upon visible light exposure.
FesTiOs5/TiOy has been synthesized using different expensive and haz-
ardous chemicals such as titanium (IV) isopropoxide [39], titanium foil
[44], tetra butryl titanate [48] as the titanium source, Fe(NO3)3 as the
iron source with other chemicals such as oleic acid, oleylamine, CTAB,
SDS [39], ethylene glycol, NH4F [44] etc. by different techniques
including electrochemical deposition [44]. Here we report the synthesis
of nanoheterostructures via a simple chemical method using natural
ilmenite as the only titanium and iron source and its photocatalytic ac-
tivity in degradation of a textile dye, methylene blue. to We also believe
that it would be an ideal way to add value to naturally available raw
materials that could lead to commercialization. Further, the decontami-
nation process would be eco-friendly as water purification by removing
the textile dye, methylene blue could be achieved by a phtocatalyst
synthesized by naturally available material.

2. Materials and methods

All chemicals were obtained commercially and used without further
purification. Ilmenite sand was supplied by Lanka Mineral Sands Limited.
HCl (37.5%), Methylene Blue and NHj3 (28%) were purchased from
Daejung Chemical & Metal Co., Ltd. AgCl (99%) was procured from
Himedia Leading Biosciences company. Deionized water (DI), with re-
sistivity greater than 18.0 MQ cm (Millipore Milli-Q system) was used.
Ilmenite sand was washed with distilled water until the washings were
clear followed by ethanol to remove any impurities present, and dried at
100 °C for 24 h. Purified ilmenite sand (2 g) was reacted with conc. HCI
acid (50 ml) in a refluxing apparatus at 80 °C for 3 h and was incubated in
the same acid for 24 h at room temperature. The liquid portion was
collected and another 50 ml of conc. HCI was introduced to this partially
digested ilmenite sand. The refluxing procedure was performed four
times to ensure maximum digestion of ilmenite sand. To the combined
liquid portions, dilute HSO4 was added at 60 °C and stirring was
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continued until no fumes (presumably HCl) were observed. Conc. NH3
was added dropwise to the stirring mixture until the pH reached 8. The
resulting brown colour precipitate was stirred overnight and washed
with DI water until the washings were negative for Cl” ions (AgCl test).
Precipitate was dried and calcined at 800 °C for 2 h in a muffle furnace.

The photocatalytic activity of the synthesized Fe,TiOs/TiO2 nano-
composites in degradation of methylene blue was assessed under natural
sunlight. Intensity of sunlight was in the range of 80,000-1200000 lux
during the experiments. Catalyst (0.2 g) was added to 100 ml of 3 mg/L
MB solution and the samples were kept in the dark to reach the
adsorption-desorption equilibrium. Aliquots (~3 ml) were withdrawn at
15 min intervals for 2 h and centrifuged at 6000 rpm. The progress of the
photocatalytic performance was monitored by UV-Visible spectropho-
tometry by scanning the absorbance of each sample in the range
200-800 nm.

3. Characterization

X-ray diffraction (XRD) analysis was carried out using an Advance
Bruker system using CuKa (A = 0.154 nm) radiation and 20 varying from
5° to 80° at a scan speed of 2°/min. The chemical composition of the
samples was analyzed by X-ray fluorescence (XRF) using a HORIBA
Scientific XGT -5200 X-ray analytical microscope equipped with a Rh
anode X-ray tube operated at a maximum voltage of 50 kV. The
morphology of the samples was observed by a High Resolution Trans-
mission Electron Microscope operating at 200 kV (JEOL - JEM — 2100)
and energy dispersive spectra (EDS) were collected by the same instru-
ment with TEAM EDX software. The sample (1 pl) was mounted on a
holey carbon copper grid and allowed to dry at room temperature prior to
TEM analysis. SEM images and EDS spectra were collected by Hitachi
SU6600 Analytical Variable Pressure FE-SEM (Field Emission Scanning
Electron Microscope) and Oxford Instruments EDX with AZtec software.
Samples were mounted onto the sample stub using carbon tapes and the
images were taken after gold sputter coating for 15 s. XPS spectra were
acquired by Thermo Scientific™ ESCALAB Xi * X-ray Photoelectron
Spectrometer. Shimadzu 1800 UV/Visible spectrophotometer utilizing a
precision Czerny-Turner optical system was used to analyse diffuse
reflectance spectra of the prepared powder samples. The measurements
were carried out through the range of 190-1100 nm with a bandwidth of
1.0 nm (wavelength accuracy + - 0.1 nm). Absorbance of MB samples
was measured by a Shimadzu UV-1990 double beam UV-Visible spec-
trophotometer. Raman analysis was performed by a Bruker Senterra
Raman microscope spectrophotometer.

4. Results and discussion
4.1. Synthesis of the nanocomposites

The following reaction mechanism could be suggested for the syn-
thesis of binary nanocomposites from natural ilmenite sand.

Reaction of Ilmenite, FeTiOs with conc. HCI,

Ilmenite when treated with concentrated HCI, produces a mixture of
TiOCly and FeCl; as a yellow colour solution as shown in equation (1) and
(2). The overall reaction could be written as shown in equation (3) [49].

FeO + 2HCI = FeCl, + H,0 (@)
TiO, + 2 HCI = TiOCl, + H,O 2)
FeTiO; + 4HCI = FeCl, + TiOCl, + 2H,0 3

Once diluted H,SO4 is added, TiOCl; and FeCl; hydrolyze producing
HCI that eliminates from the reaction mixture as a gas as represented in
equation (4) and (5) [50].

TiOCl, 4+ HySO4 = TiO-SO4 + 2 HCI @

FeCl, + H,SO4 = FeSO4 + 2 HCI 5)
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Fig. 1. XRD patterns of (a) nanocomposite before calcination, (b) nano-
composite after calcination (b) TiO».

When conc. NHj is added to the resulting mixture a brown coloured
precipitate forms as given in equation (6)—(10) [50]. During annealing,
the crystal structure of Fe,TiOs develops (equation (11)) [51].

TiO-SO4 + 2 NH3-H,0 = HyTiO3 + (NH4),S0;4 (6)
H,TiO3 = TiO; + H,O 7)
FeSO4 + 2 NH40OH = Fe(OH); + (NH4)2S04 (8)
2H,0 + 2 Fe(OH), + O, = 2 Fe(OH); + H,0, ©)]
2 Fe(OH); = Fe,;03 + 3H,0 (10
Fe;03 + TiO, = Fe,TiOs 1n

The above proposed reaction mechanism is further supported by the
XRD analysis discussed in section 4.2.

4.2. XRD analysis

The crystalline structure and the phase purity of the prepared nano-
composites were determined by XRD. The XRD pattern of the nano-
composite before calcination shows less intense peaks with a high signal-
noise ratio. Peaks at 25.00°, 37.85°, 47.00° represent the (101), (004),
and (200) planes of anatase phase (ICDD DB card No. 01-077-044) while
the peak at 27° depicts the (100) plane of rutile phase. The peak at 69.10°
shows the presence of both (116) plane of anatase and (301) of rutile
phase. Peaks at 33.00°, 35.70°, 41.15° exhibit the (104), (110), and (113)
planes of a-Fe;O3 (ICDD DB card No. 01-073-0603. Further, the peak at

Current Research in Green and Sustainable Chemistry 4 (2021) 100156

Table 1

Metal Oxide composition of ilmenite.
Material Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6

Mass % Mass % Mass % Mass % Mass % Mass %

MgO 6.14 - - - - -
Al,O3 4.37 1.81 0.05 0.23 0.77 0.04
SiO, 13.04 3.48 2.95 1.34 1.40 1.47
P,0s - - - 0.15 - 0.14
K20 0.48 - - - - -
Ca0 3.35 0.08 0.27 - -
TiO, 41.64 57.17 48.41 50.52 44.51 50.98
Cry03 0.09 0.22 0.08 0.22 0.10 0.22
MnO 0.64 0.53 0.89 0.59 2.03 0.59
Fe,03 30.04 35.70 47.23 46.63 50.67 46.26
ZnO - 0.08 - 0.19 0.03 0.18
710y - 0.92 - - - -

54.00° represents the (116) plane of a-Fe;O3 and (105) plane of anatase,
while the peak at 62.30° represents the (214) plane of a-Fe;O3 and (211)
plane of anatase. The XRD pattern of the nanocomposites after the
calcination is shown in Fig. 1 (b). The diffraction peaks at 20, 18.08°,
25.54°, 32.52°, 36.54°, 37.34°, 40.58°, 41.06°, 46.06°, 48.86°, 55.10°,
56.20°, 60.06° could be indexed to the (200), (101), (230), (301), (131),
(240), (420), (331), (430), (060), (521), and (232) planes of the ortho-
rhombic phase of Fe,TiOs (pseudobrookite) (ICSD 35244). The calcu-
lated d spacings of 0.490, 0.349, 0.275, 0.248, 0.222, 0.219, 0.197,
0.187, 0.166 and 0.154 nm were in good agreement with the ICSD
reference (a, = 9.779 f\,bo = 9.978 A,co = 3.739 A). Other peaks at
27.40° (d = 0.325 nm) and 54.32° (0.168 nm) could be attributed to the
(110) and (211) planes of the Rutile phase. XRD pattern of pure TiO5
annealed at 800 °C is given in Fig. 1 (c) clearly shows the characteristic
XRD pattern of the Rutile phase synthesized via sol gel synthesis method
using Titanium isopropoxide as the precursor.

Crystallite sizes of Fe,TiOs and TiO; were calculated to be 39.8 nm
and 30.3 nm, respectively using the main diffraction peaks at 25.54° and
27.40°. The weight fractions of the different phases of composite are
estimated using the intensities of their main XRD diffraction peaks where
Ip and Iy are the intensities of the main diffraction peaks of Fe;TiOs and
Rutile at 25.54° and 27.40°, respectively and Kp and Ky, are the reference
intensity ratio values of Fe;TiOs and Rutile, respectively [52,53].

Xp = 1/(1+ KP/ KR. IR/ IP)

The calculated weight ratio of FeyTiOs to Rutile is 83:17 and the
molar ratio is 66.3 : 40.7. Therefore, the synthesized sample has five
times more FeyTiOs than Rutile. The acquired XRD patterns further
confirm the proposed mechanism in 4.1 where before the calcination
mainly a-Fe;O3 and TiOy (anatase) compounds have been formed with
some TiO (rutile) and upon calcination, at 800 °C these compounds
together have formed Fe,TiOs and excess TiOy remains as TiOy (Rutile).

4.3. XRF analysis

Table 1 shows the XRF results of the ilmenite sand. Data were
collected from six different spots of the sample. The major elemental

Table 2

Metal Oxide composition of Fe;TiOs/TiOy
Material Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6

Mass% Mass% Mass% Mass% Mass% Mass%

Aly03 0.65 - 0.55 0.57 0.50 0.61
SiOy 0.26 0.89 0.92 0.88 1.00 0.94
P05 - - - - 0.04 -
TiOy 45.38 44.53 45.10 44.94 44.86 44.50
Cry03 0.11 0.10 0.10 0.21 0.11 0.11
MnO 0.23 0.20 0.21 - 0.21 0.24
Fe,03 53.37 54.27 53.12 53.34 53.25 53.56
ZnO - - - - 0.03 0.04
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Fig. 2. (a) Bright field TEM image (b) HRTEM image of Fe,TiOs/TiO» nanocomposites, (c), (d), and (e) element maps indicating the presence and distribution of Ti, Fe
and Ti-Fe, respectively.

composition in the sample were TiO,, Fe303, SiOo, MgO, and Al,03 with another indicating the heterogeneous distribution of elements. Elemental
mass percentage values of 48.87%, 42.76%, 3.95%, 6.14%, and 1.21%, composition of the synthesized Fe;TiOs/TiO2 nanocomposites analyzed
respectively. In addition, MnO, ZrO,, K20, P20s, Cry03, ZnO are present by XRF is given in Table 2. TiO and Fe;Os are the major elemental
in minor concentrations with mass percentage values of less than 1%. species with an average mass percentages of 44.88% and 53.48%,
Mass percentages of all the elements are different from one spot to respectively. All other species, SiO, Al;03, P2Os, Cra03, MnO, ZnO are

Fig. 3. SEM images of (a) natural ilmenite sand (b) Fe,TiOs/TiO, nanocomposites, (c), (d), (e) element maps of Ti, Fe, O, respectively, (f) EDS spectrum of Fe,TiOs/
TiO, nanocomposites.
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Fig. 4. Raman spectrum of (a) Fe,TiOs/TiO, nanocomposites (A-Anatase, R-Rutile, P- Pesudobrookite), (b) TiOs.

present in concentrations less than 1%. SiO, and Al;O3 which were
present as major constituents of ilmenite sand are present in low con-
centrations, on average 0.81 and 0.58%, respectively. This indicates that
much of the SiO9, Al;03 and MgO impurities have been removed during
the synthesis and washing procedures. Further, the composition of the
synthesized nanocomposites show a relatively homogeneous distribution
when the mass percentages of the analyzed six spots are considered.

4.4. TEM analysis

To gain insight on size, morphology and crystal structure of the
synthesized nanostructures, TEM analysis was performed. The bright
field TEM image shows (Fig. 2(a)) the nanoparticle distribution. Most of
the nanoparticles are aggregated and irregular in shape, with some being
spherical, pentagonal and hexagonal. Therefore, calculating the precise
diameter of the nanoparticles is not meaningful. However, in general, the
size of the nanoparticles was in the range of 40-70 nm. Comparison of the
d spacing (0.3564 nm) obtained from the HRTEM image with that

calculated using the XRD pattern (0.349 nm) of the prominent peak at
25.54° indicates that the atomic plane is the (101) plane of Fe;TiOs
(Fig. 2(b)). The slight difference in the d spacing values obtained by TEM
and XRD could be attributed to the localized effect of TEM. According to
the XRD data the ratio of Fe;TiOs5 to TiO5 is ~5:1. Hence, the atomic
planes of TiO could not be seen in the TEM images. The element maps of
the individual elemental distribution of Ti and Fe are shown in Fig. 2(c)
and (d), respectively and the composite of Fe-Ti in Fig. 2(e).

4.5. SEM analysis

SEM images were collected in order to study the morphology and the
size of the synthesized nanocomposites. SEM image of ground natural
ilmenite is shown in Fig. 3(a). It clearly shows the disorganized macro-
nature of the sand particles. The SEM image of the synthesized nano-
particles (Fig. 3(b)) shows that nanoparticles are agglomerated and most
of them are spherically shaped while some irregular shaped nano-
particles are also present. The insert of Fig. 3(b) shows a SEM image of
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Fig. 6. UV-Vis DRS spectra of (a) TiO, (b) Fe;TiOs/TiO,, plots of (ahv)? versus photon energy (hv) for (c) TiO5 (d) Fe;TiOs/TiOs, plots of (ahv)? versus photon
energy (hv) for (e) TiO, (f) Fe,TiOs/TiO5 Ecp and Eyp represent the band edge potentials of the conduction band (CB) and valence band (VB), respectively. These can

be calculated from the following equations [67,70].

high magnification which gives a clear view of the shape and distribution
of the nanoparticles. EDS element maps of Ti, Fe and O are given in
Fig. 3(c), (d) and (e), respectively. They show that these elements are
uniformly distributed in the matrix. Fig. 3(f) indicates the EDS spectrum
of the synthesized nanoparticles in the microscale which clearly shows
the presence of Ti, Fe and O. This is in agreement with the EDS spectrum
collected at nanoscale by TEM.

4.6. Raman analysis

In order to identify the structure of the prepared nanocomposites, the
sample was analyzed by Raman spectroscopy. The Raman spectrum
shows the presence of rutile and unreacted anatase in addition to the
modes of pseudobrookite (Fig. 4). The Raman band at 147 cm ™~ could be
attributed to a combination of a Bjg mode of rutile and anatase which
appear at 143 em ! and 144 em ™}, respectively and E; mode of anatase
which appears at 147 cm™! [54,55]. The shoulder of the main peak
centered at 436 cm™! represents a B1g Raman mode of anatase which

appears at 398 cm ! [54,56]. The broad peak centered at 436 cm™!
corresponds to a combination of a Raman mode of Fe,TiOs and a E; mode
of rutile which appears at 445 cm™! [55,57]. The XRD pattern is also
consistent with the presence of rutile in the composite. However, the
anatase phase was not identified by the XRD pattern. The characteristic
peak of anatase attributed to the (101) plane appears at 25.25°. However,
as identified in the XRD pattern the main intense peak corresponding to
the (101) plane of Fe,TiOs appeared at 25.54°. As the 20 values are
similar, it is possible that the observed peak is a combination of both
these peaks. Peaks at 199, 222, 334, 436, 658 cm™ !, and the broad peak
at around 780 cm™! represent the Raman modes of Fe,TiOs [57,58].
Raman spectrum of pure TiO5 shown in Fig. 4 (b) exhibits four Raman
bands at 143, 235, 444, 608 cm™'. Raman bands at 143, 444, 608 cm ™"
could be attributed to By, Eg and A4 characteristic Raman bands of rutile
[54] while the broad band at 235 cm™! has risen due to the multiple
phonon scattering process [59].
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4.7. XPS analysis

The nanocomposites were also characterized by XPS, to determine the
elements, chemical bonding and their oxidation state. The survey spec-
trum (Fig. 5(a)) shows peaks of Fe 2p, Ti 2p, O 1s and C 1s indicating the
presence of Fe, Ti, O and C in the prepared nanocomposites. Deconvo-
lution of O 1s high resolution XPS spectrum (Fig. 5(b)) indicates the
presence of C=0, C-O and OH which were assigned to the peaks at
529.90 eV, 532.01 eV and 534.26 eV, respectively [60]. Since O is pre-
sent in the crystal structure of the synthesized nanocomposites, as Ti-O in
TiO2 and Fe-O-Ti of Fe,TiOs, such bonding environments could be
assigned to the peaks at 529.90 eV and 532.01 eV, respectively [61,62].
The high resolution spectrum of Ti 2p deconvoluted as shown in Fig. 5(c).
It clearly shows the spin — orbital splitting of Ti 2p as 2p3,2 and 2p; /2.
Peaks at 458.50 eV and 464.11 eV, correspond to the 2p3,» and 2p; 2 of
Ti®*, respectively. The other peaks at 460.44 eV and 466.01 eV represent
the 2ps/o and 2p; /5 of Ti*", respectively. The shift in the binding energy
from the reported values for Ti*t and Ti*" [63,64] might have resulted
due to the two different chemical environments which Ti exists, Fe;TiOs
and TiO,. Ratio of Ti>* and Ti*" of Fe,TiOs/TiO, is 1:2. XPS high reso-
lution spectrum of pure TiOy (Fig. 5(d)) shows the peaks at 458.60,
460.40, 464.31, 465.73, and 472.55 eV indicating the presence of both
Ti%* and Ti** in a ratio of 5.5:1. High oxidation state of the same element
possess high binding energy. Similar to Ti, the high resolution XPS
spectrum of Fe 2p (Fig. 5(e)) also shows four sub peaks, where the peaks
at 711.16 eV and 724.61 eV could be attributed to 2p3,» and 2p; 2 of
Fe3*, and those at 719.15 eV and 732.39 eV could be assigned to the
satellite peaks of 2p3/» and 2py 5, respectively [65].

4.8. UV-visible spectroscopy

The optical properties of the synthesized nanocomposites were
studied by UV-Visible diffuse reflectance spectroscopy (Fig. 6). The op-
tical absorbance was calculated using the Kubelka-Munk function (o =
(1-R)%/2R). Here, a and R are the absorption coefficient and diffuse
reflectance coefficient, respectively [66,67]. The optical absorbance of
TiO2 nanoparticles synthesized by sol gel synthesis and annealed at 800
°C is shown in Fig. 6(a). It shows a significant UV light absorption edge at
425 nm. The light adsorption edge has been red shifted to the visible
range in the Fe,TiOs/TiO3 heterostructures commencing around 592 nm
as shown in the DRS spectrum with four absorption bands centered at
about 406 nm, 494 nm, 602 nm and 795 nm (Fig. 6(b)). To determine the
band gap of the semiconductors, the Tauc Plots ((F(R) x h)" vs hv) of
TiO4 and FesTiOs were constructed. Tauc plot for the direct band gap
transition was plotted using n = 2 for the above equation, while the Tauc
plots were plotted using n = % to represent the indirect band gap tran-
sitions. For direct band gap transition, the plot shows a linear Tauc region
just above the absorption edge, while indirect transitions show an in-
definite Tauc region in the plots. Plots corresponding to direct transition
of TiO, and Fe,TiOs are given in Fig. 6 (¢) and (d), respectively and plots
that indicate indirect transitions are shown in Figure (e) and (f),
respectively. Extrapolations of indirect transitions yield small band gap
values, 2.77 and 1.53 eV for TiO, and Fe,TiOs, respectively. The band
gap values obtained from the extrapolations of direct transitions plots are
2.96 and 2.02 eV for the above materials, respectively. The resulting
band gap of FeyTiOs from direct transition is slightly lower than that
reported [44]. The presence of metallic and non metallic impurities in the
final product (Table 2) may exert a significant effect on band gap values
due to the oxygen vacancies and lattice disorientations, affecting the
electronic transition from the valence band to the conduction band [68].
Further, it has been shown that the presence of SiO; and Fe lower the
band gap of TiO, by shifting the optical absorption to the visible range
[69].

Ecp = X - E€ - 0.5E,

Current Research in Green and Sustainable Chemistry 4 (2021) 100156

. ‘ 3 cB ‘ Typel
sun Light (B [ ee 017 gunLight B |
3 e} % S
S - =
o W I
=~
vB \_§ |
237 it VB VB
579

Fig. 7. Representation of valence band (VB) and conduction band (CB) poten-
tials of Fe,TiOs, TiO, and possible movement of charge carrier in the Fe,TiOs/
TiO, nanocomposite system.

Evp = X - E€ + 0.5E,

where X is the electronegativity of the semiconductor determined by the
geometric mean of the absolute electronegativity of constituent atoms; E€
is the energy of the free electrons on the hydrogen scale (approximately
4.5 eV); and E; is the band gap of the semiconductor. The X values for
Fe,TiOs and TiO, are 5.86 and 5.81 eV, respectively [67]. Based on the
above equations E¢p values of Fe;TiOs and TiO; are estimated to be 0.35
eV and —0.17 eV/normal hydrogen electrode (NHE), respectively. The
corresponding Eyp values are 2.37 eV and 2.79 eV/NHE, respectively. As
depicted by Fig. 7, the CB of Fe,TiOs lies below that of TiO5 and the VB
lies above that of TiO, creating a type I band alignment. The photo-
generated electrons present in the CB of TiO5 are transferred to the CB of
Fe,TiOs, while the holes present in the VB of TiO5 are also transferred to
the VB of FeyTiOs facilitating the recombination of photogenerated
electrons and holes. The hydroxyl radicals and superoxide radicals have
been reported as the major reactive species during the photodegradation
of organic pollutants by most photocatalytic reactions. These radicals are
generated when Oy, HyO and ~ OH interact with the photogenerated
electrons and holes as follows,

Photocatalyst + hy = e~ + h't (1a)
0, +e¢ =0F (2a)
H,O +h" = ®OH + H* (3a)
“OH (surface) + h7 = ®OH (4a)

The standard redox potentials for HoO/®OH, -OH/®OH are 2.72 and
1.99 eV vs NHE, respectively [71,72]. The VB potential of Fe;TiOs and
TiOg are 2.37 and 2.79 eV, respectively. The VB potential of TiO; is
greater than the redox potential of H,0/®OH and ~OH/®OH, while the
VB potential of FesTiOs is less than the respective potentials. Hence, the
generation of ®OH by equations (3) and (4) at the VB of TiO, is possible,
while that at the VB of Fe,TiOs is not possible. The CB potential of both
FesTiOs (0.35 eV) and TiO (—0.17 eV) are greater than the redox po-
tential for O5/0® (—0.33 eV vs NHE [71]). Therefore, the generation of
oY by equation (2) is not possible at the CB of both FesTiO5 and TiOs. In
the present study, the photogenerated e, h* and ®OH radical jointly
participate in degrading the MB dye on illumination with solar light.

4.9. Photocatalytic activity

Photocatalytic activity of Fe;TiOs/TiO2 nanocomposites in degrading
MB under natural sunlight was studied where MB was selected as the
model compound being a textile dye present in wastewater. Samples
were kept in the dark prior to irradiation by sunlight in order to reach the
adsorption-desorption equilibrium. The variation of A/Ag with time of
FesTiOs/TiOy and synthesized TiOy are shown in Fig. 8 (a) and (b),
respectively. It can be clearly seen that the absorption drop of samples
incubated with Fe,TiOs/TiO,. This observation could be attributed to the
high porosity and high surface area of the synthesized Fe,TiOs/TiO2. As
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Fig. 8. The absorbance changes of methylene blue dye as a function of irradiation time under solar light of (a) Fe;TiOs/TiO, (b) TiOs, Plot of In A/A, vs irradiation
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revealed by the TEM and SEM images in Figs. 2 and 3, respectively the
surface to volume ratio is high in the synthesized Fe;TiOs/TiO2 nano-
composites. Hence, more MB molecules would be adsorbed to the surface
active sites of FepTiOs/TiO5. As the MB molecules are positively charged
the adsorption sites should to be negatively charged to facilitate a better
adsorption. This suggests that the surface of the FesTiOs/TiO; is nega-
tively charged. The larger negative charge could be attributed to the
greater presence of surface oxygen in Fe;TiOs/TiOs. Adsorption of the
reactant molecules to the catalyst surface promotes the catalytic reaction
as the close proximity of the catalyst to the reactant molecules facilitates
the electron and radical transfer. Adsorption drop with pure TiO syn-
thesized by sol gel method is lower than that with Fe,;TiOs/TiO which
could be due to the low porosity and surface area. Kinetic plots for the
degradation of MB by Fe,TiOs/TiO2 and TiO5 are shown in Fig. 8 (c) and
(d), respectively.

The rate constant for mineralization of MB by Fe,TiOs/TiO5 is 0.0084
min~! and only 75.95% decoloration of MB was observed after 2 h
indicating incomplete mineralization. As explained in the XRD analysis
the weight ratio of Fe,;TiOs to TiOy of the synthesized nanohybrid,
Fe,TiOs/TiO, is 5:1. Therefore, it can be concluded that Fe,TiOs alone
contributes more to the photocatalytic activity than the Fe;TiOs/TiO5
heterojuction. Electron-hole pair recombination occurs at both Fe;TiOs
and the heterojunction resulting in a low photocatalytic activity as shown
in Fig. 7. Similarly, photocatalytic activity of pure TiOy annealed at 800
°C was also investigated under the same conditions. The rate constant for
mineralization of MB by TiOy is 0.01076 min~! and 77.87% decoloration
of MB was observed after 2 h. Pure TiO5 has shown a slightly higher
photodegradation rate than Fe,TiOs/TiO». This has resulted because the
amount of MB adsorbed to FesTiOs/TiO, under dark conditions is 52%
higher than MB adsorbed to pure TiO;. Reactant species should get
adsorbed or at least be in close proximity to the catalyst surface for the

catalytic reaction to take place. Therefore, it is suggested that MB
adsorbed during the dark conditions is also degraded first upon exposure
to sunlight, vacating the catalyst surface for the adsorption of free MB
molecules in the solution. Therefore, amount MB molecules degraded
during the whole time period by Fe,TiOs/TiO; is higher than that by
TiO2. When the first hour of the catalyst being exposed to MB molecules
is considered, including the 30 min which they were kept is dark, the rate
constant for the MB degradation by Fe;TiOs/TiO2 and TiO4 are 0.01027
and 0.00746 min ", respectively. This clearly shows that photocatalytic
activity of FepTiOs/TiO5 is greater than that of pure TiOs, Further, as
revealed by the XPS analysis pure TiO, contains both Ti** and Ti** in a
ratio of 5.5:1 at the surface, while that of Fe,TiOs/TiO5 is 1:2. Ti®* and
oxygen vacancies are known to enhance visible light absorption [73].
The existence of the defect states just below and its overlap with the
conduction band could explain the enhanced photocatalytic properties of
the self-doped TiO; [74]. Hence as pure TiO, contains more Ti®* that has
also contributed to considerable photocatalytic activity.

As revealed by the XRF analysis FeoTiOs/TiO; consists of many other
metal and non-metal species. These impurities lower the band gap and
facilitate electron transfer to the MB molecules. Incorporation of SiO5 to
TiO2 has been found to enhance the photocatalytic activity of TiO,.
However, the photocatalytic activity of TiOy decreased with high ratios
of Si04:TiOy [75]. TiOy modified with Fe3* has also shown improved
photocatalytic activity when loaded on Al;O3 [76]. Further, Al;03 doped
Mn304 nanomaterials have exhibited high solar photocatalytic activity
[77]. Another study indicates that the photocatalytic activity of TiO is
inhibited by MnO at lower concentrations due to the formation of het-
erojunctions between MnO; and TiO particles. Further, MnO; in contact
with TiO; broaden the band gap, reducing the absorption of UV radia-
tion. It can also create impurity levels serving as photogenerated
electron-hole pair recombination centers, triggering the electron-hole
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pair recombination [78]. However, it has been reported that only MnO»,
is a low cost, highly effective photocatalyst with a band gap of 1-2 eV
which could be driven by visible light [79]. Further, the findings indicate
that MnO, coupled with TiO; produces high photocatalytic activity as the
presence of TiO, minimizes electron-hole pair recombination and slow
charge transfer in MnO,. The visible light sensitivity of the photocatalytic
activity of TiO2 improved due to the presence of MnO; [79]. Cr203-TiO2
mixed oxides [80], CroO3/Carbon nanotube/TiO, composite materials
[81] have shown increased visible light absorption, allowing greater
applicability. Therefore, it is evident that impurities present in Fe,T-
i05/TiO4 have an effect on photocatalytic activity. The observed catalytic
activity suggests that it may be possible to use the synthesized photo-
catalysts to degrade other toxic organic pollutants.

5. Conclusions

In summary, we have synthesized Fe;TiOs/TiO, binary nano-
composites by bottom up approaches using natural ilmenite sand. The
type of heterostructure plays a crucial role in photocatalytic activity.
Electron-hole pair recombination was facilitated by the type I band
alignment due to the accumulation of electrons in the conduction band
and holes in the valence band of Fe;TiOs. We believe that this new input
directs the design and synthesis of new photocatalytic systems that could
be used to produce a cleaner environment.
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