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ARTICLE INFO ABSTRACT

Keywords: The advanced oxidation process is a prominent method available to remove dyes released to normal water
Tlmenite reservoirs to alleviate water scarcity. We report the fabrication of novel g-C3N4/Fe,TiOs/FeoO3 using natural
8-CaNy ilmenite sand as the precursor of the metallic semi-conductors exploration of a heterostructure for photo-
g:;:i;:;ra dation degradation of methylene blue under sunlight. Ternary composites were synthesized by varying g-CsN4 with
Photosterilization respect to FeoTiOs/FepO3 and varying Fe,TiOs/FepO3 with respect to g-C3N4 where the varying component was

varied as 8, 24 and 40%, respect to the constant material. The hybridization of the three semi-conductors has
been confirmed by the microscopic, chemical, and structural analyses. X-ray diffraction patterns show the
presence of all three g-C3Ny, FeoTiOs and a-FepO3 while the transmission electronic microscopic and scanning
electronic microscopic images show the heterogeneous distribution of the metal oxide nanoparticles on g-C3Ny4
matrix forming the composite. HRTEM images further reveal the junction of Fe;TiOs and o-FeyOs. X-ray
photoelectron spectra show the existence of s-triazine and heptazine rings in the composites with Fe>* and Ti**
as the only oxidation states of Fe and Ti. Fe;TiOs/Fep03/40% g-C3N4 with bandgap of 2.63 eV calculated by
diffuse reflectance UV-Visible spectroscopy showed the highest photocatalytic activity (0.009 min~!) being 1.3
times greater than the Fe;TiOs/FeyOs nanoparticles. Enhanced photocatalytic activity over the fabricated
composites was observed due to the increased visible light absorption, efficient charge separation and improved
charge transportation. g-C3N4 coupled with 40% Fe;TiOs/Fe2O3 showed the highest antibacterial activity against
gram-negative E.Coli. The synthesis of dual Z-scheme g-C3N4/Fe;TiOs/Fe;O3 ternary composite provides new
sights in developing novel photocatalysts using natural ilmenite sand for environmental applications.

1. Introduction non-biodegradable because of their complex and synthetic nature [3,4].

Briefly, such hazardous effects include but are not limited to alterations

Water scarcity is a massive issue faced by the world which de-
teriorates the quality of living of all living beings. Rapid industrializa-
tion caused by anthropogenic activities causes the discharge of various
hazardous compounds including but not limited to heavy metals, pes-
ticides, fertilizers, pharmaceuticals, and dyes. Among them, dyes
released by paper, paint, textile, cosmetics, and plastic industries to the
normal water reservoirs play a crucial role [1,2]. Dyes cause severe
harmful effects due to their accumulation in the water bodies as they are

* Corresponding author.
E-mail address: charitha.t@sliit.1k (C. Thambiliyagodage).

https://doi.org/10.1016/j.apsadv.2022.100337

in the biological and chemical oxygen demand [5], reduction of the light
penetration into the water bodies limiting the photosynthesis [6,7], and
collection of toxic materials such as heavy metals, chlorinated com-
pounds, surfactants, salts, etc. [8]. Further, the presence of dyes affects
the aesthetic value [9]. Therefore, it is important to remove dyes from
wastewater and several methods including adsorption [10,11], oxida-
tion [12,13], coagulation [14,15], nanofiltration [16,17]. However,
these methods collectively exhibit different drawbacks like
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non-destruction of pollutants, non-selective, high cost, resistance to
treatment, formation of intermediates, sludge generation, membrane
fouling, and insufficient separation [18,19]. The advanced oxidation
process is advantageous over other methods as the dyes are degraded
into harmless products by the different radicals generated; hydroxyl
radicals (OH®) and superoxide radicals (O3 ®) which are being widely
used for photoreduction [20-22]. The heterogeneous photocatalysis
garnered extensive attention as sunlight can be used as the energy source
for the production of above mentioned radicals which will further
degrade the pollutant molecules [23]. g-C3N4 has been tremendously
employed in the field of photocatalysis recently due to its visible activity
that was first reported by Wang et al. [24] in which it was used as the
photocatalyst to produce Hy and O5 by splitting water under sunlight.
g-C3Ny consists of s-triazine or tri-s-triazine as the monomers which are
interconnected via ternary amines to build 2D sheets. Atoms of one sheet
are linked via covalent bonds and the sheets are held together via Van
der Waals forces. The valence band (VB) of g-C3Ny4 is comprised of N 2p
level, while the conduction band (CB) is made by the hybridization of
the N2p and C 2p levels. Therefore, the photogenerated electrons at the
CB recombine with the holes in the VB easily leading to poor photo-
catalytic activity. However, to overcome such drawbacks g-C3Ny4 is
coupled with semiconductor metal oxides to enhance the charge carrier
separation which would then produce a higher photocatalytic activity.
In order to succeed such interest g-C3N4 has been coupled with TiO5 [25,
26], ZnO [27,28], iron oxide [29,30], tin oxide [31,32], WO3 [33,34],
V205 [35,36], CoFeaO4 [37], Ag/ZnO nanowires/Zn [38] etc. Dual
Z-scheme structures in which g-C3Ny is included are also reported to be
efficient photocatalysts such as g-C3N4/BisTiz012/BisOsla [39],
g—C3N4/Ag3PO4/Ag2MOO4 [40], WOg/g—C3N4/Bi203 [41], g-C3N4/Ag2_
COs/graphene oxide [42] for Hy production, O evolution, tetracycline
degradation, methylene blue degradation etc. The main concern with
the selected most of semiconductors is that they are sensitive to UV light
only and that limits the efficiency of the overall photocatalysts though
g-C3Ny is visible active, and the possible electron hole pair recombina-
tion. Therefore, we got interested in fabricating a novel photocatalyst
where the semiconductor metal oxides are also active in the visible
range. Natural ilmenite abundantly available on sea beaches of Sri Lanka
is primarily being used only for exporting to synthesize pure TiO5 used
as the white pigment. During the production of commercial TiO5, acid
leachate is discarded as a waste material which highly corrosive but
contains a high concentration of iron and titanium. In our previous
studies, we demonstrated the synthesis of novel photocatalysts using
acid leachate giving more value to ilmenite sand [43,44]. FexO3 alone
and coupled to other semiconductors and carbon based nanomaterials
have also been reported to photocatalytically active in the visible range
and degrade the pollutants in water [45,46].

Here, we report the coupling of Fe;TiOs/Fe;03 heterostructures with
g-C3Ny for an enhanced photocatalytic activity for the photodegradation
of methylene blue and the antibacterial activity of the synthesized
nanocomposites against E.Coli. Moreover, g-C3Ny4 is reported to be
coupled with only one semiconductor metal oxide creating either type II
or z-scheme heterojunctions and coupling g-C3sN4 with two metal oxides
is not well reported in the literature. According to our knowledge, this is
the first time that the synthesis, characterization and photocatalysis of g-
C3N4/Fe,TiOs/Fey0s is presented.

2. Procedure
2.1. Synthesis of Fe3TiOs5/Fez03

Ilmenite sand 10 g was treated with 200 ml of conc. HCI under
refluxing conditions at 90°C with continuous magnetic stirring for 6
hours followed by stirring at room temperature for another 18 hours.
Obtained leachate was separated and the residue was again treated with
a new portion of 200 ml of HCl. This procedure was repeated two times
except for 100 ml of HCl was used instead of 200 ml. Obtained all four
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leachates were combined and conc. NH3 was added dropwise until pH
reaches 10. Obtained brown colour precipitate was washed with
distilled water until the washings were negative for C1~ and a neutral pH
is reached. The resulting precipitate was annealed at 800°C for 2 hours.
This product will be abbreviated as FF in the text.

2.2. Synthesis of g-CsN4

Urea was annealed at 550°C for 2 hours in an Ny atmosphere and the
obtained yellow colour product was washed with distilled water and
ethanol. The dried product is denoted as GC in the text.

2.3. Synthesis of FeaTiOs/Fe203/g-C3Ny

Synthesized Fe,;TiOs/FeyO3 and g-C3N4 were mixed in different
weight percentages where Fe;TiOs/Fe;O3 was added as 8%, 24%, and
40% with respective to g-C3N4 which are abbreviated as FF8GC, FF24GC
and FF40GC, and g-C3N4 was mixed with FeyTiOs/FepOs in weight
percentages of 8%, 24%, and 40% with respective to Fe;TiOs/Fe;03 and
they are denoted as FFGC8, FFGC24 and FFGC40. Mixed samples were
sonicated at 24 kHz frequency (50 W) for 20 minutes and were treated
hydrothermally at 150°C for 12 hours. The obtained sample was washed
with ultrapure water and dried at 60°C.

2.4. Photocatalytic activity

Synthesized photocatalysts (100 mg) were shaken in 100 ml of 10
ppm MB solution for 90 minutes in dark to reach the adsorption-
desorption equilibrium. Then the catalysts containing MB solutions
were exposed to sunlight between 10.00 a.m. to 2.00 p.m. Intensity of
sunlight was in the range of 80000 - 1200000 lux during the experi-
ments. Experiments was carried out for 150 minutes and aliquots were
withdrawn every 15 minutes and absorbances were measured by a UV-
Visible spectrophotometer.

2.5. Antibacterial activity

Microbial strain and inoculum preparation

The test microorganism E.Coli was procured from Medical Research
Institute, Sri Lanka. E.Coli was cultured in nutrient broth at 37°C over-
night. The bacterial cultures were sub-cultured before the assay and
later diluted to obtain a bacterial suspension of 5x10~> colony-forming
units (CFUs)/mL for further analysis.

Broth dilution assay

The antibacterial activity of GC, FF, FFGC40 and FF40GC composites
was investigated using the Broth Dilution method against native and
nanoparticle-treated bacteria to determine what inhibits the growth of
E. Coli. The antibacterial effect of the composites was tested against
E. Coli in a sterilized Nutrient Broth medium. For the Broth Dilution
Assay, 24 h aged bacterial culture was adjusted to obtain 5x10~> CFU/
mL with a 0.5 McFarland turbidity standard as the visual yardstick and
spectrophotometer. The adjusted bacterial suspension was used within
30 minutes to avoid changes in the cell count. Nanoparticle suspensions
were prepared by sonicating the synthesized nanomaterials in deionized
water for 1 h. 1 mL of the freshly prepared overnight culture was
inoculated to 5 mL of sterilized Nutrient Broth medium containing 1 mL
of 60 mg/mL of nanomaterial suspensions. Additionally, 1 mL of bac-
terial culture was inoculated to 5 mL of sterilized nutrient broth medium
containing 1 mL of Amoxicillin (10 mg/mL) as the positive control.
Nanocomposite-free broth medium inoculated with E. Coli served as the
growth control. The Nutrient Broth medium with nanomaterials alone
was retained as the blank. All tubes were incubated in a temperature-
controlled shaker (150 rpm) at 30°C overnight for 24 h. After the in-
cubation, O.D. (Optical Density) was recorded at 600 nm to measure the
turbidity and the inhibition of growth was determined. The OD for each
sample was calculated.
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Percentage inhibition of growth was calculated using the formula
given below:

%Inhibition= (0.D.) control - (0.D.) est

(O~D~) control

Where,

(0.D.) control = absorbance of the control sample

(0.D.) test = absorbance of the test sample with the respective
composite

3. Characterization

TEM images were collected using Tecnai G2 F20 Twin TMP using
200 KV accelerating voltage. Samples were prepared by dropping a
diluted suspension of the nanomaterials onto the Cu grid. SEM images
were obtained by Carl zeiss evo 18 research spectrophotometer equip-
ped with Edax element eds system. XRD patterns were collected via the
D8 Advance Bruker system using CuKa (A = 0.154 nm) radiation varying
20 from 5 °- 80 ° at a scan speed of 2 °/min and the Panalytical software
was used for analysis. The samples’ chemical composition 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 survey spectra and the higher reso-
lution spectra of the synthesized catalysts were acquired by Thermo
Scientific™ ESCALAB Xi* X-ray Photoelectron Spectrometer. Instru-
ment was calibrated with pure graphite and charge was neutralized
prior analysis. Peak fit 4 software was used to fit the peaks. The absor-
bance of MB samples was measured by a Shimadzu UV-1990 double
beam UV-Visible spectrophotometer.

4. Results and dscussion
4.1. XRD analysis

XRD patterns were collected to study the crystallographic orientation
of the synthesized materials (Fig. 1). The XRD pattern of pure g-C3Ny
consists of two peaks at 13.1° and 27.4°, which are attributed to the
(100) crystal plane of tri s-triazine units and to the (002) crystal plane
which corresponds to the interlayer stacking of aromatic segments.
Interlayer spacings calculated for the corresponding peaks are 0.67 nm
and 0.33 nm, respectively. The crystallite size of the peak corresponds to
the (002) plane is 3.86 nm. The peaks at 18.20°, 25.60°, 32.61°, 36.68°,
37.44°, 40.97°, 46.08°, 48.83°, 55.27°, 60.14° of the XRD pattern of FF

m g-C3Ng4 oFe2TiO5 + a—Fe203
[ ]
o slm T e o e " ° FFGCA40)
[ ]
. totdm Tt o e w % ek FFGC24
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Fig. 1. XRD patterns of the synthesized nanomaterials.
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are assigned to the (200), (101), (230), (301), (131), (240), (331), (430),
(060), (232) planes of the orthorhombic phase of pseudobrookite,
FesTiOs (JCPDS card No: 41-1432). Calculated lattice parameters, a
(9.800 A), b (9.849 A), ¢ (3.720 A) and the unit cell volume (359.0 A%)
further indicated the formation of the orthorhombic Fe,TiOs. Peaks at
24.21°, 33.24°, 35.71°, 49.54°, 54.16°, 56.31°, 62.52° and 64.07°
correspond to the (012), (104), (110), (024), (116), (018), (214), and
(300) planes of a-FeoO3 (JCPDS card No: 79-0007). Calculated lattice
parameters, a (5.016 A) and c (13.626 10\) and the unit cell volume
(296.90 AS) are consistent with the values reported for the hexagonal
a-FeyOg in the literature [47]. The peak at 27.37° is attributed to the
(110) plane of the Rutile phase of TiO,. The interlayer distance and the
crystallite size of Fe,TiOs, 0.37 nm and 36.37 nm, respectively, were
calculated using the peak at 25.60°. The same parameters of a-Fe;O3 and
Rutile were calculated using the peaks at 33.24° and 27. 37°, respec-
tively. The interlayer distance of a-Fe;Os and Rutile was 0.27 nm and
0.33 nm, respectively. XRD patterns of FFGC8, FFGC24 and FFGC40,
show the peaks corresponding to both Fe;TiOs and a-FeyOs and the
prominent peak of Rutile which appears at 27.37° is masked by the
(002) plane of g-C3N4. The intensity of the peak assigned to the (002)
plane increases going from FFGC8 to FFGC40 as the g-C3N4 proportion
increases. The XRD patterns of FF8GC, FF24GC and FF40GC are domi-
nated by the peak corresponding to the (002) plane of g-C3Ny4 as the
weight of FF is varied while that of g-C3N4 kept constant and hence the
dominant constituent of those composites is g-C3N4. Peaks correspond-
ing to FesTiOs and a-FeyO3 were identified though the intensity was low
as the percentage of FF ranges from 8-40 and is comparatively low.

4.2. TEM analysis

TEM images of GC and FFGC40 are shown in Fig. 2. TEM images of
GC are shown in Fig. 2(a) and (b). Thin and fluffy g-C3N4 nanosheets are
arranged as tremella-like layers as exhibited in Fig. 2(a). Mesopores are
formed in the nanosheets as revealed in Fig. 2(b) due to the polymeri-
zation and the elimination of gas molecules during the annealing pro-
cess. Insert of Fig. 2(b) clearly show the formed mesoporous structure.
The nitrogen and oxygen in the reaction system can generate gas bubbles
splitting the polymer when it polymerizes resulting in stripping g-C3N4
layers into small layers producing a fluffy structure [48,49]. Fig. 2(c)
shows the aggregated metal oxide nanoparticles are heterogeneously
distributed on the 2D nanosheets of g-C3sN4. HRTEM shown in Fig. 2(d)
shows the conjunction of Fe,TiOs and a-Fe;Os. The interlayer distances
of 0.35 and 0.48 nm indicate the (101) and (200) planes of Fe;TiOs
while the d spacing value of 0.27 nm indicates the (104) plane of
(x-Fe203.

4.3. SEM analysis

SEM images of the synthesized nanomaterials are shown in Fig. 3.
SEM image of FeyTiOs/Fe;O3 nanoparticles is shown in Fig. 3(a).
Nanoparticles are worm-like shaped and interconnected due to Oswald
ripening. Fig. 3(b) shows the SEM image of GC exhibits an inter-
connected macroporous structure. As shown in the TEM image given in
Fig. 2(b) a well-developed mesoporous structure is established in g-
C3Ny. Therefore, synthesized it is evident that the synthesized g-C3N4
consists of a hierarchical porous structure. As shown in the SEM image of
FFGC40 (Fig. 3(c)) the interconnected porous structure has been
disturbed and the Fe,;TiOs/Fe;0O3 nanoparticles are agglomerated on the
g-C3N4 nanosheets. The worm-like shape of the nanoparticles dis-
appeared when subjected to hydrothermal conditions for 12 hours. EDX
spectrum of FesTiOs/FepO3 (Fig. 3(d)) reveals the presence of Fe and Ti
as the main metallic species and Mn is present in minor quantities being
consistent with the XRF analysis reported below. EDX spectrum of
FFGC40 (Fig. 3(e)) exhibits the presence of C and N in the g-C3Ny4
framework with Fe, Ti and Mn as the metallic species.
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Fig. 3. SEM images of (a) Fe,;TiOs/Fe,03 nanoparticles (b) GC (c) FFGC40, EDX spectra of (d) Fe,TiOs/Fe,O3 nanoparticles (e) FFGC40.
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4.4. XPS analysis

The surface of the prepared catalysts was analyzed by XPS (Fig. 4).
The survey spectrum of GC (Fig. 4(a)) shows the presence of C, N and O
as the main species while in addition to them Ti and Fe are present in the
survey spectrum of FFGC40 (Fig. 4(b)). The higher resolution spectrum
of C 1s of GC is given in Fig. 4(c) and is deconvoluted to three main peaks

- (a) N1s

C1s

Counts/s
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centered at 284.6, 288 and 293.4 eV, which are attributed to the sp2
hybridized graphitic G (G-C), sp® hybridized carbon in N-C=N and -1
transitions, respectively. Similar chemical behaviour was observed in
the higher resolution spectrum of C 1s of FFGC40 (Fig. 4(d)) in which the
respective peaks appeared at 284.6, 288.2 and 293.7 eV, respectively.
The higher resolution spectrum of N 1s (Fig. 4(e)) is deconvoluted to
four peaks at 398.5, 400, 401 and 404 eV, which are assigned to sp?

(b) N 1s
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Fig. 4. Survey spectra of (a) GC (b) FFGC40, higher resolution spectra of C 1s of (¢) GC (d) FFGC40, higher resolution spectra of N 1s of (e) GC (f) FFGC40, (g) higher
resolution spectrum of Ti 2p of FFGC40, (h) higher resolution spectrum of Fe 2p of FFGC40 and higher resolution spectrum of O 1s of FFGC40.
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Fig. 4. (continued).

hybridized N in s-triazine rings (C-N=C), N-C3, N atoms in the heptazine
ring and as bridging atom, and n-excitations, respectively. The same
chemical nature was observed in the higher resolution spectrum of N 1s
of FFFGC40 (Fig. 4(f)) in which the respective peaks appeared at 398.6,
400, 400.7 and 404.9 eV, respectively. The higher resolution spectrum
of Ti 2p of FFGC40 (Fig. 4(g)) shows the spin-orbital coupling where
2p3/2 and 2p; 2 peaks appeared at 458.4 eV and 464.1 eV confirming the
presence of Ti**. The peak at 471.7 eV is attributed to the satellite peak.
The higher resolution spectrum of Fe 2p (Fig. 4(h)) is deconvoluted to
several peaks. Peaks at 711.3 and 725 eV correspond to the 2ps,5 and
2p1/2 peaks of Fe>* indicating the spin-orbital coupling while the peaks
at 719.5 and 733.9 eV represent the satellite peaks of them, respectively.
The peak at 714.3 eV is assigned to the 2p3 5 of Fe>* in the Fe-OH bond
while the peak at 727.8 eV is attributed to the 2p; /. The higher reso-
lution spectrum of O 1s was deconvoluted to two peaks (Fig. 4(i)). The
peak at 529.93 eV is attributed to Ti-O bond and the peak at 531.48 eV
corresponds to the hydroxy or adsorbed water on the surface of the
catalyst.

4.5. XRF analysis

The chemical composition of FF and FFGC40 was analyzed by XRF.
The ratio of Fe to Ti is 2.6. Additionally, V and Mn were also detected
because they are present in ilmenite sand in minor concentrations. The
chemical composition of both FF and FFGC40 are almost the same and

only C and N are present additionally in FGC40 (Table 1).

4.6. UV-Visible diffuse reflectance spectroscopic analysis

The optical properties of the synthesized nanocomposites were
studied by UV-Visible diffuse reflectance spectroscopy. The optical
absorbance was calculated using the Kubelka-Munk function (x = (1-
R)%/2R). Here, o and R are the absorption coefficient and diffuse
reflectance coefficient, respectively [50,51]. Tauc plots ((F(R) x h)" vs
hv) indicating the direct transitions (n=2) of the synthesized composites
are shown in Fig. 5. Extrapolations of direct transitions yield band gap
values. The band gap value of GC is 2.63 eV being consistent with the
literature [52] and that of FF nanoparticles is 2.76 eV. The band gap
values of FFGC8, FFGC24 and FFGC40 are found to be 2.63, 2.80 and
2.63 eV, respectively, and they did not show a trend in variation.
However, the band gap value decreased with an increasing proportion of
FFT in FF8GC, FF24GC and FF40GC as 2.60, 2.48 and 2.50 eV, respec-
tively. The band gap values are tabulated in Table 2. All the synthesized

Table 1

The chemical composition of the FF and FGC40 materials
Material % Fe,03 % TiOo % V505 % MnO
FF 70.25 27.83 0.68 1.24
FFGC40 72.23 25.79 0.64 1.33
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Table 2
Rate constant for the photodegradation of methylene blue in the presence of
synthesized photocatalysts.

Photocatalyst Rate Constant (min~") Band Gap
(eV)

GC 0.008 2.63

FF 0.007 2.76

FFGC8 0.001 2.63

FFGC24 0.005 2.86

FFGC40 0.009 2.63

FF8GC 0.006 2.60

FF24GC 0.006 2.48

FF40GC 0.004 2.50

composites efficiently absorb visible light as revealed by the calculated
band gap values.

4.7. Photocatalytic activity

All the synthesized materials were shaken in MB solution for 90
minutes in dark to reach the adsorption-desorption equilibrium. Posi-
tively charged MB molecules form electrostatic interactions with the
negatively charged FF nanoparticles and electron-rich g-C3Ny4. Variation
of A/Ap with time is shown in Fig. 6 and the first-order kinetics for the
photodegradation of MB are exhibited in Fig. 7. The highest initial rate
constant (0.009 min~1) for the degradation of methylene blue resulted
in the presence of FFGC40. The initial rate constant for the photo-
degradation of MB in the presence of g-C3N4 and FF is 0.008 and 0.007
min~}, respectively. FFGC40 contains the proper content of g-CsNg4
(40%) with respect to the weight of FF, which facilitates the formation of
the heterostructure at the interfaces of a-Fe;O3, FeoTiO5 and g-C3N4 and
thus enhances the absorption and utilization of sunlight. Further, the
band gap of FFGC40 (2.63 eV) is lower than the other composites
generally. Hence, the photodegradation of MB in the presence of FGC40
results is higher than in other composites. However, other composites
were also active in producing the radicals required for the photo-
degradation, but the activity was lower due to the incomplete formation
of the heterostructure. Further, the photocatalytic activity increased
with an increasing percentage of g-CsNy4 in the composites in which the
content of g-C3N4 was varied, indicating that g-C3Ny facilitates the
photocatalytic activity. Moreover, the initial rate constant of photo-
degradation of MB in the presence of FFGC8 (0.001 min ') and FFGC24
(0.005 min ') is lower than FF nanoparticles. This is due to the masking
of FF nanoparticles by g-C3N4 and due to the improper ratio of FF and g-

Dark Sunlight Irradiation———
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Fig. 6. Variation of A/Ap with time.
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C3Ny to establish the correct alignment which could also lead to electron
hole pair recombination. The rate of photodegradation of MB was
dramatically decreased to 0.004 min~' at the highest FF percentage
(FF40GC) of the composites in which the FF content was varied because
aggregated FF nanoparticles block the porous structure of g-C3Ny4
resulting in lower surface area limiting the adsorption of MB to the
supporting matrix. Moreover, as the aggregated nanoparticles block the
mesopore channels, the transport of the reactant molecules and products
of degradation is slowed down. At lower percentages of FF, the photo-
catalytic activities were comparatively higher as sufficient g-C3N4 was
available to be joined with FF phases to establish the heterostructure.
The rate constants for the photodegradation of MB in the presence of the
synthesized catalysts are tabulated in Table 2.

4.8. Mechanism of photodegradation

The structure-property engineering of semiconductor materials is
important in degrading organic molecules [53]. The band gap values
reported for a-FeoOs, FesTiOs and g-C3Ny are 2.0, 2.2 and 2.75 eV,
respectively. The band edge potentials of the conduction band (Ecp) and
the valence band (Eyg) can be calculated from the formula (1) and (2),
respectively.

Ecg =X — —E€ — 05 E,
Eyy =X — —E° +05E,

where X is the electronegativity of the semiconductor, which is the
geometric mean of the electronegativity of the constituent atoms, and E¢
is the energy of the free electrons on the hydrogen scale which is
approximately 4.5. X values for a-Fe;Os, FesTiOs and g-C3Ny4 are 4.78,
5.86 and 4.73, respectively. Ecp values of the above semiconductors are
calculated to be -0.72, 0.26 and -1.15 V/normal hydrogen electrode
(NHE), respectively, and the Eyp values of them are 1.28, 2.46 and 1.61
V/normal hydrogen electrode (NHE), respectively. The band alignment
of the above semiconductors is shown in Scheme 1. Once the composites
are exposed to sunlight electrons in the VB of all the semiconductors are
excited to the CB leaving holes at the VB. According to Scheme 1(a).
photogenerated electrons are migrated from the CB of a-Fe3O3 and g-
C3Ny4 to the CB of FeyTiOs enriching the CB of FesTiOs with electrons
due to the favourable potential differences of the CBs. Photogenerated
holes are migrated from the VB of Fe,TiOs to the VB of a-Fe;03 and the
VB of g-C3Ny4. The CB potential of Fe;TiOs (0.26 €V) is not enough to
lead to the reduction of molecular Oz to produce superoxide radicals
(02'®) (-0.33 V). The VB positions of g-C3Ny4 (1.61 eV) and a-Fe,03 (1.28
eV) are higher than the standard potentials of OH®/0H ™ (1.99 eV) and
OH®/H,0 (2.68 eV). Therefore, the h' cannot oxidize OH™ and H,O to
OH®. Therefore, radicals responsible for the photodegradation of MB
would not be produced in type II ternary heterostructure band align-
ment. Scheme 1(b) shows the dual Z-scheme structure. An all-solid state
Z-scheme heterostructure is consisted of two different semiconductors
with an electron mediator to accomplish electron transfer from one
semiconductor the other. However, a direct Z-scheme is comprised of
two semiconductors which are linked with each other where an electron
mediator is not essential. The photogenerated electrons and holes with
high reduction and oxidizing ability are maintained by the recombina-
tion of electrons and holes in the second semiconductor [54]. According
to that once the composite is exposed to sunlight photogenerated elec-
trons excite to the CB of Fe,;TiOs are migrated to the VB of g-C3N4 and
a-FepO3, which are then transferred to the VB of g-C3N4 and a-FeyOs.
Those transferred electrons produce O3 ®. Further, h™ remaining in the
VB of Fe,TiOs with the potential of 2.46 eV generates OH® by oxidation
of OH™. Hence, such produced both O3® and OH® would degrade MB.
Further, in the presence of sunlight methylene blue molecules absorb
light and excite electrons from HOMO level to LUMO level (gap 4.25
eV). The excited electron at the LUMO level could be lost and the holes at
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the HOMO level require electrons to gain stability. Thus, those holes
capture electrons from water and produce hydroxyl radicals which
degrade methylene blue molecules further [55].

Photocatalytic activity of the best-performing catalyst FFGC40 was
further performed in the presence of scavengers to confirm the mecha-
nism proposed under visible light. Ethylenediaminetetraacetic acid
(EDTA) and isopropyl alcohol (IPA) in the concentration of 4 mmol/
dm™3 were used as the scavengers as they hunt holes and hydroxyl
radicals, respectively (Fig. 8(a)). The rate of photocatalysis was dropped
t01.0x10~3 min ! in the presence of both EDTA and IPA from 1.5x107>
min~! indicating that both holes and hydroxyl radicals mainly
contribute to the photodegradation of MB. Interestingly, the initial rate
of photodegrading MB in the presence of IPA is higher as could be seen
with the drop of absorbance in the first 15 minutes which dramatically
slowed down with time. This could be because initially with the addition
of IPA the hydroxyl anion concentration increased which increased the
hydroxyl radical concentration but with time IPA scavenge the hydroxyl
radicals decreasing the photodegradation of MB. The effect of persulfate
on the photocatalytic activity was determined by performing the reac-
tion in the presence of 4 mmol/dm 3 SgO%’ (Fig. 8(b)) and the rate of
reaction (38><10’2 min’l) was found to be increased by 25 times
because the SO;® and OH® produced by the reduction of S,03". Per-
sulfate ions are reduced to SO;® as shown in reaction 1 by the photo-
generated electrons and such produced SO;® reacts with OH™ in the

medium to produce SO%’ and OH® (reaction 2).
$208” + e — SO;® + 507~ )

(2)

SO7® + OH™ — SOF~ + OH®

The presence of different co-pollutants and change in the ionic
strength on the photocatalytic activity was evaluated using 10 mmol/
dm3 Pb2+, Rhodamine B, and HyPOy as the co-pollutants and NaCl to
change the ionic strength (Fig. 8(c)). The rate of the photodegradation of
MB was dropped to 7.7x10~> min . Positively charged Pb?* and MB
both compete with the negatively charged catalyst surface. Small Pb?*
ions easily and readily adsorb to the catalyst surface restricting the
adsorption of the bulky MB which leads to poor photocatalytic activity
because the reactant molecules need to be close to the catalyst surface as
the concentration of the reducing species is high. The rate constant for
the photodegradation of MB was slightly decreased to 1.3x10~> min ™!
in the presence of Rhodamine B. Both MB and rhodamine B are posi-
tively charged bulky molecules where each type of the dye molecule
competes with the other type on the surface of the catalyst. However, the
rate was not drastically reduced as in the case with Pb?" because both
are bulky molecules and hence the competition to the catalyst surface
would be the same. However, the reaction rate has not drastically
reduced because though the catalyst surface is occupied by both MB and
Rhodamine B molecules, the dye molecules adsorbed to the surface
degrade upon exposure to light vacating the surface of the catalyst for
the dye molecules in the solution. Further, the addition of NaCl has
changed the ionic strength of the medium but hasn’t changed the rate of
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the reaction (4.0x10~2 min 1) significantly. However, the addition of
H,POj3 has increased the rate of reaction to 3.3x10~> min~! because the
phosphate ions accelerate the hydroxyl radical oxidation pathway [56].

The reusability of a catalyst is an important criterion that needs to be
evaluated in catalysis, especially in commercialization. FFGC40 was
selected for the study as it showed the highest photocatalytic activity.
The efficiency of photodegrading MB by FFGC40 was reduced to 96.1%
compared to the first cycle (Fig. 9). This could be because blockage of
the porous system of g-C3Ny of the catalyst restricts the migration of the
reactants to the heterojunctions limiting the reaction between MB
molecules and radicals lowering the degradation of MB. Further, with
prolonged use, metal oxide nanoparticles could leach out from the ma-
trix reducing the concentration of the radicals formed. Moreover, there
can be a loss of the catalyst after each cycle which also contributes to the
reduction in the photocatalytic activity. Additionally, though the in-
tensity of the sunlight available for all five cycles was in the range of
80000 - 1200000 lux during the experiments, variation of intensity af-
fects the photocatalytic activity as well. However, it could be seen that
FFGCA40 could be used effectively for successive five cycles as shown in
Fig. 9.

4.9. Antibacterial activity

The antibacterial activity of FF, FFGC40, FF40GC and GC was
examined against gram-negative bacteria E. Coli. The maximum anti-
bacterial activity (32.8%) was observed with FF40GC while that was
followed by GC (28.7%) and FFGC40 (5.7%). FF showed no antibacterial
activity. The antibacterial activity could be caused by four different
mechanisms. (1) disrupt the cell wall by the nanocomposites (2)
migration of nanocomposites into the cells and interfere with the ribo-
somes, and DNA replication and interrupt ATP production (3) disrupt
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Scheme 1. Possible band alignment of the synthesized nanocomposite (a) Traditional type II heterostructure (b) Dual Z-scheme.

the membrane by reactive oxygen species (4) perforated membrane. GC
which readily produces radicals in the visible range that showed the
highest photocatalytic activity under the tested LED source would
mainly inhibit bacteria via mechanism (3). However, FF40GC showed
the highest antibacterial activity suggesting that mechanism (1), (2) and
(4) also actively contribute as it could be assumed that the nanoparticles
of FF40GC which has the highest nanoparticle concentration, enter the
cell to facilitate the mechanism (2) contributing to (1) and (4). But as the
FF which are only nanoparticles showed no antibacterial activity, it is
considered that mechanism (3) greatly contributes together with
mechanisms (1), (2) and (4). Antibacterial activity of GC is lower than
that of FF40GC suggesting that though GC produces radicals which
generate oxygen reactive species, the contribution via mechanisms (1),
(2) and (4) is minimum due to the size factor and hence the resulting net
antibacterial activity is lower than FF40GC, which inhibit the bacterial
growth by all the four mechanisms. Meanwhile, FFGC40 exhibited a
very low inhibition action though its nanoparticle concentration is
higher than FF40GC because the FF nanoparticles mask the GC limiting
the antibacterial activity of GC. As described above FF nanoparticles
showed no antibacterial activity. Therefore, it is evident that the syn-
thesized nanocomposites inhibit the growth of E.Coli at a concentration

11

of 60 mg/ml.
5. Conclusions

g-C3Ny4/FesTiOs/a-Fey03 ternary nanocomposites with closely con-
tacted interfaces were successfully fabricated by using urea and natural
ilmenite sand as the raw materials via the hydrothermal method adding
value to the ilmenite mineral. g-C3N4/FesTiOs/a-FexO3 ternary nano-
composites showed higher photocatalytic activity than g-CsN4 and
Fe;TiOs/a-FepO3 for the photodegradation of methylene blue under
sunlight. Newly fabricated catalyst is high in activity than other iron
oxide and g-C3N4 catalysts reported in the literature. The enhanced
photocatalytic activity is ascribed to the efficient transfer of photo-
generated electrons and holes between g-C3Ny4, FesTiOs and a-FeyOs.
The present study demonstrates that engineering new heterostructures is
promising in fabricating new photocatalysts for the degradation of
organic pollutants in wastewater.
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