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ABSTRACT: Dyes in wastewater are a serious problem that needs
to be resolved. Adsorption coupled photocatalysis is an innovative
technique used to remove dyes from contaminated water. Novel
composites of TiO,-Fe;C-Fe-Fe;O, dispersed on graphitic carbon
were fabricated using natural ilmenite sand as the source of iron
and titanium, and sucrose as the carbon source, which were
available at no cost. Synthesized composites were characterized by
X-ray diffractometry (XRD), Raman spectroscopy, transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), X-ray fluores-
cence spectroscopy (XRF), and diffuse reflectance UV—visible
spectroscopy (DRS). Arrangement of nanoribbons of graphitic
carbon with respect to the nanomaterials was observed in TEM
images, revealing the occurrence of catalytic graphitization. Variations in the intensity ratio (Ip/Ig), L, and Lp, calculated from data
obtained from Raman spectroscopy suggested that the level of graphitization increased with an increased loading of the catalysts.
SEM images show the immobilization of nanoplate microballs and nanoparticles on the graphitic carbon matrix. The catalyst surface
consists of Fe** and Ti** as the metal species, with V, Mn, and Zr being the main impurities. According to DRS spectra, the
synthesized composites absorb light in the visible region efliciently. Fabricated composites effectively adsorb methylene blue via 7—x
interactions, with the absorption capacities ranging from 21.18 to 45.87 mg/g. They were effective in photodegrading methylene
blue under sunlight, where the rate constants varied in the 0.003—0.007 min~' range. Photogenerated electrons produced by
photocatalysts captured by graphitic carbon produce O,°” radicals, while holes generate OH® radicals, which effectively degrade
methylene blue molecules. TiO,-Fe;C-Fe-Fe;0,/graphitic carbon composites inhibited the growth of Escherichia coli (69%) and
Staphylococcus aureus (92%) under visible light. Synthesized novel composites using natural materials comprise an ecofriendly, cost-
effective solution to remove dyes, and they were effective in inhibiting the growth of Gram-negative and Gram-positive bacteria.

NH,* and NO,

€0, SO,%,
NH_* and NO,"

1. INTRODUCTION

Graphite is the most thermodynamically stable allotrope of
carbon among graphite, diamond, and fullerenes. It has garnered
more attention due to its physicochemical properties including
chemical and thermal stability, high lubricity, thermal and
electrical conductivity, and electrochemical lithium storage.l_5
Graphite either needs to be separated from natural graphite or
synthesized by carbon precursors, where the latter path is
achieved by either direct graphitization or catalytic graphitiza-
tion. Graphitization is the solid-state transformation of non-
graphitic carbon to graphitic carbon with the aid of high
temperatures. Direct graphitization of graphitizable carbon
involves high temperatures, for example, ~3000 °C, while
catalytic graphitization of nongraphitizable carbon requires a
moderate temperature of ~1000 °C. Catalytic graphitization is
preferred by the industry, which demands a graphitic carbon

© XXXX The Authors. Published by
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since it is economically viable due to the required low
temperatures.("7

Carbon precursors such as furfuryl alcohol,” phenolic resins,”
polymer spheres,10 and amorphous carbon films'' have been
employed. Recently, biomass, including sucrose,'? cellulose,™
and sawdust,"” has emerged as a cheap precursor. Various
metals, including Fe, Co, Ni, Cr, Mn, and Ti, have served as
catalysts for the graphitization process.”~"> In this study, we
were interested in assessing the use of sucrose as the carbon
precursor and naturally available ilmenite as the raw material for
the catalyst of graphitization and their effectiveness in purifying
water. Ilmenite is found on beaches and hard rock deposits in
countries including Australia, the USA, Brazil, India, Vietnam,
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and Sri Lanka, where their composition varies qualitatively and
quantitatively. Different solutions are used to extract titanium
and iron from ilmenite such as hydrochloric acid, sulfuric acid,
potassium hydroxide, and ammonium chloride.'® Furthermore,
preliminary techniques like ball-milling can enhance the
dissolution in the above solvents.'” Ilmenite sand has not been
used widely, except to produce TiO, as the white color pigment
and to fabricate novel photocatalysts including Fe, TiO/TiO, "
and Fe,0;/Fe,TiO;/TiO,."” Therefore, adding value to
ilmenite sand is of great importance. According to our current
knowledge, using ilmenite as the source of catalyst for
graphitization has not been reported previously.

Water decontamination has achieved global momentum due
to increasing water scarcity, which is the result of water pollution
caused by anthropogenic activities. Pollutants, including dyes,”
pesticides," fertilizers,”> heavy metals,”* and pharmaceuticals,”*
are released to normal water reservoirs due to the processes of
industrialization. Among such pollutants, dyes that are released
as part of water effluents from industries like paint, textiles,
paper, cosmetics, leather, and plastics are endangering the health
of humans, flora, and fauna.”*° Dyes remain stable in different
environmental conditions and can resist biodegradation due to
their synthetic nature.”® They cause changes in chemical oxygen
demand, biological oxygen demand, and the pH of water,”’
while the color affects the aesthetic value.”® Moreover, the
presence of dyes restricts the ability of light to penetrate water
bodies, subsequently limiting photosynthesis by aquatic living
beings.”” Additionally, with the release of dyes, other chemicals
such as heavy metals, chlorinated compounds, surfactants, and
salts are discharged.so For this reason, it is important to remove
dyes from water reservoirs, and for such purposes, different
methods including adsorption,3l_33 membrane filtration,>* ion
exchange,‘?“s coagulation,®® and advanced oxidation proc-
ess' 7”7 are available.

Individually considered adsorption and advanced oxidation
processes have both been researched, yet they do have certain
disadvantages. The main problem of using adsorption to remove
dyes is the ultimate destiny of pollutants. Despite the fact that
dyes are removed from wastewater, they are deposited on an
adsorbent and hence the pollutant simply ends up somewhere
else. Advanced oxidation processes have been widely applied for
H, production®**” and pollutant degradation in wastewater.*”*!
However, the main drawback of this process is the poor visible-
light sensitivity and the electron—hole pair recombination,
which leads to low photocatalytic activity. It should be noted
that both processes have more advantages rather than
disadvantages. Once both techniques are combined, the
above-mentioned disadvantages are eliminated because the
dyes adsorbed to the adsorbents are degraded easily by
photocatalysts immobilized on these adsorbents. Furthermore,
the electrons excited to the conduction band are taken by the
adsorbents and subjected to radical formation, thus elevating the
charge separation and leading to higher photocatalytic activity.
Pollutants have been removed by adsorption, photocatalysis,
and adsorption coupled photocatalysis using various composites
decorated with carbon-based materials including TiO,/
activated carbon,” TiO,/carbon nanotubes,™ TiO,-reduced
graphene oxide,** ZnO-reduced graphene oxide-carbon nano-
tubes,*** and ethylene glycol capped ZnO."’

Graphene-based adsorbents have been used to adsorb heavy
metals"® and dyes.'> Composites enriched with graphitic carbon
have not been popularly studied for dye adsorption, photo-
catalysis, and solar cells****° although g-C;N, has been

coupled to many materials widely researched such as Ce**/g-
C;N,,°" BiOI sheet-stacked g-C;N,,>> and P-doped MoS,/g-
C;N,.>* Subsequently, we became interested in fabricating
graphitic carbon-based new composites consisting of TiO,,
Fe;C, Fe, and Fe;O, nanoparticles using natural ilmenite sand
and sucrose as the raw materials to remove and degrade
methylene blue in the water. Dye removal is a critical problem
that needs to be addressed by the industrial sector. Further, the
accumulation of Gram-negative and Gram-positive bacteria
causes severe health issues. Fabrication of the new photo-
catalysts using ilmenite is a value addition to the raw material.
Sucrose is a low-cost carbon-rich material. Hence, reported here
in this study is an environmentally friendly, cost-effective
solution to remove dyes and bacteria from industrial wastewater.

2. MATERIALS AND METHODS

2.1. Materials. Ilmenite was supplied by Lanka Mineral
Sands Ltd. HCI (35%), NH; (25%), and NaOH were procured
from Fisher Scientific. FeCl; was purchased from Sisco Research
Laboratories (Pvt) Ltd, India. Methylene blue was sourced from
Daejung Chemical & Metal Co., Ltd. AgNO; (99%) was
supplied by Himedia Leading Biosciences Company. All
chemicals used in the experiment were of analytical grade and
used without further purification. Deionized water (DI), with
resistivity greater than 18.0 MQ.cm (Millipore Milli-Q system),
was used in all experiments.

2.2. Preparation of Nanomaterials. 2.2.1. Synthesis of a-
Fe,0s. A simple coprecipitation method was employed. NaOH
solution (1.878 mol/dm?, 100 mL) was added dropwise to 100
mL of 0.626 mol/dm® FeCl, solution while stirring, and the
obtained brown-color precipitate was washed with deionized
water. This was followed by drying in an oven at 80 °C for 6 h.
The dried product was then annealed at 800 °C for 2 h.

2.2.2. Synthesis of Fe,TiOs/TiO,. llmenite sand was washed
with deionized water several times and dried before use. Ilmenite
sand (12 g) was digested in 200 mL of 35% HCl at 90 °C for 6 h
under refluxing and subjected to stirring, which continued
overnight. The resulting leachate was pipetted out, and another
200 mL of 35% HCl was added to the remaining ilmenite sand,
and refluxing was continued utilizing the above procedure. The
leaching procedure was repeated twice with 100 mL of HCI. All
of the leachates were combined, and 25% NH; was added
dropwise until the pH of the solution reached 10. The obtained
brown-color precipitate was washed with an abundant volume of
deionized water until the washings were negative for the chloride
test (AgNO; test) and the pH reached a neutral value. The
precipitate was dried at 80 °C and denoted as fluorine-doped tin
oxide (FTO) in the text.

2.2.3. Synthesis of Amorphous Carbon. Sucrose was
dissolved in a minimum volume of deionized water, and the
solution was heated while stirring until the sugar became
caramelized. Then, the obtained product was ground and
pyrolyzed in a tube furnace at 800 °C for 2 hin a N, atmosphere.
The obtained amorphous carbon product is denoted as (S) in
the text.

2.2.4. Synthesis of SF Composites. Sucrose was dissolved in a
minimum volume of deionized water, and a-Fe,O; powder was
added to the stirring solution in different weight ratios to the
weight of sucrose as follows: sucrose/a-Fe,0;, 10:1, 5:1, 2.5:1,
1.25:1, and 1:1 and they are abbreviated in the text as SF 10, SF
S, SE 2.5, SF 1.25, and SF 1, respectively. The mixture was stirred
for 2 h and heated until the sugar became caramelized. The
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Figure 1. XRD patterns of (a) precursor compounds, (b) SF composites, (c) SI composites, and (d) SFI composites.

obtained solid was ground and pyrolyzed in a tube furnace at 800 instead of a-Fe,O; powder, FTO powder was used in the same

°C for 2 h in a N, atmosphere. . . .
2.2.5. Syn thesizs of S/ Iéomposites The synthesis procedure weight ratios. They are abbreviated as SI 10, SI 5, SI2.5, SI 1.25,

was the same as that documented in section 2.2.4, except that and SI 1, respectively.
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2.2.6. Synthesis of SFI Composites. The synthesis procedure
was the same as that reported in section 2.2.4, except that instead
of a-Fe,O; powder, a mixture of @-Fe,0; and FTO powder was
added to sucrose as follows: sucrose/a-Fe,O;/FTO, 20:1:1,
10:1:1, 5:1:1, 2.5:1:1, and 2:1:1, where the sucrose-to-total-
metal-oxide ratios were maintained as stated in section 2.4 (10:1,
5:1,2.5:1, 1.25:1, and 1:1). They are denoted as SFI 20, SFI 10,
SFI §, SFI 2.5, and SFI 2, respectively.

2.3. Antibacterial Activity. 2.3.1. Microbial Strain and
Inoculum Preparation. The test organisms E. coli and
Staphylococcus aureus were procured from Medical Research
Institute, Sri Lanka. For preparing the inoculum, E. coli and S.
aureus were cultured in a nutrient broth at 37 °C overnight. The
microbial cultures were subcultured before the assay and later
diluted to obtain a microbial suspension of S X 10° colony-
forming units (CFUs)/mL for further analysis.

2.3.2. Broth Dilution Assay. The antibacterial activity of SI 10
and SFI 20 composites was investigated using the broth dilution
method. The antibacterial effect of SI 10 and SFI 20 composites
was tested against E. coli and S. aureus in a sterilized nutrient
broth medium.

For the broth dilution assay, a 24 h aged bacterial culture was
adjusted to obtain 5 X 10° CFU/mL with a 0.5 McFarland
turbidity standard as the visual yardstick and a spectropho-
tometer. The adjusted bacterial suspension was used within 30
min to avoid changes in the cell count. Nanoparticle suspensions
were prepared by sonicating the synthesized nanoparticles in
deionized water for 1 h. The freshly prepared overnight culture
(1 mL) was inoculated to S mL of sterilized nutrient broth
medium containing 1 mL of 100 mg/mL composite
suspensions. Additionally, 1 mL of the bacterial culture was
inoculated to S mL of the sterilized nutrient broth medium
containing 1 mL of Amoxicillin (100 mg/mL) as a positive
control. The nanocomposite-free broth medium inoculated with
both bacterial cultures served as the growth control. The
nutrient broth medium with nanocomposites alone was retained
as the blank. All tubes were incubated in a temperature-
controlled shaker (150 drpm) at 30°C overnight for 24 h. After
the incubation, optical density (OD) was recorded at 600 nm to
measure the turbidity and, subsequently, inhibition of growth
was determined. All experiments were done in triplicate. Three
values of OD for each sample and their mean were calculated
with standard deviation.

Percentage inhibition of growth was calculated using the
following formula

(OD )control B (OD )test

% inhibition = (OD)

‘control

where (OD) control is the absorbance of the control sample and
(OD) test is the absorbance of the test sample with the
composites

3. CHARACTERIZATION

XRD patterns were collected via the D8 Advance Bruker system
using Cu Ka (4 = 0.154 nm) radiation varying the 26 from S to
80° at a scan speed of 2 °/min. The morphology of the
synthesized nanocomposites was characterized by transmission
electron microscopy (TEM). The microscope was operated at
200 kV (JEOL—JEM-2100), and energy-dispersive spectra
(EDS) were collected by the same instrument with TEAM EDX
software. The sample (1 L) was mounted on a carbon copper
grid with holes and allowed to dry at room temperature prior to

TEM analysis. Scanning electron microscopic (SEM) images
were acquired utilizing a Carl ZEISS EVO 18 RESEARCH
instrument, while the EDX spectra were collected with the
EDAX element EDS system. The samples’ chemical composi-
tions were 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-resolution
spectra of the synthesized catalysts were acquired by the Thermo
Scientific ESCALAB Xi* X-ray photoelectron spectrometer. The
Shimadzu 1800 UV—visible spectrophotometer utilizing a
precision Czerny—Turner optical system served to collect
diffuse reflectance spectra of the prepared powder samples.
Measurements were carried out through the 400 to 750 nm
range with a bandwidth of 1.0 nm (wavelength accuracy +0.1
nm). Raman analysis was done using a Bruker Senterra Raman
microscope spectrophotometer. The absorbance of MB samples
was measured by a Shimadzu UV-1990 double-beam UV—
visible spectrophotometer.

4. RESULTS AND DISCUSSION

4.1. XRD Analysis. X-ray diffraction patterns were gathered
to understand the crystal nature of the synthesized composites.
XRD patterns of the precursor compounds synthesized are
depicted in Figure 1a. The XRD pattern of the FTO shows broad
peaks at 27.5 and 36.5°, which correspond to the (110) and
(101) of the rutile phase. However, other peaks could not be
differentiated due to the low signal-to-noise ratio. The pattern
indicates the amorphous nature of the synthesized materials, for
which the degree of crystallinity is very low. Upon annealing at
800 °C for 2 h, the crystallinity of the materials improved and
sharp peaks, which could be easily differentiated, were observed.
XRD patterns of FTO show peaks at 26, 18.08, 25.54, 32.52,
36.54, 37.34, 40.58, 41.06, 46.06, 48.86, 55.10, 56.20, and
60.06°. These could be indexed, respectively, to the (200),
(101), (230), (301), (131), (240), (420), (331), (430), (060),
(521), and (232) planes of the orthorhombic phase of Fe,TiO;
(pseudobrookite) (JCPDS card No: 41-1432). The calculated
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 agreed well with the ICSD reference
(a,=9.779 A, by =9.978 A, ¢, = 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.

The XRD pattern of amorphous Fe,O; shows peaks at 33.40
and 35.86°, which correspond to the (104) and (110) planes.
Upon annealing, the crystal structure of a-Fe,O; was
established. The pattern consisted of peaks at 24.42, 33.40,
35.86,41.12, 49.68, 54.32, 57.86, 62.64, and 64.26° correspond-
ing to the (012), (104), (110), (113), (024), (116), (018),
(214), and (300) planes of a-Fe,O; (JCPDS card No: 79-0007).
Calculated lattice parameters a (5.016 A) and ¢ (13.626 A) and
the unit cell volume (296.90 A3) are consistent with the values
reported for the hexagonal a-Fe,0; in the literature.”* The
broad peak centered at 22° in the XRD pattern of carbon
confirms the presence of amorphous carbon.

XRD patterns of the SF composites are exhibited in Figure 1b.
The peak at 26.5° corresponds to the (002) plane of graphitic
carbon with a d-spacing of 0.3480 nm, suggesting the formation
of turbostratic carbon, and furthermore, the d-spacing value did
not change with the increased loading of a-Fe,Oj;. Peaks at 30.2
and 35.6° are attributed to the (220) and (311) planes of Fe;O,.
The interlayer spacing of Fe;O, calculated using the peak at
35.6° is 0.2517 nm, and the crystallite size calculated using the
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Figure 2. Bright-field TEM images of (a) SF 10, (b) SI 10, and (c) SFI 20. HRTEM images of (d) SI 10, (e) and (f) SF 2.5, (g) SI 10, and (h), (i), and
(j) SFI 20. Selected area diffraction patterns of (k) SF 2.5, (1) SI 10, and (m) SFI 20.

peak is 39.4 nm. Peaks at 37.7, 39.9, 40.7, 42.9, 43.8, 44.6, 45.1, card No: 89-2867). The d-spacing calculated using the highest
48.6, and 49.2° correspond to the (210), (002), (201), (211), intensity peak at 44.6° is 0.2027 nm, while the calculated
(102), (220), (031), (131) and (221) planes of Fe;C (JCPDS crystallite size is 82.7 nm. The peak at 44.6° is attributable to the
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Figure 3. SEM images of (a), (b) SF 10 (c), (d) SF 1 (e), (f) SI 10 (g), (h) SI1 (i), (j) SFI120 (k), (1) SFI 2, EDX spectra of (m) SF 10 (n) SF 1 (o) SI

10 (p) SI 1 (q) SFI 20 (r) SFI 2.

(110) plane of bee Fe (0) because the peak at 65.0° is attributed
to the (110) plane of Fe (0). The peak corresponding to
graphitic carbon decreased with an increased loading of a-
Fe,0;, and the peaks corresponding to Fe (0) became more
apparent. Further, Fe;C became the prominent phase with an
increased loading of a-Fe,0;.

XRD patterns of the SI composites (Figure 1c) consist of
peaks at 27.5, 36.1, 54.4, and 69.0°, which are assigned to the
(110), (101), (211), and (301) planes of the rutile phase
(JCPDS card No: 21-1276) in addition to the peaks
corresponding to Fe;C, Fe, and Fe;0,. The interlayer distance
and the crystallite size calculated for the rutile phase are 0.3235
nm and 52.1 nm, respectively. The intensity of the peaks
corresponding to graphitic carbon decreased, the peaks of Fe;0,
diminished, and generally, the intensity of the peaks belonging
to the rutile phase increased when the loading of FTO also
increased. The rutile phase of TiO,, Fe;C, and Fe became
prominent with the increasing loading of FTO. When
amorphous FTO was annealed at 800 °C in a normal
atmosphere, a heterostructure of Fe,TiO;/TiO, was formed.
However, when the same was mixed with sucrose and annealed
at 800 °C in a flow of N,, iron mainly reacted with carbon to
form Fe;C and was reduced in the presence of carbon and N,,
while TiO, was separated. XRD patterns of the SFI composites
are shown in Figure 1d. The patterns consisted of peaks
corresponding to graphitic carbon, rutile, Fe;O,, Fe;C, and Fe,
of which the rutile phase of TiO, appeared to comprise broad
peaks with low intensity compared to the XRD patterns of SI
composites. This was due to the low loading of amorphous FTO
and the good dispersion of the rutile nanoparticles. Other
features were quite like those observed in XRD patterns of SI
composites.

4.2. TEM Analysis. TEM images were collected to study
morphology at the nanoscale. Figure 2a—c shows the arrange-
ment of the graphitic carbon of SF 10, SI 10, and SFI 20. It could
be seen that graphitic carbon arranged as nanoribbons with a
width of about 10 nm is structured in a random orientation.
These nanoribbons are bent and oriented in a circular-/oval-
type shape, indicating they existed around nanoparticles. Very
few nanoparticles were observed in the TEM images shown in

the figure. However, graphitic carbon nanoribbons are
distributed throughout the image. This observation suggests
that the nanoparticles, which are the catalysts of graphitization
crystallized amorphous carbon, migrate to another place and
catalyze the graphitization of amorphous carbon. This
phenomenon is called dissolution and precipitation, where
amorphous carbon dissolves and reprecipitates as graphitic
carbon. Therefore, abundant graphitic carbon nanoribbons are
present with few nanoparticles. The high-resolution TEM
(HRTEM) image of SI 10 is shown in Figure 2d.

The atomic planes are arranged with an interlayer distance of
0.34 nm, which is consistent with the d-spacing values reported
in the XRD analysis. Indicated here is the presence of
turbostratic carbon and not graphite since the d-spacing of
graphite is 0.335 nm. Although turbostratic carbon has the
ABABAB... hexagonal arrangement, one layer could be rotated
or translated to another due to the orientation of the carbon
layers in graphite being rigid.

Figure 2e illustrates the encapsulation of the nanoparticles by
the graphitic carbon nanoribbons, while Figure 2f exhibits the
HRTEM image of the graphitic carbon with distinguishable
atomic planes. Figure 2g reveals the arrangement of graphitic
carbon with respect to Fe;C nanoparticles, while Figure 2h
shows the same with respect to Fe;O,. Meanwhile, Figure 2i
highlights the proximity of the nanoparticles to graphitic carbon,
and interestingly, it could be seen that small amounts of Fe,TiO;
with a d-spacing of 0.47 nm corresponding to the (200) plane
are present though they were absent in the XRD patterns.
Further, the junction of Fe,TiO and Fe;O, was identified. Fe;C
nanoparticles with a d-spacing of 0.20 nm with respect to the
oriented graphitic carbon are shown in Figure 2j. Consequently,
it is evident that the heterostructures are properly linked at the
junctions and the graphitic carbon is orientated with respect to
that. Figure 2k—m shows the selected area diffraction patterns of
SFE 2.5, SI 10, and SFI 20, respectively. They appear to have
diffused rings, confirming the presence of a dispersed graphitic
carbon structure, while the dark spots indicate the poly-
crystallinity of metal oxides.

4.3.SEM Analysis. SEM images (Figure 3) were collected to
study the morphology of the synthesized composites at a
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macroscale. SEM images of SF 10 at low and high magnifications
are shown in Figure 3ab, respectively. Iron prominent
nanomaterials (Fe;C, Fe, and Fe;0,) are distributed heteroge-
neously on the carbon matrix, where they are quite
agglomerated. Upon increasing the incorporated loading of
Fe,O; in SF 1, the nanomaterials stated above produced as
nanoplates appeared to be arranged as nanoplate macroballs
(Figure 3c). At a higher magnification (Figure 3d), it could be
observed that they are arranged in an orderly manner. As shown
in the low- and high-magnification SEM images of SI 10, Figure
3e,f, respectively, irregular-shaped small nanoparticles are
aggregated on the carbon support at a low loading of FTO. At
a higher loading of FTO in SI 1, the carbon matrix is crowded by
the aggregated irregular-shaped nanoparticles (Figure 3gh). SFI
composites are fabricated by adding both Fe,O; and FTO to the
sucrose solution.

At a lower loading in SFI 20, nanoparticles deposited on the
carbon matrix are shown in Figure 3ij. However, with a higher
loading of both Fe,O; and FTO, the presence of nanoplates of
iron prominent nanomaterials (Fe,C, Fe, and Fe;O,) was
observed, but they have not been arranged as nanoplate
microballs, which was evident with SF 1 (Figure 3kl). The
fabrication of the nanoplate microballs was interrupted by the
presence of irregular-shaped nanoparticles produced by the
addition of FTO. EDX spectra of SF 10 and SF 1 shown in
Figure 3m,n illustrate only the presence of C and iron in the
composites, having a higher iron content in SF 1 as expected. SI
composites are prepared with the addition of FTO and at a lower
loading of FTO in SI 10. This was in addition to C, Fe, and Ti
being observed in the EDX spectrum (Figure 30). However,
with a higher loading of FT'O, other elements such as Si, Mn, and
Al were detected (Figure 3p). This is consistent with the XRF
data tabulated in Table 1 and explained by the ilmenite in the

Table 1. Metallic Composition of the Synthesized Materials
as Metallic Oxides

% mass % mass % mass % mass % mass
material Fe, 0, TiO, MnO V,04 ZxrO,
FTO 51.83 46.24 0.87 0.68 0.37
SF 1 99.9
SI'1 51.41 46.70 0.88 0.71 0.29
SFI 2 81.47 16.68 0.84 0.69 0.32

raw material of FTO containing Si, Mn, and Al. A similar
behavior was observed with SFI 20 and SFI 2, as shown in the
EDX spectra (Figure 3q,r, respectively).

4.4. Resonant Raman Spectroscopy. Resonant Raman
spectroscopy is the major characterization technique used for
different carbon materials including graphite,42 graphene,43
carbon nanotubes,™* and amorphous carbon.** The Raman
spectrum of SF 10 is shown in Figure 4a. Graphite and graphene-
like carbon materials are composed of layers of sp* hybridized
hexagons, and these layers are held together via van der Waals
interactions. The main feature of the Raman spectrum of the
carbon material is the appearance of D and G bands, which are
centered at 1350 and 1580 cm™, respectively. The G band is a
first-order Raman process due to the doubly degenerate
longitudinal optical (LO) phonon mode occurring at the high-
symmetry I" point.'>*® Further, the G band corresponds to the
bond stretching of all pairs of sp> atoms in both rings and
chains.”” The D band is a second-order Raman process around
the high-symmetry K-point involving defects and phonons of

A;; symmetry. Moreover, the D band is attributed to the
breathing modes of sp? atoms in hexagons.**™** The band that
appears between the D and G bands is due to both sp® and sp?
carbons that are not crystallized. It also occurs because of the
hydrogen and oxygen in carbon.*****°

The pain parameter calculated to determine the crystallinity
of carbon is the intensity ratio of the D and G bands (Ip/I),
where the intensity represents the molecular vibrations entailed
in the Raman process. Defects in two-dimensional (2D) lattices
are categorized into two: zero-dimensional (0D) and one-
dimensional (1D) defect. Point defects or 0D defects normally
occur when graphene prepared by mechanical exfoliation of
highly oriented pyrolytic graphite is exposed to ion bombard-
ment at various doses. The distance between the nearest defects
(Lp) or the defect density is used to characterize the point
defects. In pristine graphene, Ly, is equal to infinity, while it is
equal to zero in highly disordered graphene.”’ Turbostratic
carbon prepared by heat treatment of amorphous carbon is rich
with ID defects, and they are characterized by their average
crystallite size (L,) and crystallite area (L,%). L,, being like Ly, is
equal to infinity in pristine graphene and equal to zero in highly
disordered graphene. L, and L, are calculated according to
equation numbers 1 and 2, respectively.”' ~>°

The main characteristic feature that governs the catego-
rization of carbon from amorphous carbon to graphite is the sp’-
to-sp” ratio. Highly amorphous carbon with the highest sp®
content (80—90%) is called the tetrahedral amorphous carbon
(ta-c), and it is considered that the sp® content in graphite is
zero. When the amorphization trajectory is taken into account, it
has three main transformations: (i) graphite to nanocrystalline
graphite (nc-G); (ii) nc-G to amorphous carbon (a-C); and (ii)
a-C to ta-C. Graphite and nc-G consist of 0% sp®, while a-C
contains about 20% sp’ carbon.*® I/I; diminishes when an
amorphous carbon material becomes better organized and
converts to a more crystalline carbon. There is further
improvement in the crystallinity where the nanocrystalline
carbon material transforms to graphitic carbon, and the ratio
again diminishes.*® The observation of decreasing I)/Ig with an
increased loading of catalyst (of graphitization) is apparent in all
three types of carbon materials synthesized, SF, SI, and SFI, as
shown in Figure 4b—d, respectively. I,/I; decreases with
increasing iron loading when the amorphous carbon materials
become more organized and form nc-G as in S to SF 2.5, S to SI
1.25, and S to SFI 2.5. The graphitic nature of nc-G becomes
increasingly like graphite, while a further rise in the loading of
iron and I)/I; wanes. This is indicated in the above figures (SF 1
to SF 1.25, SI 1 to SI 1.25, and SFI 2 to SFI 2.5).

The L, of all three types of composites also increased with an
increased loading of the catalyst, as shown in Figure 4e—g. A
similar behavior was observed with Ly, as well (Figure 4h—j).
Behaviors of both L, and Ly, further support the observation
made with the variation of the I, /I ratio. Moreover, Figure 4k—
m indicates the variation of the density of the 0D defects (1/
Lp?) as a function of the crystallite area (I,%) of SF, SI, and SFI
composites, respectively. The density of the 0D defects
decreases with increasing crystallite area, i.e., with increasing
iron loading, thus supporting the behavior suggested by the
variation of Ip/I;. In this way, the area of crystallinity expands
with an increasing catalyst loading. With a reduction in 0D
defects, the material is dominated by 1D defects. Explaining the
above-mentioned observations, it is evident that SF materials
become more organized and convert to nc-G when the sucrose-
to-Fe,O; ratio increases to 1.25:1. With a further decrease in the
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Figure 4. (a) Peak deconvolution of SF 10. Variation of I/I;; of (b) SF, (c) SI, and (d) SFI composites. Variation of L, of (e) SF, (f) SI, and (g) SFI
composites. Variation of Ly, of (h) SF, (i) SI, and (j) SFI composites. 1/Lp* vs L,? of (k) SF, (1) S and (m) SFL

ratio (1:1), the percentage of nc-G increased, and the SFI. However, the nc-G state appeared in SI materials when the
crystallinity moved toward graphite, which increased the degree
of graphitization. A similar behavior was observed with SI and sucrose-to-ilmenite ratio is 1:1 and in SFI when sucrose to
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Figure 5. High-resolution spectra of C 1s of (a) amorphous carbon (S), (b) a-Fe,05, and (c) FTO. High-resolution spectra of O 1s of (d) amorphous
carbon, (e) a-Fe,05, and (f) FTO. High-resolution spectra of Fe 2p of (g) FTO, (h) a-Fe,0;, (i) SF 10, (j) SF 1, (k) SI 10, (1) SI 1, (m) SFI 20, and
(n) SFI 2. High-resolution spectra of Ti 2p of (o) FTO, (p) SI 10, (q) SI 1, (r) SFI 20, and (s) SFI 2.

Fe,0;, and the ilmenite product ratio is 2:1:1 (sucrose to metal
oxide ratio 2:1).

Two methods describe catalytic graphitization, and these are
the dissolution—precipitation mechanism and the carbide
formation—decomposition mechanism. Fe from Fe,O; and the
ilmenite product, and Ti from the ilmenite product, catalyzes the
graphitization in two different ways. Fe, which belongs to Group
VIII, contains six electrons in the d orbitals, and the electron
configuration would scarcely change by accepting electrons from
carbon and instead of carbon dissolving as positive ions.
Therefore, Fe catalyzes graphitization via the dissolution—
precipitation mechanism. However, Ti, which belongs to Group
IV, contains two electrons in the d orbital and forms stron
chemical bonds with carbon, resulting in metal carbide, TiC.!
Based on this, it can be stated that the ratio between the carbon
source, sucrose, to the catalyst, which is required to catalytically
graphitize amorphous carbon to produce nc-G, is 1:1.

ID _ 2
— = (102F2)/L
o - UoEE) /o (1)

-1

L(nm) = (2.14x107"%) x A}, x (I—D]
I ()
4.5. XPS Analysis. The surface of the synthesized
composites was analyzed by XPS to study the chemical
environment of the elements of interest. The higher-resolution
spectrum of C 1s of the amorphous carbon (Figure Sa) was
deconvoluted into three peaks centered at 284.5, 285.4, and
286.2 eV, which are attributed to C—C/C=C, C—H, and C—0,
respectively.”” It was well noted that the positions of the peaks
after deconvolution of carbon 1s in pure carbon and containing
composites differed from that of pure a-Fe,05 and FTO (Figure
Sb,c, respectively), where the three peaks appeared at 284.8,
286.1, and 289.14 eV and 284.8, 286.2, and 288.9 eV,
respectively. These binding energies represent the C—C/C=
C, C-0O, and COOH/COOR, respectively. The peak
corresponding to the C—H is missing in a-Fe,0; and FTO.
Consequently, it is evident that the C—H chemical environment
is present in carbon materials only. The peaks at 530.65 and
532.59 eV in the higher-resolution spectrum of O 1s of
amorphous carbon (Figure Sd) are assigned to the oxygen
bound to C. The convolution of O 1s of a-Fe,O; and FTO

(Figure Se/f, respectively) was similar to that of Figure Sd.

The higher-resolution spectrum of Fe 2p of FTO is shown in
Figure 5g, which is deconvoluted to several peaks. Peaks at 711.7
and 725.5 eV represent the spin—orbital coupling of the P orbital

as 2p,, and 2p, , of Fe**, while the peaks at 720.2 and 734.1 eV
are assigned to the satellite peaks of them, respectively. The peak
at 713.9 eV is reported to be present in a-Fe, O3, while the peak
at 716 €V could be attributed to FeO.> The peak at 728.45 eV
could be considered a shake-up peak. The peak deconvolution of
Fe 2p of a-Fe,0; (Figure Sh) is quite similar to that of FTO
except for the peaks at 713.9 and 716 eV being absent and the
peak at 715 €V, which corresponded to the Fe** and associated
with OH", being present.’® Peak deconvolutions of the higher-
resolution spectrum of Fe** of SF 10, SF 1, SI 10, SI 1, SFI 20,
and SFI 2 are given in Figure 5i—n, respectively, and represent
the presence of Fe** on the composites’ surface. The presence of
Ti*" on the surface of FTO is confirmed by the higher-resolution
spectrum of Ti 2p (Figure So). Peaks at 458.8 and 464.5 eV
show the spin—orbital coupling of Ti*, 2p;;, and 2p,,,
respectively.”” The satellite peak appeared at 471.8 V. Peak
deconvolutions of the higher-resolution spectrum of Ti*" of SI
10, SI 1, SFI 20, and SFI 2 are exhibited in Figure Sp-—s,
respectively, and confirm the presence of Ti".

4.6. XRF Analysis. XRF analysis was done to analyze the
metallic contents in the synthesized materials. Collected data are
summarized in Table 1. The main metallic compounds present
in the precipitate obtained after ilmenite was treated with HCI
followed by the addition of NH; (FTO) contain mainly Fe and
Ti. Also, Mn, V, and Zr are present as impurities in ilmenite sand.
The quantitative distribution of the above elements originated
by adding product (I), which is the same in SI 1 and SFI 2.
However, the mass percentage of Fe is approximately 30%
greater than that in both I and SI 1, while the mass percentage of
Ti is smaller in the same amount due to the addition of Fe,O;
externally. SF 1 contains only Fe since the metallic compound is
consistent with the synthesis procedure.

4.7. DRS Analysis. Diffuse reflectance spectra of the
synthesized samples were acquired to study the absorption
behavior of the synthesized materials. Supporting Information
Figure Sla—d shows the UV—visible absorption spectra of the
synthesized materials. The absorption spectrum of pure TiO,
prepared by the sol—gel method annealed at 800 °C serves as the
reference. It shows significant UV absorption with an absorption
edge of 415 nm. Observed here is that the synthesized materials
exhibit optical absorption in the visible range. Tauc plots ((F(R)
X hv)n vs hv) were constructed for both direct and indirect
transitions to determine the band gaps of the synthesized
materials. n = 2 was used to plot the graphs for the direct
transitions (Figure 6), and n = 1/2 was used to construct the
plots representing the indirect transitions (Supporting In-
formation Figure Sle—h). Band gaps were calculated according
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Figure 6. Direct transitions of (a) amorphous materials (b) SF, (c) SL, and (d) SFI composites.

to the method proposed by Makula et al.>® The behaviors of the gaps for FTO and a-Fe,O; were found to be 2.13 and 2.12 €V,

graphs demonstrate that the synthesized materials show direct respectively.

transitions. Pure TiO, exhibits a band gap of 2.98 eV, which is The band-gap value obtained for the highly amorphous

consistent with the value reported for the rutile,”” and the band carbon (SC) is 2.64 eV. The synthesized carbon-based
L https://doi.org/10.1021/acsomega.2c02336

ACS Omega XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsomega.2c02336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02336?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

100 +

80

SF 5
SF 1
SI10

o
-—
w
w

SF25
SF1.25

Il % Adsorption removal
I Adsorption capacity (mg/g)

0 0] 9 - g o [To BT o~
R Y] d A e e o L
e e R
2 s = T oL B ou O
7 [T ]
Material

Figure 7. Percentage adsorption removal and adsorption capacity of the synthesized composites.

composites, i.e., SF, SI, and SFI, showed, first, that the band-gap
values are in the range of 1.92—2.85 eV and, second, a clear trend
in the band-gap values with respect to the metal content was not
observed.

The main metallic crystalline compounds present in the SF,
SI, and SFI composites and the crystallized carbon contribute to
the overall band-gap value resulting for each material. The
amount of such materials present in the sample would vary from
place to place because the synthesized materials are heteroge-
neous, as revealed by TEM analysis. Further, the overall
dispersity of each chemical formula affects the band-gap values.
The size of the nanoparticles greatly affects the band gap, where
the band-gap values increase as the particle size decreases. Holes
in the valence band and electrons in the conduction band
become confined with decreasing particle size, and due to this
confinement in the electrons and holes, the band gap between
the valence and conduction bands increases. The shape of the
nanomaterials contributes to the band-gap values.

The volume-to-surface-area ratio varies as the size and shape
of the nanomaterials change, which contributes to the variation
in the number of surface atoms and hence the cohesive energy.
Therefore, the band gap varies at the nanoscale due to the
change in the size and shape.’” Further, the graphitic carbon
present contributes to the band gap, and the amount of graphitic
carbon present varies from sample to sample and from location
to location in the same sample, leading to variation in the band-
gap value. It could be considered that when the percentage of the
metallic compounds increases the band-gap value is mainly
governed by the metallic compounds since the collected sample
for the DRS analysis may contain more of the metallic
compounds with less carbon due to the heterogeneous
distribution.

With this in mind, it is evident that many factors affect the
band-gap values of the synthesized materials. Band-gap values of
SF composites decreased up to SF 1.25 and then increased at SF
1. The band-gap value of SI composites keeps increasing with
increasing metal content. Band-gap values of SFI composites
have no trend and fluctuate with increasing metal content. The
main metallic components of the SF complex are Fe;C, Fe, and
Fe;0,. SI and SFI composites consist of TiO, in addition to the
above metallic components, which also significantly contribute
to the band-gap values. The sample used to measure absorbance
may contain more carbon or more metallic species due to two
things: first, the heterogeneous distribution; and second, the
variation in the percentage of the metallic species with respect to
the carbon content. The end result is no clear trend in the band-
gap values. Further, as mentioned above, the band gap is a net
result of many factors and hence a clear trend was not observed
in any of the composites synthesized.

4.8. Photocatalysis. Synthesized amorphous carbon and
the composites were shaken in 50 mL of 100 ppm MB solution
for 16 h. Figure 7 shows the percentage MB removed and the
catalysts’ adsorption capacities. Amorphous carbon prepared by
pyrolyzing only sucrose showed the least adsorption of MB
(10.3%). Composites SF, SI, and SFI showed larger removals of
MB ranging from 41 to 91%. The adsorption capacities (g.) of all
of the adsorbents are summarized in Table 2. The smallest
adsorption capacity was obtained for amorphous carbon (5.57
mg/g) and that of the composites varied in the 21.18—45.87
mg/g range. Obtained adsorption capacities are much higher
than some of the reported values of the same type of materials as
tabulated in Table 2.

As reported in our previous study, MB adsorption to graphitic
carbon/Fe,0; follows a pseudo-second-order kinetics, where
MB molecules adsorb via physisorption and /or chemisorp-
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Table 2. Comparison of the Obtained Adsorption Capacities
with the Same Reported in the Literature

adsorption capacity

adsorbent (mg/g) reference
SI'1 21.18 this work
SFI 10 45.87 this work
turbostratic carbon/Fe;C/Fe 17.8 12
iron impregnated AC 176.37 61
hydrogen-titanate nanofibers 17.8 62
graphitic carbon encapsulated Fe;C 33.1 63
TiO,/carbon 15.24 64
TiO,/graphene-like bamboo 33.26 65

charcoal

tion,**~%* while that of amorphous carbon obeyed the pseudo-

first-order kinetics model. During graphitization, the carbon
material becomes better organized and forms graphene-like
planes, as shown in the TEM images (Figure 2d). Hence, the
planar MB molecules form 7—z interactions facilitating the
chemisorption. As revealed by the Raman analysis, the degree of
graphitization increased as the loading of the catalysts (Fe,O;
and FTO) increased. Subsequently, a new porous structure
would be established including more micropores and mesopores
in the composites. However, as tabulated in Table 2, the
percentage of adsorption of MB does not increase with a larger
loading of the catalyst, which is despite the amount of graphitic
carbon formed increasing when the catalyst loading also
increases.

Adsorption of MB is greater than 40% in all three types of
composites, i.e, SF, SI, and SFL. In addition to the 7—x
interactions, electrostatic interactions and van der Waals forces
can also be formed in between the carboxyl and hydroxyl
functional groups and MB molecules. The adsorption of MB to
the prepared adsorbents is illustrated in Scheme 1. Generally,

Scheme 1. Adsorption Mechanism of MB to Graphitic
Carbon

Van der Waals forces

MB adsorption is high in composites with low catalyst loadings,
and this is due to the presence of graphitic carbon and high
porosity. In composites with a higher loading of the catalysts,
graphitic carbon and porous structures get masked with the
nanoparticles present, which reduces the effective surface area
and active sites. The outcome is less adsorption of MB. SF
composites consist of Fe, Fe;C, and Fe;O, nanoparticles
distributed on a graphitic carbon matrix. SI and SFI composites
contain TiO, in addition to the Fe, Fe;C, and Fe;O,
nanoparticles. All photocatalysts are sensitive to sunlight since
they comprise both UV and visible light. Photogenerated
electrons and holes are produced upon exposure to sunlight.
Electrons react with the oxygen adsorbed to the catalyst surface

and atmospheric oxygen to produce intermediate superoxide
radicals (O,°”). Hydroperoxyl radicals (HO,") are formed when
O,° radicals react with H" produced from the dissociation of
water. Hydroperoxyl radicals produce H,0,.

Holes react with water adsorbed and produce hydroxyl
radicals (OH?®). These radicals react with the MB molecules and
degrade them to CO,, SO,>~, NH,", and NO;~ under sunlight.*’
Graphitic carbon plays a crucial role in photocatalysis. The
reactant MB molecules should be near the reactive radicals. As
graphitic carbon enhances the adsorption of MB, radicals can
easily degrade MB into products. Moreover, since graphitic
carbon is conductive, the electrons generated at the photo-
catalysts are readily absorbed by the graphitic carbon. This
enhances the charge separation, and such electrons migrate on
the graphitic carbon matrix because of the high conductivity,
thus increasing the photocatalytic activity. Graphitic carbon
itself is conductive, and the layers are located at a 0.34 nm
distance from each other. Consequently, they can contribute to
the production of photogenerated electrons and holes. Hence,
the photocatalytic activity is increased when graphitic carbon is
present. The first-order kinetic plots of SF, SI, and SFI
composites are shown in Figure 8a—c, respectively. When SF
composites are considered, SF 10 showed the lowest rate
constant (0.004 min~") caused by the inadequate presence of
graphitic carbon and the catalysts. This led to the production of
small concentrations of electrons and holes.

The maximum activity resulted with SF 5 (0.007 min™"), as its
adsorption capacity is also high and contains the desired amount
of photocatalysts distributed on the graphitic carbon matrix,
thereby enhancing both the photogenerated electron and hole
pair production. It also facilitated the separation of electrons and
holes, minimizing the electron—hole pair recombination. The
rate constants for the photodegradation of MB in the presence of
the other three SF composites with high loading of the catalysts
are comparatively lower, which is explained by the blockage of
the graphitic carbon, porous structure, and electron—hole pair
recombination. Further, high loading of the metal nanoparticles
aggregated decreased the effective surface area, which generated
less photocatalytic activity. The highest rate constants among
the SI and SFI catalysts were observed in the presence of SI 10
(0.007 min™") and SF120 (0.005 min™"), respectively. However,
with SI'and SFI composites, the photocatalytic activity increased
at SI 1 and SFI 2 although a reduction was observed for SI 1.25
and SFI2.5. This occurred because the number of electrons and
holes generated each time is higher with those composites. The
rate constants for photodegradation of MB in the presence of
catalysts are tabulated in Table 3.

It cannot be assumed that the band gap significantly affects the
photocatalytic activity of the composites because the nano-
photocatalysts are dispersed and immobilized on the graphitic
carbon matrix, instead of forming heterostructures in which all of
the nanomaterials of different compositions and crystallographic
orientations are merged. In all types of composites, initially, a
low rate of reaction was observed, and over time, the
photocatalytic rate increased. Initially, the active sites were
saturated as the catalysts were shaken in 100 ppm of MB. Once
the catalysts in 10 ppm of MB are exposed to sunlight, MB
molecules (which already have been adsorbed) get degraded
and cause a minimal reduction in the absorbance of the 10 ppm
MB solution, of which the absorbance is measured during the
reaction. Once the preadsorbed MB molecules degraded, the
subsequently created vacant active sites would adsorb MB
molecules in the solution and photodegrade them, resulting in a
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E— 087 exposure to sunlight, TiO, nanoparticles excite electrons from

-l VB to the CB, while Fe, Fe;C, and Fe;0, do the same utilizing
Kol the visible irradiation. TiO, located in the junction with Fe,
iy Fe;C, and Fe;0, facilitates the charge separation, enhancing the
1] " photocatalytic activity. High conductivity of the graphitic carbon
16 matrix facilitates the migration of electrons to the molecular
18 oxygen and water to produce superoxide radicals (O,*”) and

0 50 100 150 200 250 300 hydroperoxyl radicals (HO,*), respectively, while holes are
Time (min) passed to water adsorbed and to produce hydroxyl radicals
(OH®). Further, as the MB molecules are adsorbed to the
graphitic carbon support, they easily react with the produced
=l 3 (c) = SI10 radicals and get degraded to harmless products (CO,, SO,*,
: NH,", and NO;") as shown in Scheme 2.
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Figure 8. First-order kinetic plots of (a) SF, (b) SI, and (c) SFI
composites.

higher rate of reaction. The above observations suggest there is a
clear relationship between the adsorption of the dye molecules
to the graphitic carbon and photocatalysis. It is evident that
rather than removing dyes from only adsorption or photo-
catalysis, fabricating a composite that could remove dyes from
both adsorption and photocatalysis using natural substances is
innovative and more applicable for decontaminating water from
textile dyes.

XPS data were evaluated to further support the proposed
mechanism. The binding energy of Fe 2p;,, of pure Fe;0, is
reported to be present at 710.2 eV.*® An increase in the binding
energy of Fe 2p;,, in both SI 10 and SFI 20 by 0.75 and 1.28 eV,
respectively, was observed, indicating a reduction in the electron
concentration (Figure Sk,m, respectively).”’ The binding energy
of Fe 2p,, of Fe(0) is reported to be at 706.6 eV.”® The XPS
feature of Fe;C appeared at 708.5 eV.”' Despite these peaks not
being present in the higher-resolution spectra of Fe 2p;, of both
SI 10 and SFI 20 due to the low concentration, the binding
energy of Fe 2p;/, appeared at 710.95 and 711.48 eV,
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Figure 9. (a) Percentage inhibition of E. coli and S. aureus by SI 10 and SFI 20 composites-broth dilution method, sterilization performance of E. coli,
(b) the blank experiment (c) SFI 20 (d) SI 10, sterilization performance of S. aureus (e) the blank experiment (f) SFI 20 (g) SI 10.

respectively. These were higher than the expected value and
exhibited a low electron concentration. Therefore, given that the
electron density at iron-based species is low, it suggests that
photogenerated electrons at those sites are readily taken by the
graphitic carbon, leading to the production of O,"”, which
degrades MB as proposed by the mechanism. The binding
energy of Ti 2p;,, of pure TiO, is reported to be present at
459.36 eV.”" However, the peak positions of Ti 2p;, of both SI
10 and SFI 20 appeared at 458.55 and 458.7 eV, respectively
(Figure Sp,r), revealing a downshift of the binding energy by
0.81 and 0.66 eV, respectively. It suggests that TiO, is enriched
with electrons.”” Hence, generation of the O, occurs at the CB
band of TiO,, while OH® radicals are generated at the VB.
4.10. Antibacterial Activity. SI 10 and SFI 20 composites
were selected to determine the antibacterial activity of the
synthesized composites as they comprised TiO,-Fe;C-Fe-
Fe;0,/graphitic carbon. They also showed the highest rates of
photodegradation in each category. The antibacterial activity
was tested on inhibition of Gram-negative E. coli and Gram-
positive S. aureus bacteria under the illumination generated by a

100 W LED light. The antibacterial activity could be caused by
four different mechanisms by nanomaterials: (1) the nano-
composites disrupting the cell wall; (2) migration of nano-
composites into the cells and interfering with the ribosomes,
DNA replication, and interrupting ATP production; (3) reactive
oxygen species disrupting the membrane; and (4) perforating of
the membrane. The tested nanomaterials can inhibit the bacteria
especially by mechanism 3 once exposed to light. The
antibacterial activity of the selected composites is shown in
Figure 9, and experiments were conducted in triplicates. SI 10
inhibited 61% of the E. coli, while only 42% was inhibited by SFI
20. The antibacterial activity of both SI 10 and SFI 20 was higher
in discouraging the growth of S. aureus when compared to E. coli,
with the percentages being 79 and 70%, respectively. Both
composites can inhibit the growth of Gram-negative and Gram-
positive bacteria. The broths resulting from the broth dilution
method were cultured on nutrient agar plates to quantify the
viable cells present after the inhibition caused by the
nanocomposites. All of the bacteria in the blank experiments
of both E. coli and S. aureus were live after illumination, as shown
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in Figure 9b,e, respectively, indicating that there is no or minimal
impact of visible light on destroying both bacterial species. The
images of plates with colonies shown in Figure 9¢,d correspond
to the inhibition of E. coli caused by both SI 10 and SFI 20,
respectively. They indicate a decrease in the number of colonies
of E. coli, representing 69 and 50% inhibition, respectively.
Similarly, as shown in Figure 9f;g, respectively, there is a
significant reduction of colonies of S. aureus demonstrating 92
and 84% inhibition, respectively, for SI 10 and SFI 20. The
obtained percentages of inhibition by the colony count are
higher than those resulting from the broth dilution method
because the optical density measured at the broth dilution
method is a measure of both living and nonliving cells, while the
colony count method represents only the viable cells. Therefore,
it is evident that the nanocomposites have inhibited both E. coli
and S. aureus. Further, to visualize the inhibition action caused
by the composites (SI 10) on E. coli, SEM images were taken
(Supporting Information Figure 2a,b). Areas where the
nanocomposites colloid with the bacterial cell and cause
physical damage are highlighted in red-color circles. Although
SI 10 and SFI 20 have the same composition, the antibacterial
activity of SI 10 is greater than that of SFI 20. The difference in
the synthesis is that SI composites were fabricated by mixing
sucrose with amorphous FTO, while additionally, amorphous
Fe,0; was added in the synthesis of SFI composites. The rate of
photocatalysis of SI 10 (0.0068 min™~") is greater than that of SFI
20 (0.0048 min~'). Radicals are mainly responsible for the
photodegradation of MB, and more radicals are formed in the
presence of the SI 10 catalyst than that of SFI 20, as revealed by
the results of photocatalysis. Based on this, it could be concluded
that the mechanism, disruption of the membranes by the
reactive oxygen species, is higher in SI 10 than in SFI 20,
resulting in higher antibacterial activity in the former than in the
latter. Thus, fabricated composites can not only remove dyes
from wastewater but also inhibit the growth of harmful bacteria
from wastewater as well.

5. CONCLUSIONS

In conclusion, we have demonstrated the fabrication of TiO,-
Fe;C-Fe-Fe;O,/graphitic carbon composites using natural
ilmenite sand and sucrose as the raw materials, varying the
weight ratio between sucrose and the product obtained by
treating the acid leach of ilmenite with ammonia. Along with
that, Fe;C-Fe-Fe;0,/graphitic carbon composites were also
successfully synthesized by mixing sucrose with Fe,O;. Further,
both Fe,0; and the product obtained by treating the acid leach
of ilmenite with ammonia were also mixed with sucrose, varying
the weight ratios. All of the composites were effective in
removing MB via adsorption and photocatalysis. SFI 10
indicated the highest adsorption capacity of 45.87 mg/g
removing 91.6% of MB, while SF 10 exhibited 44.33 mg/g
adsorption capacity removing 88.6% of MB, the highest in the
SF category. n—r interactions between the graphitic carbon and
MB enhanced the chemisorption.

The highest adsorption capacity of the SI group was obtained
with SI 10 (39.72 mg/g), which removed 79.2% of MB. The
synthesized composites were effective in degrading MB under
photocatalysis. The highest rate constant for photodegradation
of MB was achieved with SF 5 and SI 10 (0.0068 min~"), while
SFI 20 showed the highest rate constant (0.0048 min™") in its
category. Electrons photogenerated by TiO,, Fe, Fe;C, and
Fe;O, migrate on the conductive graphitic carbon matrix
generating O,°~ and HO," radicals. Holes further generate OH®

by reacting with the water adsorbed. These radicals photo-
degraded MB molecules effectively under sunlight. The
synthesized composites were effective in inhibiting the growth
of E. coli and S. aureus. Hence, fabricated composites using
ilmenite and sucrose constitute an environmentally friendly and
cost-effective strategy for removing dyes from wastewater and
inhibiting the growth of bacteria.
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