engineering K
proceedings MD\Py
Proceeding Paper

Hydrothermal Synthesis of Mesoporous FeTiO3 for Photo-Fenton
Degradation of Organic Pollutants and Fluoride Adsorption

Neha Gupta !, Arpita Sarkar 2, Bivek Pradhan ! and Soumya Kanti Biswas 1*

check for
updates

Citation: Gupta, N.; Sarkar, A.;
Pradhan, B.; Biswas, S.K.
Hydrothermal Synthesis of
Mesoporous FeTiOj3 for Photo-Fenton
Degradation of Organic Pollutants
and Fluoride Adsorption. Eng. Proc.
2023, 59, 134. https://doi.org/
10.3390/ engproc2023059134

Academic Editors: Nithesh Naik,
Rajiv Selvam, Pavan Hiremath,
Suhas Kowshik CS and

Ritesh Ramakrishna Bhat

Published: 30 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Chemistry, Sikkim Manipal Institute of Technology, Sikkim Manipal University,

Majhitar 737136, Sikkim, India; neha_20211009@smit.smu.edu.in (N.G.); pradhanbivek44@gmail.com (B.P.)
Department of Chemistry, School of Basic Sciences, Swami Vivekananda University, Barrackpore,

Kolkata 700121, West Bengal, India; 80.arpita@gmail.com

*  Correspondence: soumya.biswas@smit.smu.edu.in

Presented at the International Conference on Recent Advances on Science and Engineering, Dubai, United
Arab Emirates, 4-5 October 2023.

Abstract: Metal oxide semiconductor-based photocatalysis and advanced oxidation processes (AOPs)
are effective in treating various recalcitrant pollutants such as organic dyes present in industrial
wastewater streams. AOPs rely on the highly reactive hydroxyl radicals (OH®) that facilitate the non-
selective destruction of most organic pollutants. Here, we present the novel synthesis of mesoporous
FeTiOj catalyst via a simple, hard template-free, aqueous-solution-based hydrothermal synthesis
method. The surfactant, tetradecyltrimethylammonium bromide (TTAB), was used as the structure-
directing agent, the removal of which led to the formation of the mesoporous structure. The catalyst
was characterized by thermo-gravimetric analysis (TGA), Fourier transform infrared spectroscopy
(FTIR), Branauer—Emette—Teller analysis (BET), X-ray diffraction (XRD), and scanning electron micro-
scope (SEM) techniques. The obtained catalyst has been studied for its photocatalytic application in
the presence of H,O, towards the degradation of organic dyes as representative pollutants, namely,
rhodamine B (RhB) and methylene blue (MB) under direct solar light irradiation. The various charac-
terizations confirm the formation of mesoporous FeTiO3 with a pore size of ~7.5 nm and a specific
surface area of 65 + 5 m2/ g. The influence of HyO, oxidant on the removal of the said dyes has
also been studied at various concentrations in the presence of the synthesized catalyst to determine
the optimum dosage of HyO,. The catalyst was efficient in the complete synergistic adsorption-led
photo-Fenton-like removal of MB in just 30 min of irradiation time, while the 96% RhB was degraded
in 240 min. Moreover, this catalyst has also shown potential for fluoride adsorption that reaches up
to more than 50% in 90 min.

Keywords: photocatalysis; mesoporous; wastewater treatment; fluoride adsorption

1. Introduction

AOQPs, like photocatalysis, photo-Fenton, and Fenton reactions, have emerged as
highly effective methods for pollutant remediation due to their ability to generate potent
radical species like OH® radicals. Among these processes, photo-Fenton degradation
involves the interaction of Fe>* /Fe?* ions with H,O, to produce highly oxidizing OH®
radicals. In this context, Fe-containing heterogeneous photocatalysts are preferable for
several reasons. Firstly, unlike homogeneous photo-Fenton processes, they avoid the
problem of generating iron sludge [1]. Secondly, the bandgap excitation of the Fe-containing
photocatalyst enhances the cycling between Fe3* /Fe?* centers, accelerating the generation
of OH* radicals [2].

FeTiO; or ilmenite is a suitable candidate for exploring such possibilities as it is a
photoactive material having an energy band gap of ~2.5-2.9 eV, capable of harnessing
visible or solar light [3]. Ilmenite is abundantly available in the Earth’s crust, which makes
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it a potential catalyst for large-scale application in the degradation of industrial pollutants.
Photocatalytic applications of FeTiO3 have been explored before [3-5], but the problem of
fast charge recombination impedes the required photocatalytic performance [6]. Moreover,
previous studies on the photo-Fenton-like activity of ilmenite conducted at acidic pH
resulted in the leaching of the Fe from FeTiO3/ilmenite [6,7].

Here, we present a novel approach to synthesizing mesoporous FeTiO3 using a simple
aqueous solution-based method, which incorporates a soft templating technique, that has
not been reported in the literature and showcases its excellent performance as a photo-
Fenton catalyst for dye removal. Additionally, the porous nature of the synthesized material
presents a valuable prospect for addressing fluoride contamination in drinking water.
Given that fluoride levels exceeding 1.5 mg/L in drinking water are deemed unsafe for
consumption [8], fluoride concentrations above the recommended limit can lead to serious
health issues, such as fluorosis, making the development of efficient fluoride removal
materials of significant importance [9].

2. Materials and Methods

Ferric nitrate nonahydrate (Fe(NO3)3-9H,0), TTAB, tartaric acid (C4HgOg), potassium
fluoride (KF), ammonium hydroxide (NH4OH), and MB were purchased from Thomas Baker,
Mumbai, India and titanium dioxide (TiO,), hydrofluoric acid (HF), and RhB were purchased
from Merck, Mumbeai, India. All the reagents were used without any prior purification.

The material was characterized using the following characterization techniques:

Characterization of surface area and pore size were performed on Autosorb-iQ (Quan-
tochrome, Boynton Beach, FL, USA) using BET and BJH (Barret-Joyner-Halend) methods,
respectively. Thermal analysis was performed by TGA using the Perkin-Elmer Simultane-
ous Thermal Analyzer, (PerkinElmer, Inc., Waltham, MA, USA) at 5 °C/min heating rate.
The FTIR spectra were recorded on the Shimadzu IRAffinity-1S FTIR Spectrophotometer
(Shimadzu Corporation, Kyoto, Japan). XRD was performed using the X'Pert-pro diffrac-
tometer (PANalytical, Almelo, Netherlands). The microstructure analysis was carried out
using JEOL-JSM6500 SEM (Jeol, Tokyo, Japan). The degradation of the dyes was monitored
with the Shimadzu UV-1900i (Shimadzu Corporation, Kyoto, Japan) spectrophotometer. A
MEX-TECH LX 1010B digital LUX meter (Mumbeai, India) was used to measure the intensity
of light irradiation. The measurement of fluoride concentration was conducted using the
Hanna iris visible spectrophotometer HI801-02, (Hanna Instruments Inc., Woonsocket, R,
USA) with fluoride LR (0.00 to 2.00) mg/L as the standard.

Initially, the metal precursor solutions were prepared. The preparation of titanium
tartrate precursor solution is mentioned elsewhere [10]. Then, 0.5 mmol Fe(NOj3)3-9H,O
was dissolved in 5 ml of distilled water. A total of 0.15 mmol TTAB was dissolved in 9 mL
of water. The above solutions were mixed to form a homogeneous mixture. The required
amount of titanium tartrate solution (0.089 M) was concentrated at 25 mL and added to the
mixture of Fe(NO3)3-9H,0 and TTAB. After that, the mixture was poured into an aqueous
ammonia solution, and pH 9 was maintained. The solution mixture was stirred further on
a magnetic stirrer for 7 h and heated for 1 h on a hot plate at 60 °C. The obtained mixture
was poured into a Teflon-lined stain steel autoclave and kept for 12 h at 130 °C inside a hot
air oven. The autoclave was naturally cooled, and the obtained product was evaporated in
a hot water bath at 80 °C. The obtained powder was ground in a motor pestle and further
calcined at 500 °C for 5 h in a muffle furnace.

The photocatalytic performance was measured under direct sunlight irradiation. A
total of 50 mL of the dye solutions (RhB, MB), 1 x 10~° M, was taken in a borosilicate beaker
of 250 mL volume. A total of 50 mg of catalyst was added to the dye solution and kept in
the dark under constant stirring for 1 h on a magnetic stirrer to establish the adsorption-
desorption equilibrium. To find the percentage of degradation, 3.5 mL aliquots were taken
from the solution every hour. For photo-Fenton experiments, the required amount of HyO,
was added to the solution containing dye and the catalyst prior to irradiation.
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For fluoride ion adsorption, a standard fluoride solution (2 mg/L) was prepared in
distilled water. The fluoride adsorption test was performed with an adsorbent dose of 0.07
g/100 mL, varying the adsorption time from 15 to 90 min. A certain amount of sample
was taken out at the indicated time intervals and centrifuged to remove the adsorbent. In a
cuvette, 2 mL of fluoride low-range reagent (H193729-0) was added, and using a plastic
pipette, the cuvette was filled to the 10 mL mark with the extracted samples. The solution
was mixed thoroughly and then placed into the instrument. The concentration of fluoride
ions was measured using the Hanna Iris visible spectrophotometer with an accuracy of
£0.03 mg/L £ 3% of the reading at room temperature.

The following formula was used to determine the percentage removal of dyes and
fluoride:

% Removal = [Cy — C/Cy] x 100 (1)

The Langmuir-Hinshelwood (L-H) model (Equation (2)) described the kinetics of RhB
and MB degradation (Equation (2)).

In(Cy/C) = kt )

where Cy and C are the initial and final concentrations of dyes, respectively; t represents
the reaction time expressed in min; and k denotes the pseudo-first-order rate constant for
the degradation reaction. The pseudo-first-order rate constant (k) was determined from the
slope of In (Cy/C) versus t.

3. Results and Discussion
3.1. Characterization of FeTiO3 Photocatalyst

In the synthesis of the FeTiO3, TTAB surfactant was used as a soft template to create
the mesoporous structure. In synthesis involving soft templates, the organic surfactants
are initially arranged to form self-assemblies. After the addition of the inorganic phase
(i.e., the metal precursors), the organic surfactant and the inorganic phase form an organic—-
inorganic structure such that the inorganic precursors cover the surfactant self-assemblies
that remain embedded inside the inorganic phase [11]. On removal of these surfactant
self-assemblies via thermal decomposition, voids are created in the place of the surfactant
assemblies generating the desired pores [12].

Figure 1a shows the TGA plot of the as-synthesized sample. There was an initial
weight loss of ~14% up to 200 °C. This weight loss was related to the removal of adsorbed
water. Upon further heating, a substantial reduction in weight, approximately 78%, was
observed between 200 °C and 450 °C. This weight loss was primarily due to the thermal-
decomposition-driven elimination of the organic reagents and surfactants employed in the
synthesis process. No substantial weight loss was observed beyond 450 °C. This confirmed
the complete removal of all the organic matter from the sample at temperatures beyond
450 °C and the formation of the pure compound. Thus, the samples were calcined at
500 °C and 600 °C to study their catalytic activities. The outcomes derived from the TGA
analysis were further reestablished by the FTIR spectra of samples subjected to calcination
at varying temperatures, as illustrated in Figure 1b. In the figure, spectrum a represents the
FTIR spectra of pure TTAB surfactant. The as-synthesized sample (spectrum B) contains
the FTIR peaks related to the symmetric and asymmetric stretching of alkyl C-H bonds
of TTAB at 2850 cm ! and 2920 cm ! respectively, which confirms the presence of TTAB
in the as-synthesized material [13]. On heating the sample at 200 °C (spectrum C), the
peaks between 2700 cm ! and 3500 cm ! disappeared, indicating the removal of adsorbed
water, as reflected in the TGA plot. The FTIR spectra of samples heated successively at
400 °C and 500 °C (spectrums D and E) reflect the complete removal of the surfactant or
any organic remnants as all FTIR peaks observed for TTAB disappeared. The observed
peaks in curves D and E positioned at 517 cm~! and 430 cm ! corresponded to Fe-O and
Ti-O, respectively [14]. This indicates the presence of Fe-O and Ti-O bonds in the catalyst.
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Figure 1. (a) TGA plot of as-synthesized FeTiOs. (b) Comparison of FTIR spectra of FeTiO3 calcined
at various temperatures and TTAB surfactant.

The powder XRD measurement was used to verify the crystalline phase and structure
of the synthesized FeTiOj3 catalyst. Figure 2a shows the XRD patterns of FeTiO3 calcined
at 500 °C and 600 °C. In both the samples heated at two different temperatures, sharp
diffraction peaks indicate the crystalline nature of the prepared material. The major XRD
diffraction peaks at 26 values 24.4°, 33.3°, 35.8°, 41.1°, 49.8°, 54.4°, 57.1°, 62.8°, and 64.2°
can be indexed to (012), (104), (110), (113), (024), (116), (018), (124), and (300) lattice planes,
respectively (JCPDS card no. 75-1207) [3]. The observed diffraction peaks confirmed the
presence of the hexagonal phase of FeTiO3. Nj adsorption—-desorption experiments were
performed using the multipoint BET model. The results in Figure 2b show a characteristic
curve indicative of a mesoporous material. The surface area calculated was found to
be 65 & 5m?/g. Further, the inset in Figure 2b shows the pore size distribution of the
mesoporous catalyst. The average pore size determined by the BJH model was found to be
~7.5 nm.
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Figure 2. (a) XRD patterns of FeTiOj3 calcined at different temperatures. (b) N, adsorption—-desorption
isotherm of FeTiOj calcined at 500 °C.

SEM analysis was employed for the morphological characterization of FeTiO3. Figure 3
shows the SEM micrographs of the samples calcined at 500 °C. It can be observed that the
catalyst was made of agglomerated particles of irregular morphology. The particle size
ranged from sub-microns to several micrometers. At higher magnification, it was seen that
the surface of the FeTiOj catalyst contained pores of different sizes.
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Figure 3. SEM images of FeTiO3; composites calcined at 500 °C.
3.2. Catalytic Activity of FeTiO3

Initially, the catalytic performance of samples calcined at 500 °C and 600 °C was
compared to determine the effect of calcination temperature on their catalytic performance.
In this study, the degradation of RhB dye, employed as a representative pollutant model,
was investigated using FeTiO3 under the influence of both HyO, and solar light irradiation.
Figure 4a shows the temporal changes in the characteristic peak of RhB at 554 nm recorded
for 3 h of reaction time. The catalyst calcined at 500 °C showed slightly higher degradation
of RhB (~90%) at 3 h compared to that calcined at 600 °C (~88%). It is already known
that catalysis is a surface phenomenon. So, the more exposed surface-active sites, the
more efficient the reaction will be. However, it has been observed that as the calcination
temperature increases, the degree of aggregation also increases [15]. This would result in
the agglomeration of smaller particles into larger particles, which explains the reduction in
catalytic activity of the FeTiOj3 catalyst on increasing the calcination temperature. There-
fore, in the present study, all the catalytic tests were carried out using FeTiO; calcined at
500 °C. H,O, was utilized here as an oxidant to produce OHe radicals that are capable of
degrading most organic compounds, owing to their high oxidation potential [16]. Thus,
several concentrations of 15 mM, 25 mM, 35 mM, and 45 mM of H,O, were utilized in the
degradation of RhB dye in the presence of FeTiO3 and solar irradiation to establish the
optimal dosage of HyO, required for the degradation. According to Figure 4b, when the
concentration of HyO; changed from 15 to 35 mM, the degradation efficiency also increased,
going from 68% to 96% in the course of the 4 h reaction period. Because the amount of HO,
used determines the concentration of OHe radicals generated in the reaction medium, it
follows that as HyO, concentration rises, more OHe radicals are generated, which increases
degradation efficiency. Increasing the concentration from 35 mM to 45 mM caused a de-
crease in the degradation to 90%. The reason for such observation is the self-scavenging of
the OHe radicals by the excess OHe radicals [17]. Thus, 35 mM H,O, was determined as
the optimal concentration.
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Figure 4. Effect of (a) calcination temperature and (b) different H,O, concentrations on the degrada-
tion of RhB dye.

Figure 5a represents the time-dependent degradation of RhB using 35 mM H,0O,,
and 50 mg of FeTiOj3 catalyst, under natural sunlight. The absorbance maxima of RhB at
554 nm steadily decreased with the increasing reaction time and almost disappeared after
4 h of irradiation, and no shift in this peak was observed, indicating that no side products
or intermediates were formed during the degradation. Thus, it was concluded that the
degradation of RhB led to the complete breakdown of the conjugated molecule of RhB,
leading to its mineralization. The degradation of another organic pollutant dye, MB, was
also carried out in the same catalytic condition as mentioned above. Figure 5b depicts
the time-dependent degradation of MB in the presence of FeTiO3, HyO», and light. In
comparison to RhB, it was found that a higher percentage of MB, about 50%, was absorbed
on the catalyst, while such adsorption was not obtained in the case of RhB. Considering the
molecular structure of MB and RhB, MB is a planar molecule and smaller in size compared
to RhB [18]. Thus, it makes it easier for MB to diffuse into the pores of the catalyst, leading
to a higher degree of adsorption. Again, as a greater number of MB molecules are adsorbed
on the surface of the catalyst, its degradation progresses more swiftly because of better
charge transfer, leading to its complete removal in just 30 min of reaction time. The plot
of In (Cy/C) vs. t shows a good fit with R? > 0.95, indicating that the degradation follows
the pseudo-first-order kinetic, and the rate constants were found to be 0.013 min~! and
0.12176 min~! for the degradation of RhB and MB dyes, respectively.
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Figure 5. Degradation of (a) RhB and (b) MB in the presence of H,O,, FeTiO3 and direct solar irradiation.

Further, the photocatalytic, Fenton, and H;O,-led degradation of RhB was performed
to compare and determine the role of the combined catalytic components, i.e., catalyst and
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light, catalyst and H,O,, and only H,O,, respectively, with the photo-Fenton removal of
RhB dye shown in Figure 6a. Maximum degradation close to 100% was attained during
the photo-Fenton process, i.e., in the presence of FeTiO3 and HyO, under solar light
irradiation. As evident from the observations, the least degradation of about 6% was
induced by H,O,. This can be explained by the fact that H,O, does not generate any
OHoe radicals on its own [19]. It can be decomposed to OHe radical by the action of light,
preferably in the UV range (Equation (5)), or it can be activated by Fe?*/Fe3" ions present
on the surface of the catalyst (represented as =Fe>* /=Fe?*) to generate OHe radicals
(Equations (2)—(4)) [16]. This indicates that only H,O, alone is not sufficient to drive the
degradation process. Next, during the photocatalytic degradation experiment, a small
amount of degradation (16%) was observed. The photocatalysts, on light irradiation,
generated active species like electrons and holes on bandgap excitation (Equation (6)) that
further produced reactive radicals to degrade organic pollutants (Equations (7) and (8)) [6].
The observed degradation was a result of such band gap excitation. On the other hand, the
low efficiency of degradation could be explained by the fast recombination of electron-hole
pairs. The contribution of the Fenton process in the absence of any light by the action of the
catalyst and H,O, was also investigated to determine the role of light irradiation on dye
removal. The Fenton process also brought about 15% degradation of RhB after 4 h. It can
be concluded that light is an important catalytic component in the observed degradation of
RhB. These results indicate that the FeTiO3 catalyst, HyO,, and light synergistically enhance
the dye degradation process and are required for the removal of the said dye. Moreover,
the catalyst showed up to 95% degradation after three catalytic cycles for the degradation
of RhB, as observed in Figure 6b, indicating the stability of the synthesized catalyst for
repeated use.

=Fe3* + H,0, — =Fe** + HO,® + H* (3)
=Fe’* + H,0, — =Fe* + OH® + OH™ (4)
H,0, + light — OH® + OH ™~ )
FeTiO3 + light — e~ + hyp (6)
e p+0 —-0," (7)

h*,, + HbO — OH® + H* (8)

% Removal

2

Number of Cycles
(b)

Figure 6. (a) Comparison of RhB degradation by different catalytic setups. (b) Recyclability test of
FeTiO3 during the degradation of RhB dye.

Additionally, the synthesized mesoporous FeTiO3 was used for the removal of fluoride
ions from water at neutral pH as an adsorbent. Figure 7 shows the changes in the fluoride
concentration during 90 min of adsorption. There was a maximum fluoride removal of
>40% in the initial 15 min of adsorption. After 30 min, the fluoride removal % slowed
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down, and at 60 min of adsorption, saturation was attained following the establishment of
the adsorption-desorption equilibrium. At an initial fluoride concentration of 2 mg/L and
neutral pH, the FeTiO3 adsorbent achieved a maximum fluoride adsorption percentage
of 55% and an adsorption capacity of 1.5 mg/g. According to WHO recommendations,
fluoride concentration >1.5 mg/L is unfit for consumption. However, the research on
fluoride adsorption is generally conducted at higher concentrations ranging from 5 mg/L
and above, and it has been found that the adsorbent’s ability to adsorb fluoride decreases
at low concentrations [20]. Our adsorbent demonstrated significant fluoride adsorption
ability even at low fluoride concentrations of 2 mg/L and without pH adjustment, which
indicates the potential applicability of FeTiOs in fluoride adsorption.

100 2.0
90
-1.8
80
=
g 7 1.6 =
- 1 \
2 . -
5 2
z 604 =
= 1.4 02
< —_— . =~
£ 504
1.2
404
30 T v T T T v 1.0
15 30 45 60 75 90
Time (min)

Figure 7. Fluoride adsorption using FeTiO3 as adsorbent.

4. Conclusions

In the present study, TTAB served as the structure-directing agent or the template. On
thermal treatment at temperatures >200 °C as observed from the TGA and FTIR studies,
the template, namely, TTAB, was decomposed, creating the mesoporous structure, without
the need for any hard templates. The synthesized mesoporous FeTiO3; was found to be an
effective catalyst in the photo-Fenton degradation of organic dyes such as RhB and MB.
The mesoporous nature of the prepared material also makes it a suitable adsorbent for
fluoride adsorption as found in this study. However, various factors influence the extent of
adsorption such as the solution pH, adsorbent dosages, interfering ions, etc. These can be
explored in the future.
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