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for the synthesis of porous TiO2

from ilmenite ore using molten salt alkali
decomposition for photocatalytic applications†

Shaik Saida, * Deepak Kumar Gorai and Tarun Kumar Kundu

A new eco-friendly process for the synthesis of Fe-doped TiO2 nanoparticles using ilmenite feedstocks has

been investigated. The characterization and photocatalytic properties of synthesized TiO2 nanoparticles

have been presented. The effect of leaching process parameters on the separation of the impurities from

TiO2 is investigated. The TiO2 obtained after the process consists of only Fe (∼5 ± 0.5 wt%) as the

doping element, and the remaining elements are effectively separated from titania using this process.

The microstructure analysis shows that the nanoparticles are in a spherical shape with agglomerations.

XPS analysis shows that Ti is in the Ti4+ valence state and Fe is in the Fe3+ valence state which is

incorporated in the TiO2 lattice. BET analysis shows that the nanoparticles exhibit gel-like properties

during the adsorption of N2. The band gap obtained from the UV vis analysis is calculated to be 2.75 eV

which is very low compared to that of the reference sample (3.09 eV). A total of 92% of the methyl

orange dye is effectively removed from the water while the reference sample shows only 68%

degradation affinity under the same degradation conditions.
Sustainability spotlight

The pollution of water due to the dyes generated by the cloth and leather industries is still a major concern for the industries. To avoid this problem, many
industries are looking towards dye degradation technologies using nanomaterials to adsorb the dyes and clean the water. In this way, dye wastage can also be
minimized along with the recycling of wastewater. TiO2 is the most common nanomaterial in use for photocatalytic applications because of its low band gap and
commercial availability. There are many publications suggesting the enhancement of photocatalytic or degradation properties of TiO2 with the dopant's usage.
But, all of the publications are based on precursor feed materials such as TiCl4, TiOSO4, tetra isopropyl-orthotitanate, titanium isopropoxide, and titania slag
which are costly. The present work proposes a novel process for the synthesis of Fe-doped TiO2 nanomaterials using low-grade ilmenite feedstocks. With this
process, the cost of precursor synthesis can be minimized and the bulk generation of highly degradation-capable titania nanoparticles can be made possible
with minimal cost.
1. Introduction

TiO2-based nanomaterials have been attracting much more
attention in photocatalytic applications since the discovery of
its rst application in water splitting by Fujishima and Honda
in 1972.1 From there onwards, titania has been used in a wide
variety of photocatalytic applications such as degradation of
pollutants, water splitting, CO2 reduction, and organic
synthesis.2,3 Numerous studies have been published on the
design, synthesis, and tailoring of the properties of TiO2

nanomaterials in photocatalytic applications.4 Several methods
such as the hydrothermal method, the sol–gel method, laser-
induced decomposition, vapour-phase hydrolysis, chemical
vapour decomposition, and molten salt methods are available
artment, IIT Kharagpur, Kharagpur, West

@iitkgp.ac.in

tion (ESI) available. See DOI:

–598
for the synthesis of titania nanoparticles for different photo-
catalytic applications.5 In most cases, precursors such as titania
slag, TiCl4, TiOSO4, tetra isopropyl-orthotitanate, titanium iso-
propoxide, and titania slag are used for the synthesis and
tailoring of the photocatalytic nature of titania
nanoparticles.4,6–8

Ilmenite is the abundant and cheap natural resource of
titania, which is distributed all over the world. It can be used as
a potential source for the commercial production of TiO2

nanoparticles. The titania content in the ilmenite ore varies
from 45 to 65% based on the geography of the ore.9 Along with
titania, iron oxide is the secondary compound (with 35–60%)
present in the ilmenite ore along with minor impurities such as
SiO2, Al2O3, MnO, MgO, Cr2O3, ZnO, ZrO2, etc.10 There are
several commercial hydrometallurgical and hybrid (combina-
tion of pyro and hydrometallurgical processes) processes
available for the separation of iron and other impurities from
the ilmenite ore to produce pure titania.9,11 But all these
processes have their disadvantages such as generation of waste,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
energy-intensiveness, and causing high emission of greenhouse
gases.11,12 Recently, molten salt alkali decomposition tech-
nology has been most promising for the decomposition of
titania based minerals to make them easily leachable in low
acidic solutions.10 In the present work, the synthesis and char-
acterization of the photocatalytic grade Fe-doped TiO2 nano-
particles synthesized from the low-grade Indian ilmenite ore
using the molten alkali decomposition and two-stage leaching
processes are investigated.
Fig. 1 Flow chart for the TiO2 nanoparticle synthesis using ilmenite as
a precursor.
2. Experimental work
2.1. Synthesis of TiO2

Thermodynamic studies on the phase transitions of ilmenite ore
with variations in the alkali amount and temperature are con-
ducted using the FactSage thermodynamic soware package.13

FactPS and FTOxid databases in FactSage soware are chosen to
plot the pseudo-binary phase diagram of Na2O-FeTiO3. The weight
ratio of Na2O : FeTiO3 (1 g : 1.5 g) and temperature (1073 K) ob-
tained from the thermodynamicmodeling are chosen for the alkali
decomposition of the ilmenite (green point in Fig. S1†). Analytical
grade NaOH pellets supplied by Lobha Chemicals are taken as the
precursor for the disodium oxide in the present work. The ilmenite
used in the present study was collected from the Ganjam district,
Orissa, India. The chemical composition of the ilmenite is given in
Table 1; it shows that titania and iron oxide are the major
constituents present in the ilmenite sample along with impurities
such as alumina, silica, magnesia, manganese oxide, vanadium
oxide, etc. The stoichiometric amount of NaOH and the as-received
ilmenite sample are taken in an alumina crucible and kept in
a muffle furnace with freely accessible air aer reaching the
desired temperatures. Later on, the samples are kept for 60
minutes and sent for characterization and leaching studies. The
temperature of the furnace is regulated using a programmable
temperature controller with precision ± 5 °C.

The product obtained from the alkali decomposition process
is transferred to a water-leaching setup to extract the alkali
content. The effect of operation parameters such as time,
temperature, and solid-to-liquid ratio (S/L ratio) in the water
leaching stage is studied by keeping the stirring speed constant
at 500 rpm. Aer water leaching, the leach liquor is sent to the
alkali recovery step to recycle back the NaOH used, and the
residue slurry is sent to the pressure leaching stage to obtain
pure titania. A bomb made of steel alloy casing and a Teon
beaker are used for the pressure leaching process. The effect of
HCl amounts (stoichiometric, 5% excess, 10% excess, and 20%
excess) on the selective removal of impurities is determined by
xing the other parameters constant such as the solid to liquid
ratio 1 : 10, temperature 413.15 K, and time 240 min. The nal
residue TiO2 product obtained from the hydrolysis stage is
Table 1 XRF analysis of raw ilmenite (conc. >0.1 are not reported)

Formula TiO2 FeO SiO2 Al2O3 MgO MnO V2O5

Weight% 49.7 46.98 0.71 0.69 0.59 0.56 0.51

© 2023 The Author(s). Published by the Royal Society of Chemistry
calcined at 773 K and sent for the photodegradation tests.
Analytical grade TiO2 (99% pure) obtained from Lobha Chem-
icals is used for the comparison of the photodegradation
capabilities of synthesized TiO2. A detailed ow chart of the
process used in the present study is given in Fig. 1.

2.2. Dye degradation tests

The photodegradation properties of the synthesized and refer-
ence TiO2 are tested using the 20 PPM methyl orange dye
solution. The dye sample is prepared by dissolving a 0.01 g
methyl orange dye in 500 ml distilled water. The degradation
tests are performed using UV light irradiation (two equally
spaced 15 W UV lights, Philips, Poland) at a constant stirring
speed of 200 rpm. 50 ml of dye solution with 0.02 g catalysts is
placed under UV light with stirring for 60 min 4 ml degraded
dye solutions are taken out at 10 min regular intervals. The
catalyst is removed from degraded dye solutions before UV-vis
absorbance measurement via centrifugation for 5 min at 9000
RPM and ltration. The absorbance data of the eluted samples
are recorded on a Bio Tek Epoch 2 microplate spectrophotom-
eter within the 200–800 nm wavelength range. MO photo-
catalytic degradation efficiency (h) and kinetics rate (k) are
calculated from the absorbance data using the following
relation:

h ¼
�
C0 � Ct

C0

� 100

�
% (1)

C0 is the MO absorbance (concentration) at the initial time and
Ct is at a particular time t. The photocatalytic rates were calcu-
lated by using the following eqn.

Kt ¼ ln

�
C0

Ct

�
(2)

2.3. Characterization

The phase analysis of the ilmenite and the solid products ob-
tained at different stages of the TiO2 synthesis is performed
RSC Sustainability, 2023, 1, 592–598 | 593
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using the X-ray diffractometer supplied by Siemens D5000. The
Cu Ka radiation with l = 1.54 A° is used as the source of X-rays,
with a 2q range of 10° to 70° and a scanning rate of 0.25° s−1 and
an acceleration voltage of 40 kV and 40 mA current are main-
tained for X-ray diffraction analysis. X-ray uorescence (XRF) is
used for the chemical composition analysis of the ilmenite. The
morphology and elemental composition of the solid samples
are examined with a scanning electron microscope (OXFORD
Instruments) supported by an energy dispersive spectrometer
(EDS). A transmission electronmicroscope (TEM) is used for the
examination of the morphology of the TiO2 nanoparticles ob-
tained from the nal synthesis process. Nitrogen adsorption
and desorption isotherms of the nanoparticles are measured
using the Micrometrics ASAP 2020 apparatus in a liquid
nitrogen atmosphere. Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) is used to quantify the
elements leached in the water and acid leaching stages.
3. Results and discussion
3.1. Thermodynamic calculations

Fig. S1† represents the pseudo-binary phase diagram of diso-
dium oxide and ilmenite in an open-air atmosphere. It shows
that ilmenite decomposes into iron oxide and titania prior to
the alkali reactions in an open atmosphere. At lower alkali
fractions, Na2O preferentially reacts with the titania present in
the ilmenite ore to form sodium titanates prior to iron oxide.
The iron oxide starts a reaction with the Na2O that remained
aer the complete conversion of titania; this is due to the low
free energy of the formation of sodium titanates compared to
that of the sodium ferrates. From the phase diagram, the
minimum weight fraction of Na2O required for the complete
transformation of titania and iron oxides is noted as 0.35. There
Fig. 2 Effect of process parameters on the leaching efficiency of
elements, (a) effect of S/L ratio and time on Na leaching efficiency
during water leaching, (b) effect of temperature on the Na leaching
efficiency, and (c) effect of HCl on the leaching efficiency of different
elements during pressure leaching (where S/L is the solid to liquid
ratio).

594 | RSC Sustainability, 2023, 1, 592–598
is a eutectic reaction (red dot) that occurs at 1113 K (at Na2O
fraction 0.45) between Na2TiO3 and Na4TiO4 phases to form the
slag phase. Several researchers also stated that there is a sodium
titanate slag phase formed in the alkali decomposition process
at higher temperatures.14 This slag phase creates problems in
sample removal from the crucible upon solidication and
impurity separation in further leaching stages. To avoid the slag
phase formation and particle size effect15 on alkali decomposi-
tion, a temperature of 1073 K is chosen for experiments.
3.2. Effect of process parameters

The effect of process parameters on the separation of alkali and
other impurities from TiO2 is shown in Fig. 2. Fig. 2a shows the
effect of the solid-to-liquid ratio (S/L ratio) and time on the Na
recovery in water leaching of the decomposed product. It shows
that the optimum leaching efficiency of Na recovery is obtained
at a S/L ratio of 1/5 and a time period of 45 min which is ∼90%.
A further increase in the S/L ratio to 1/7.5 shows greater results
in Na recovery at shorter time periods (#30 min) while at
a longer time of leaching it does not have much effect compared
to the S/L ratio of 1/5. Fig. 2b shows the effect of temperature on
the Na recovery in the water leaching stage; it shows that
maximum Na is extracted at a temperature of 343 K. During the
alkali leaching, the sodium compounds associated with impu-
rities such as Fe, Si, Al, V, Cr, Mn, Mg, etc. are also leached into
the solution. But, the high pH (>12) conditions in the water
leaching stage led to the reprecipitation of some of the elements
such as Fe, Al, Mg, Mn, etc. as hydroxides into the leach residue.
To remove these impurities and excess sodium from titania,
a preferential acid-leaching step is used.16,17 In general, tita-
nium hydrolyses as meta titanic acid at temperatures above 383
K.18 To selectively separate the impurities from the titania, the
temperature of the pressure leaching is maintained at 393 ± 2
K, and HCl is added to selectively leach impurities. The stoi-
chiometric reactions that occur in the leaching stage are given
below:

2(Na2O)x(TiO2) + 4× HCl /

4× NaCl (aq) + 2TiOCl2 (aq) + 2× H2O + O2 (3)

FeOOH + HCl + H2O / FeOCl (aq) + 2H2O (4)

Mg(OH)2 + 2HCl / MgCl2 (aq) + 2H2O (5)

Mn(OH)2 + 2HCl / MnCl2 (aq) + 2H2O (6)

TiOCl2 (aq) + 2H2O / TiO(OH)2 (s) + 2HCl (aq) (7)

Table S1 and Fig. S2† show the elemental composition and
EDS spectrum of the alkali decomposed ilmenite, dried water
leach residue, and calcined TiO2 obtained aer pressure
leaching. They show that the elemental weight percentage in the
product obtained aer alkali decomposition of ilmenite is 34.8
± 0.6% Na, 36.9± 0.5% O, 14.1± 0.4% Fe, 12.8± 0.5% Ti, 0.3±
0.1% Si, 0.3± 0.1% Al, 0.2± 0.1%Mg, 0.2± 0.1%Mn, and 0.1±
0.1% V. In water leach residue, there are no Si, Al, and V peaks
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
observed in the EDS spectrum (Fig. S2b†) which indicates the
complete dissolution of these elements in the water leaching
process. Apart from Ti, the other elements such as Na, Fe, Mg,
andMn content in the water leach residue are about 6.1± 0.4%,
27.4 ± 0.6%, 0.2 ± 0.1%, and 0.2 ± 0.1%, respectively. From the
elemental composition and the stoichiometric reactions (eqn
(3)–(7)), the pure HCl weight required for the complete disso-
lution of impurities and the hydrolyzed titania is calculated to
be ∼8.5 g HCl for 12 g of water-leached residue. Fig. S2c† shows
the effect of stoichiometric 5%, 10%, 15%, and 20% excess acid
on the impurity’s removal from titania in the pressure leaching
process. The optimum HCl used is found to be 10% excess HCl,
at which 100% Na, Mg, and Mn are leached into the acid-
leaching process. The leaching percentage of Fe is found to be
∼92% and some amount of Ti ∼5% also goes into the solution
in the pressure leaching process. The EDS analysis of the
Fig. 3 XRD analysis of the different solids obtained in TiO2 synthesis,
(a) ilmenite, (b) alkali decomposed product, (c) water leached residue,
and (d) calcined TiO2.

Fig. 4 SEM analysis of the different solids obtained in TiO2 synthesis,
(a) ilmenite, (b) alkali decomposed product, (c) water leached residue,
and (d) calcined TiO2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
calcined TiO2 product (Table S1 and Fig. S2†) shows that the
calcined pressure-leached residue contains high Ti (55.8%) and
O (∼39.1%) elements along with Fe as the impurity (∼5.1%).

3.3. Characterization

The XRD and SEM analyses of ilmenite, alkali-treated ilmenite,
water-leached residue, and calcined TiO2 are shown in Fig. 3
and 4, respectively. The XRD analysis of the ilmenite samples
(Fig. 3a) shows strong FeTiO3 phase peaks. The SEM image
(Fig. 4a) shows that the raw ilmenite consists of large irregularly
shaped crystalline particles with a typical size of ∼10 mm. Aer
the alkali decomposition process, there are several changes that
occur in the phases and morphology of the ilmenite. Fig. 3b
shows that the alkali decomposed product consists of several
sodium titanate and ferrite phases in the nal product. There
are no ilmenite, free titania, and iron oxide phase peaks
detected in the decomposed product which indicates the
complete reactivity of ilmenite with the alkali. The morphology
of the decomposed product (Fig. 4b) shows a porous mass
consisting of a cotton seed-like structure which has smaller size
(∼5 mm) compared to raw ilmenite. Several authors also re-
ported that aer the alkali treatment, the ilmenite is converted
to highly reactive porous particles composed of water-soluble
sodium ferrites and sodium titanates.19,20 The XRD analysis of
the dried residue obtained aer the water leaching stage is
given in Fig. 4c, and it can be seen that goethite and low alkali
titanate phases are the major phases. Goethite formation is due
to the reprecipitation of iron as discussed in Section 3.1. The
XRD, SEM, and TEM analyses of the calcined TiO2 product ob-
tained aer pressure leaching are shown in Fig. 3d, 4d, and 5,
respectively. They show that the calcined product consists of
pure rutile phase peaks, and morphology shows that rutile
nanoparticles are in a spherical shape formed by the agglom-
erations. The ring patterns obtained from the diffraction anal-
ysis (Fig. 5b) show the amorphous nature of the TiO2

nanoparticles. The elemental SAEDX analysis (Fig. 5c) shows
that Ti (∼55.18%) and O (∼31.22%) are the major elements
Fig. 5 TEM analysis of the TiO2 nanoparticles, (a) morphology of TiO2,
(b) diffraction pattern of TiO2, and (c) SAEDS analysis of the TiO2

particles.

RSC Sustainability, 2023, 1, 592–598 | 595

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00009e


Fig. 6 XPS and BET analyses of the synthesized TiO2, (a) Ti XPS
spectrum, (b) Fe XPS spectrum, and (c) O XPS spectrum.

Fig. 7 N2 adsorption and desorption isotherms (a), and BJH pore size
distribution of the synthesized sample (b).
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obtained in the nanoparticles along with ∼5% Fe which match
with the results obtained in the elemental analysis of TiO2

shown in Table S1.†
Previous studies show that doping of Fe into TiO2 nano-

particles improves optical and photocatalytic properties.5,21,22 To
investigate the oxidation states of elements and surface and
optical absorption properties XPS, BET, and UV-vis analyses are
performed, and the results obtained from the analyses are
Fig. 8 UV-vis adsorption spectra (a) and Tauc plots (b) of the
synthesized and standard TiO2 samples.

596 | RSC Sustainability, 2023, 1, 592–598
shown in Fig. 6, 7, and 8. Fig. 6a–c display the XPS spectra
consisting of Ti, Fe, and O spectrum peaks. The Ti 2p3/2 and Ti
2p1/2 spectra of synthesized Fe-doped TiO2 (Fig. 6a) have shown
peaks at 458.73 eV and 464.77 eV which clearly indicate the
presence of the Ti4+ valence state in TiO2.23,24 In addition, there
is a distinctive satellite peak obtained at BE 460.21 eV which
may be due to the covalent hybridization of Ti-d and O-p
orbitals.25 The XPS spectrum of Fe (Fig. 6b) shows two distinc-
tive peaks at BE 711.14 eV and 725.18 eV representing the 2p2/3
and 2p1/2 peaks of the Fe3+ valence state. In general, the Fe3+

peak in pure Fe2O3 is located at BE 711.3 eV, and the decrease in
the BE of the Fe3+ peak in the synthesized sample is due to the
incorporation of Fe3+ species in the TiO2 lattice to promote the
formation of Fe–O–Ti bonding. This introduces oxygen vacan-
cies in the structure. These vacancies have a high tendency for
moisture absorbance which may be the reason the additional
peak obtained at 716.97 eV is related to the hydroxyl bonding of
Fe3+.26 The absence of iron phase peaks in XRD and the detec-
tion of Fe in EDS and XPS spectra conrm that the Fe3+ is
incorporated into the TiO2 lattice through Ti4+ replacement.26,27

The O 1s spectrum (Fig. 6c) shows two deconvoluted peaks at
BEs 530.55 eV and 531.87 eV which are associated with the Ti
bonding. Fig. 7 shows the adsorption and desorption isotherms
(Fig. 7a) and Barret Joyner Halenda's (BJH) pore size
Fig. 9 Dye degradation tests, (a) absorbance curve of methyl orange
dye degradation for S1 and S2 catalysts, (b) concentration profile of
methyl orange dye degradation for S1 and S2 catalysts, (c) first-order
kinetic curves of methyl orange degradation, (d) methyl orange
degradation efficiency (%) of S1 and S2, and (e) reusability of S1 and S2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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distribution (Fig. 7b) of the synthesized TiO2. It is observed that
the synthesized TiO2 possesses a mesoporous gel-like surface as
the shape of the adsorption curve follows the type IV mecha-
nism.28 The pore surface area, pore volume, and pore radius are
calculated to be 51.20 m2 g−1, 0.111 cm3 g−1, and 25.50 A°,
respectively.

The UV-vis spectra of the S1 and S2 samples are measured to
nd out the optical absorption which is an important prereq-
uisite for photocatalysis, and the results are shown in Fig. 8. The
standard rutile TiO2 (S1) shows low absorption spectra in the UV
region (100 nm to 400 nm) and almost touches zero absorbance
when it enters the visible and infrared (IR) regions (>400 nm
wavelength). However, the synthesized TiO2 (S2) shows strong
absorption in the UV region as well as visible regions As the
wavelength decreases there is a downtrend observed in the
absorbance curve. But in comparison with S1, the S2 sample
still shows very good absorbance capacity even aer entering
the visible and infrared regions. Fig. 7b represents the Tauc
plots for the S1 and S2 samples. It shows that S1 has only one
distinctive peak which has a band gap of ∼3.09 eV, while the
band gap in S1 is calculated to be ∼2.75 eV which is very low
compared to S1 indicating the high photocatalytic properties.
3.4. Dye degradation analysis

Fig. 9 shows the absorbance, degradation capabilities, kinetics,
and reusability of S1 and S2 for the removal of methyl orange
dye from water. Fig. 9a shows the absorbance curve of S1 and S2
catalysts for methyl orange dye solution for different time
periods under monochromatic light. It shows that the absor-
bance capacity of the S1 and S2 samples decreases steadily with
time. The absorbance of S1 reaches almost zero aer a 60 min
time period while the S2 sample shows an absorption of 1.8
even aer a 60min time period. Fig. 9b shows the concentration
proles of S1 and S2 catalysts. It shows that the S1 sample
removed only 68% of the dye aer a 60 min time period while
the S2 sample removed up to 92% of the dye aer a 60 min time
period. The kinetics of dye degradation for diluted dye solutions
can be reported using the Langmuir–Hinshelwood (L–H) kinetic
model by many authors.29 To study the rate constant using the
L–H model the degradation data obtained from the S1 and S2
samples are tted into eqn (2), and the results obtained are
plotted in Fig. 9c. The slope obtained from the linear plots gives
the rate constants (k) which are 0.0178 min−1 and 0.0415 min−1

for the S1 and S2 samples respectively. Fig. 9d indicates the total
methyl orange degradation efficiency of S1 and S2. It shows that
the S2 sample shows 92% dye degradation capability while S1
shows only 65%.

Mechanistically, the degradation of organics is caused by the
reactions between charge carriers (oO2−, oOH−, etc.) generated
in photoexcitation and the organics. The charge carrier's
generation is mainly dependent upon the band gap energy and
electron–hole recombination rate of the nanoparticles used.
Ahmed et al.30 reported that the incorporation of Fe3+ or Fe2O3

into TiO2 enhanced the photocatalytic properties by narrowing
the band gap energy. They also reported that Fe3+ acts as a trap
for both photoelectrons and holes which helps in decreasing
© 2023 The Author(s). Published by the Royal Society of Chemistry
the electron–hole recombination rate and aids in active charge
carrier formation. This gives the reason for the increased pho-
tocatalytic activity of the S2 sample compared to pure TiO2 (S1).
The reaction mechanism of the active radicle formation and dye
degradation with the Fe3+ of TiO2 is given in eqn (8)–(16).

TiO2 + UV light / e− + h+ (8)

Ti4+ + e− / Ti3+ (9)

O2− + h+ / O− (10)

Fe3+ + Ti3+ / Fe2+ + Ti4+ (electron trap) (11)

Fe3+ + O− / Fe4+ + O2− (hole trap) (12)

Fe4+ + OH− / Fe3+ + oOH (hole release) (13)

Fe2+ + O2 / Fe3+ + oO2
− (electron release) (14)

oOH + dye / oxidized dye (15)

oO2
− + dye / dye: OO− (16)

The recyclability of the catalyst is a very important aspect of
the dye degradation process for high efficiency and long-term
use in practical applications. In the present work, the reus-
ability of the catalysts is investigated using the centrifuging
technique. Fig. 9e shows the dye regeneration capacity of S1 and
S2 catalysts for a repeated number of cycles. They show that the
dye removal efficiency of the S1 catalyst decreased from 67.9%
to 61.1% for fourth-time usage, while the S2 catalyst shows
91.9%, 90.5%, 89.2%, and 87.6% dye removal efficiency in the
1st, 2nd, 3rd, and 4th cycles of reusability, respectively, which is
pretty high compared to reference sample S1. The high photo-
degradation capacity of S2 compared to S1 is due to the higher
optical absorption capacity and low band gap energy obtained
from the UV-vis and absorbance analysis.
4. Conclusions

Photocatalytic grade TiO2 nanoparticles are successfully
synthesized from the ilmenite feedstock through an eco-
friendly route consisting of alkali decomposition, water leach-
ing, and high-temperature acid pressure leaching steps. The
thermodynamic results show that the optimum temperature
and composition of the alkali decomposition process are 1073 K
and 0.4 (Na2O to ilmenite weight ratio). Impurities such as Na,
Si, Al, Mn, Mg, and V are separated from TiO2 completely from
the alkali-treated ilmenite using hot water leaching and acid
leaching processes. The iron present in the ilmenite is extracted
up to ∼92% aer the acid-leaching stage. Through this process,
the waste acid released during hydrolysis is also consumed in
the leaching for the impurities, hence minimizing the waste.
The characterization studies show that the remaining iron is
present as the dopant in the calcined TiO2 product, which aided
the photocatalytic properties of the synthesized TiO2. The band
gap obtained from the UV-vis analysis of the synthesized sample
RSC Sustainability, 2023, 1, 592–598 | 597
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is calculated to be 2.75 eV while for the reference sample, it is
3.09 eV which is very high. The dye degradation analysis shows
that the synthesized TiO2 removed 92% of the dye from the
water samples and reference TiO2 shows only 68% of the dye
degradation.
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