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ABSTRACT

Wastewater that is polluted with synthetic dyes presents a major environmental problem
and treatment by conventional methods usually does not lead to full elimination of the dyes.
The industry desperately looks for eco-friendly solutions that involve the use of
photocatalysts that can efficiently remove toxic organic dyes from water. In recent years,
polymer nanocomposites have become a significant focus in both academic and industrial
fields. Nanoparticles are materials that are smaller than 100 nanometers in size. Adding a
small amount of nanoparticles to polymers can give the composite materials new
properties. This research describes how to make titanium oxide (TiO2) nanoparticles using
the sol-gel method. The nanoparticles were characterized using FTIR, X-ray diffraction
(XRD), and UV-Visible spectroscopy. From the UV-Visible results and using a Tauc plot, the
band gap energy of polyaniline/TiO2 nanoparticles was calculated. The X-ray diffraction
data also showed the size of the crystalline particles. The UV radiation caused a total of 98%
ortho nitroaniline orange dye degradation under the action of the Mg?*-doped PANI/TiO,
nanocomposite, which had a 3.0 eV band gap and 38.7 nm crystalline size. The isotherm and
kinetics studies verified the adsorption to be effective and the photocatalytic activity to be
rapid. This indicates that the composite can be used to develop an eco-friendly dye
remediation process for water treatment. Future research needs to address the
photocatalytic activity of Mg?*-doped TiO, nanocomposites associated with visible light and
real industrial wastewater situations.

Introduction

n recent years,

nanotechnology has
become a promising tool for scientific gas

thoroughly studied over the past decade and are
used in various technological applications such
as electrochromic devices, batteries, biosensors,
separation membranes, enzyme

innovations. Generally, composite materials
are solid substances made by combining
two or more simple materials, creating a
continuous phase and a dispersed phase [1].
Nanoscience and technology have been widely
explored. Conducting polymers have been

immobilization matrices, and protection against
metal corrosion [2]. They have drawn much
attention in the area of active materials,
especially for use in devices like organic light
emitting diodes (OLEDs), field-effect transistors
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(OFETSs), and solar cells [3]. One of the most
promising and widely studied metal oxides is
TiO2 because of its special physical, chemical,
optical, electrical, and photoelectric conversion
efficiency [4-6]. Due to their remarkable
thermal, optical, electrical, and magnetic
properties, metal oxide nanoparticles are among
the most widely applied materials, and among
these, TiO2 nanoparticles stand out [7-10]. The
only natural form of titanium oxide is rutile.
Under normal conditions, TiO; is an odorless and
snow-white powder that is hydrophobic in
nature. Furthermore, it is regarded as a very
stable substance that also serves as an excellent
opacifier [11-13]. Its key properties include
minimum cost, high oxidizing strength, great
chemical stability, high refractive index, and the
presence of oxygen-containing functional
groups in its lattice [14]. TiO; NPs find wide
application as a semiconductor material mainly
because of these characteristics. In 2011, global
TiO; production reached over 10,000 tons
annually for the first time [15]. They can also be
employed for the destruction of bacteria,
viruses, and even tumor cells among
microorganisms. UV light resistant oxides,
toothpastes, papers, food colorants, paints, and
plastics, as well as inks, all have them in their
composition. Among the solar collectors, TiO>
NPs are the most efficient, particularly because
they can absorb 3 to 4 percent of the sun's
energy. Consequently, they are recognized as
excellent photocatalysts not only for hydrogen
production, but also for the decomposition of
hazardous organic compounds in water. The
surface properties and topologies of TiO2; NPs
are unique. TiO; is a metal oxide that is light in
color, a solid inert, and a compound. Three
different polymorphs exist in TiO, NPs: anatase,
rutile, and brookite. Anatase and rutile
polymorphs are alike in many respects such as
their luster, hardness, densities, and they also
share similar type of symmetry (tetragonal) [16-
20]. TiO; it is common in nature, stays stable
under high electric fields, has a wide energy gap,
a large surface area, is not harmful, has a good
dielectric constant, is easy to make, and is
friendly to the environment [21]. Many studies
have looked into adding transition metals, rare
earth elements, and noble metal ions to TiO [22-
25]. However, adding Mg2+ ions, which are from
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an alkaline earth metal to the TiO,/POT
composite, has not been studied before. So, in
this study, the Mg?+ ion doped TiO, composite
was made and examined using the in-situ
oxidative polymerization method [25-27].

Materials and Methods

A complete assortment of apparatus and
chemical reagents was no doubt necessary to
carry out the synthesis and characterization of
Mg?**-doped polyaniline/titanium oxide
(PANI/TiO;) nanocomposites very successfully.
A Rigaku MiniFlex 600 X-ray diffractometer
together with Dynamic Light Scattering (DLS)
through CILAS NanoDS was applied for precise
structural and morphological analysis to
establish crystallinity and particle size, while the
former was used for particle size distribution
measurements. A PerkinElmer Frontier Fourier-
transform infrared spectrometer (FTIR)
participated in functional group identification
and chemical bonding of the samples, whereas
UV-Visible spectrophotometry was responsible
for evaluatingoptical properties. X-ray methods
proved valuable in resolving the phase
composition when results were to be settled or
estimated. The synthesis process demanded a
strict supply of high-purity chemicals that
included the titanium precursor, titanium
tetraisopropoxide (TTIP), solvent 2-propanol
(alcohol), aniline for polymerization, potassium
peroxydisulfate (PPD) as oxidant, and methanol.
Distilled water was applied as a medium for
reactions and washing procedures, while ortho
nitroaniline orange served as a model
contaminant for photocatalytic degradation
studies. All chemicals and equipment were
selected according to their reliability and
compatibility with the experimental protocols,
thus, ensuring that the whole research process
was reproducible and accurate.

Experimental Procedure
Sample Preparation

The procedures for polyaniline (PANI)
synthesis, titanium dioxide (TiO,) nanoparticles,
and PANI/TiO, nanocomposites were based on
series of chemical methods that were strictly
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controlled. The process of polymer synthesis of
polyaniline was done by chemical oxidative
polymerization through the use of aniline
monomer, hydrochloric acid (HCI) as a dopant,
and ammonium persulphate (APS) as an
oxidizing agent. Over the course of 15 minutes
polymerization APS was added to the aniline-
HCI solution dropwise to obtain a PANI-HCI thin
film. This entire procedure was conducted under
different conditions of temperature (4 °C, 13 °C,
and 31 °C) and HCI concentrations of 1 M and
2 M to form thin layers. These were then washed
with distilled water and dried at room
temperature. The TiO, nanoparticles were
produced by the sol-gel method based on
titanium tetraisopropoxide (TTIP), 2-propanol,
and distilled water as the main reactants. To the
2-propanol, HCl was added until its pH reached
1.88, at which time TTIP was slowly added and
the mixture was refluxed at 50 °C to create a sol.
Finally, the sol was heated and distilled water
was added thus the gel was aged, dried at 70 °C
for 15 hours and finally calcinated at 500 °C to
obtain TiO, nanopowder.

The PANI/TiO, nanocomposite was prepared by
in situ oxidative polymerization involving
dispersing 1g of TiO, in 100 mL of 1M HCI
followed by adding 2 mL of polyaniline and 5 g
of potassium peroxydisulfate, the latter being
dissolved in 25 mL of distilled water. The mixing
of the compounds was done by stirring for three
hours at ambient temperature which led to a
green precipitate that was filtered out, washed
thoroughly first with distilled water, then with
methanol, and dried. The wet precipitate was
kept for 48 hours, then heated to 400 °C for one
hour, cooled in the desiccator, and finally ground
into a homogenous powder. Characterization of
all samples was done through FTIR, XRD, UV-
Visible spectroscopy, and DLS at room
temperature. For studying the photocatalytic
degradation, an ortho-nitroaniline orange dye
stock solution was prepared by dissolving 1 g
dye in distilled water, and adjusting the volume
to 1,000 mL. Serial dilution to 10-50 ppm was
performed to obtain the working
concentrations. Additionally, HNO; and NaOH
solutions were freshly prepared in order to
assist the experimental processes, maintaining
the consistency and repeatability in each
synthesis step.

Experimental Design

Degradation experiments were performed by
adding a fixed amount of nanocomposite (0.4 g)
to a 250 mL conical flask containing 50 mL of a
diluted solution of ortho nitroaniline orange dye.
The flasks were sealed and placed in a
photoreactor/shaker set to 150 rpm at 298 K for
the required time period. After regular intervals,
samples were withdrawn, and the final
concentration of dye was measured at its
maximum absorbance wavelength using a UV-
Visible spectrophotometer equipped witha 1 cm
quartz cell The amount of dye adsorbed at
equilibrium (q.,, mg/g) was calculated using
Equation (1):

Co—Co)V
Qe = % (1)

Where, C, and C, are the initial and equilibrium
concentrations of the dye (mg/L),Vis the
volume of the solution (L), and W is the mass of
adsorbent (g). Degradation efficiency was
expressed by Equation (2):

Degradation efficiency (%) = C"C_Ce x 100 (2)
o

The monitoring of pH influence on dye
degradation occurred through the incremental
adjustments with dilute HNO3; or NaOH (0.1 M).
Besides, temperature, contact time, and
adsorbent dose were parameters that were
varied as well to determine their influences on
dye removal through the use of calibration
curves for concentration determination.

Adsorption isotherms were assessed according
to both the Langmuir and Freundlich models.
The Langmuir isotherm in Equation (3) was
applied in the assessment of maximum
monolayer adsorption capacity, thereby:

Ce 1 Co
de Kiqm  qm

(3)

To validate the Langmuir model, a graph of Cc/qe
(y-axis) versus Ce (x-axis) was employed which
also allowed the extraction of constant values
from slope and intercept. Moreover, the
dimensionless separation factor (K.) was
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computed to assess the adsorption direction.
The Freundlich isotherm illustrated the
variability in the adsorbent's surface
characteristics, expressed in Equations (4) and
(5) as:

qe = Ky '™ 4
log q, = log K + %log Ce (5)

Where, K¢ and n are Freundlich constants that

represent adsorption capacity and intensity,
respectively.

Adsorption kinetics were analyzed through
pseudo-first-order Equation (6) and pseudo-
second-order Equation (7) models. The first-
order kinetic equation is:

k
log (qe —q¢) =log qe — 5t (6)
Where, k; is the rate constant and gq;is the
amount adsorbed at time t. The second-order

model is expressed as:
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t 1 t

=t (7)

ac k202 dqe

With k, as the second-order rate constant, and
initial sorption rate calculated accordingly.

Result and Discussion

The FTIR spectrum of TiO, nanoparticles (Figure
1) exhibits several characteristic absorption
bands. The broad band observed at around
3,011 cm™ is attributed to the stretching
vibration of surface hydroxyl (-OH) groups,
indicating the presence of adsorbed moisture.
The band at approximately 1,640 cm™
corresponds to the bending vibration of -OH
groups of molecular water. The absorption band
observed near 738 cm™ is assigned to the Ti-O
stretching vibration, which is a characteristic
feature of TiO, nanoparticles [7].

A weak absorption band appearing around 946
cm™! and a minor band near 2,117 cm™ may be
associated with surface-related species or trace
impurities and do not indicate the formation of
any secondary crystalline phase. These minor
bands do not significantly affect the fundamental
Ti-O framework of the synthesized TiO,
nanoparticles.
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Figure 1. FTIR analysis of TiO2
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Figure 2. Peak of XRD spectra

Figure 2 represents the XRD pattern of the TiO>
nanoparticle. Based on the XRD data, itis evident
that TiO2 nanoparticle exhibited different peaks
at 20 = 27.4°,36.1°,41.2° and 54.3° (rutile TiO,,
JCPDS No. 21-1276), which is relate to the rutile
TiO;. From the XRD pattern, it is evident that
calcining at 500 °C results in rutile crystal phase
transition [8].

The size was calculated using Debye-Scherre
equation, D = KA/(fcos0) from this size was
found to be 38.7 nm.

Where,

D: average crystallite size

K: shape factor 0.9

A: wavelength of X-ray radiation

B: full width at half maximum (FWHM) of the
diffraction peak

4

0

0: Bragg angle
The optical properties of TiO, nanoparticles
were investigated using UV-Visible
spectroscopy, as shown in Figure 3. From the
UV-Visible absorption analysis, the optical band
gap of the synthesized TiO, nanoparticles was
estimated to be approximately 3.0 eV using the
Tauc method. The band gap energy was
calculated using Equation (8). The dotted lines
represent the absorption properties of TiO,.
(ahv)? = A(hv - Eg) (8)
Where, a represents the absorption coefficient,
hv denotes the photon energy, Eg is the optical
band gap energy, and A is a material-dependent
constant.

200 300 400

500 &00 700 200

Figure 3. UV-Visible absorption analysis of TiO2
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Conclusion

X-ray diffraction (XRD) analysis provided clear
evidence of the successful synthesis of TiO,
nanoparticles predominantly in the rutile phase,
as indicated by the sharp diffraction peaks. The
phase transformation from anatase to rutile was
mainly attributed to the calcination temperature
of 500 °C, which is consistent with reported
studies indicating that anatase-to-rutile
transformation occurs between 500 and 600 °C.
The average crystallite size of the synthesized
Ti0, nanoparticles was estimated to be 38.7 nm
using the Debye-Scherrer equation, indicating
good crystallinity. UV-Visible spectroscopic
analysis revealed that the synthesized TiO,
nanoparticles exhibit an optical band gap of
approximately 3.0eV, which aligns with
reported values for rutile TiO, and supports
their photocatalytic performance under UV
irradiation. The obtained rutile-phase TiO,
nanoparticles demonstrate promising potential
for the photocatalytic degradation of organic
dyes due to their improved charge transfer
characteristics and reduced electron-hole
recombination. In addition, these nanoparticles
can be employed in water splitting, antibacterial,
antioxidant, and dye-sensitized solar cell
applications, with photocatalytic efficiencies
comparable to those of the anatase phase.
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