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Abstract

Methylene blue is a common laboratory and textile dye that shows toxicity and
carcinogenic activity in human health. In the present work, we have synthesized
titanium oxide nanoparticles by the co-precipitation method through a
controlled pH pathway for the degradation of methylene blue. The synthesized
TiO2 NPs are characterized by UV Spectrophotometer, Fourier Transfer Infrared
(FT-IR), Electron Dispersive X-ray (EDX), and X-RD Crystallography. The average
diameter of the particle 16.27+12.80 nm is obtained by solving Debye Scherer’s
equation with crystallinity 57.15%. The photocatalytic degradation is carried out
at the solar intensity of 5.76+0.14 kWh and methylene blue degradation is
recorded at 665 nm in UV-visible spectrophotometer. The result reveals that
methylene blue is completely degraded in solar light within 110 minutes with
98% catalytic efficiency, but the dark medium degradation is not completed until
140 minutes and is limited to its 48% efficiency. The temperature-enhancing
degradation in solar light is completed in 70 minutes with 98% efficiency. The
catalytic efficiency of TiO2 NPs in light is superior to that in the dark, which
explores its potential application as a photocatalyst.

Introduction

of Titanium Oxide nanoparticles (TiO2 NPs) has

Nanoparticles are unique due to their high
surface atoms and variable particle size below
100 nanometers. Tuning of particle size affects
the different chemical properties like adsorption,
catalytic degradation, electronic properties, and
optical phenomena. So, we can use these
particles to increase efficiency in different fields
like synthesis, medicine, energy, manufacturing
industry, and electronic devices (Jamkhande et
al., 2019). Synthesis of
nanoparticles is mostly carried out by bottom-up

Titanium  Oxide

or top-down approach. Recently, green synthesis

also been reported with very low synthetic yield.

Among them, chemical precipitation/co-
precipitation, sol-gel method, chemical reduction
method, and physical vapor deposition method
are in application for low-cost synthesis.
Similarly, laser ablation, molecular beam epitaxy,
spray conversion processing, and self-assembly
methods are implemented to synthesize
different sizes and geometrical nanoparticles

(Nyamukamba et al., 2018; Rane et al., 2018).

The TiO; different
geometrical forms like analase, rutile, and

nanoparticle exists in
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brookite, which are very stable, non-toxic, and
biocompatible. The nanocompounds of TiO, are
considered one of the suitable photocatalysts
their
properties. Among them, anatase is found to be

due to prominent  optoelectronic
a strong photocatalyst for the degradation of
different dyes. The calculated band gap of TiO; is
found to be 3.2 eV (Valencia et al., 2010), which
effect

degradation of organic,

shows a strong of photocatalytic

inorganic, metallo-
organic, and pesticides (Rane et al, 2018).
However, the catalytic efficiency of only TiO2 NPs
is low due to the fastest recombination of
electron-hole pairs in TiO, NPs (Kumar et al.,
2022). The

different synthetic pathways for TiO> NPs, the

report shows that among the

low temperature-controlled sol-gel method gives
high purity and catalytic action (Akpan &
Hameed, 2009). Photocatalytic degradation of
dyes depends upon the pH, precursor
concentration, catalytic purity, size, and intensity
of light 2017).
decomposed titanium tetra isopropoxide at
around 700-1300 °C gives TiO2 NPs, which is

effective  for the

(Reza et al, Thermally

more photocatalytic

degradation of methylene blue than the

commercial catalyst (Chin et al., 2010).

Photocatalytic decomposition of paracetamol by
TiO2 NPs in the presence of light at optimum pH
9.0. Their finding suggests that TiO./suspension
is more efficient than TiO,/fiber-based UV-
photocatalytic degradation (Jallouli et al., 2017).
The catalytic degradation increases by removing
organic carbon and dissolved nitrogen,
accelerating the efficiency by 16% to 42% for p-
(Shaoging et al., 2010). The
photocatalytic degradation of Erichrome black T

by titania shows that about 82% degradation was

nitrophenol

carried out in 50 minutes, which obeys pseudo-

first-order kinetics with superior degradation
properties (Kansal et al., 2013). Malakotium M.,
2020 that
degradation of ciprofloxacin by TiO, NPs found

et al., reported photocatalytic
effective, where 39.2+74.9 nm size can degrade
92.81% within 105 minutes that obeys pseudo-
first-order kinetics (Malakootian et al., 2020).
Mascolo, G., et al 2007 reported that Methylene
Red dye was photolytically degraded by
TiO, Degussa P25 photocatalyst with optimum

efficiency (Mascolo et al., 2007).

Natural and synthetic dyes are the coloring
organic substances widely used in food, clothes,
paper, animated bodies, paints, and industry.
Dyes are unstable compounds that degrade with
time in the presence of acid, base, water, and
sunlight. Some dyes are considered carcinogenic
due to their toxic by-products, which are
ultimately released into the waterbodies and
deteriorate the quality of water (Ishak et al.,

2020; Lin et al., 2023; Siva, 2007).

Materials and Methods

Chemicals

Titanium(lV) chloride dehydrate (99% pure,
260.5 g/mol, CAS No. 7646-78-8) was purchased
from Merck, India. Sodium hydroxide (99% pure,
CAS No. 1310-73-2, 40 g/mol, MQ200) was
purchased from Merck India. Similarly,
Polyethylene Glycol PEG (HO(C;H4O)n7H, Mol wt.
=100 g/L, H,0 at 20°C, CAS No. 25322-68-3) was
purchased from Merck, India. Methylene blue
(CAS No. 61-73-4, Mol wt. 319.86 g/mol) was
purchased from Merck, India. Ethanol (C2HsOH,
>99% purity, Mol wt. = 46.06 g/mol, CAS No. 64-
17-5) was purchased from Fusion Biotech India.
The distilled water prepared at the
Nanotechnology RECAST, TU,

was
Laboratory
Kirtipur, Kathmandu.
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Synthesis of TiO2 NPs by Co-precipitation Method

NaOH, 1M
PEG(Polyethylene
glycol)
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250RPM

/v‘\‘
— i.-)—' -

. Muffle furnace at 600°C
Synthesized ’
Ti(OH)4, before 3hours
Muffling

Fig. 1. Synthetic pathway for the synthesis of Titanium Oxide nanoparticle by Co-precipitation

method.

Titanium chloride precursor was prepared by
dissolving 18.967 gm of TiCls salt in 1 liter of
deionized distilled water to prepare a decimolar
solution. The sodium hydroxide unit molar
solution was prepared by dissolving 40 gm in 1
liter of water. When 100 ml of precursor was
stirred at 25 °C at 250 RPM for 30 minutes,
sodium hydroxide was added dropwise from the
burette until the pH of the solution reached 6. A
white mass of titanium hydroxide was obtained
that was followed by adding polyethylene glycol
(PEG) from the syringe as shown in Figure 1. The
size of the particle was controlled to avoid the
accumulation of particles into solid mass by PEG.
When the stirring starts, titanium hydroxide is
formed at room temperature, which is stored in
a hot air oven at 60 °C for 24 hours for aging. The
process was followed by muffling the solid at 600
°C for 3 hours, which gave a white crystalline
powder particle of titanium oxide nanoparticle,
which was stored in an airtight glass bottle.
(Bagheri et al., 2015; Chandoliya et al., 2024;
Matijevic, 1981; Wang et al., 2022).

Characterization of Titanium Oxide
Nanoparticles (TiO2 NPs)

The TiO, NPs were characterized by UV-visible
double-beam  spectrophotometer (UV-1900i,
Shimadzu, Japan). The Fourier Transfer Infra-red
(FT-IR,
analyzed to find the stretching and bending of
TiO2 NPs in a specific wavenumber region.
Energy Dispersive X-ray (EDX-8000, Shimadzu,
Japan) identify
elemental composition. The X-rd. spectra were
analyzed by an X-ray Diffractometer (Bruker D2
USA) for the

crystallographic texture, size of particles, and

IR Affinity-1s, Shimadzu, Japan) was

spectra were analyzed to

Phaser, Massachusetts,

crystallinity of the sample.

Photocatalytic activity of TiO: Nanoparticle
(TiOz NPs)

Titanium Oxide Nanoparticles is one of the best
semiconducting catalysts, which is used for
catalytic degradation of organic dyes, efficient
organic synthesis, and semiconducting tuning of
material properties. When solar radiation falls on
the nanoparticles, the valence electron excites to
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the conducting bands efficiently, leaving holes in
the surface. The electron-hole pair formation
mechanism produces a photoelectron that
generates very powerful free radicals and
superoxide, which initiates the photocatalytic
degradation of dyes. In the present research, we
studied different and
thermodynamic parameters for the illustration

of photocatalytic degradation mechanisms. The

have kinetics

solar radiation was supplied in August, having an
average intensity of 5.76 £+ 0.14 kWh in August

2024. The efficiency and kinetics were
determined from the following equation.
Ce
-K, = lnC—0 ......... 1
Where K:is the rate of degradation of zero order
kinetics, C: is the final concentration of

blue and C, is the
concentration. The following relation determines
the catalytic efficiency (Regmi et al., 2015).

— Ct
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Results and Discussion

UV-visible Spectra for Wavelength and Band
Gap Calculation

The maximum wavelength absorption was found
at 285 nm. Which is almost near the absorbance
intensity of the reported value. Wavelength
absorbance was determined from the 10 PPM
TiO2 NPs stock solution before the photocatalytic
degradation. The band gap was calculated based
on the intensity of the wavelength of the
catalytic solution. The extrapolation of the plot
gave the band gap of 3.25 eV, which is lower
than the reported values due to the presence of
insignificant concentrations of  metallic
impurities in the TiCls salt (Akshay et al., 2019;
Glassford & Chelikowsky, 1992; Mo & Ching,
1995; Morikawa et al., 2001; Reddy et al., 2003;
Reddy et al., 2003; Umebayashi et al., 2002).

14 T T T T
B

Tauc's plot for the direct

band gap of TiO, NPs, E; = 3.25 eV
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Fig. 2. Wavelength vs absorbance intensity for maximum of Titanium Oxide nanoparticles plot A)

shows Amax = 285 nm, and B) Tauc’s plot for the direct band gap calculation of Titanium oxide

nanoparticles.
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FT-IT Spectra Analysis for TiO2 NP
FT-IR that O-Ti-O strong
stretching is obtained at 538.22 Cm, confirming

analysis reveals
particle presence in the sample. The TiO2 Nps
also shows the water molecules due to moisture,
which was found at 3457.70 Cm™ stretching of
the O-H bond. The plot depicts that very small C-
H stretching at 2941.31 Cm due to the presence
of  hydrocarbon, probably  the
concentration of alcohol in the sample. The plot

trace

also reveals that the nanoparticle also contains a
Zirconium (Zr) bond with Oxygen (O) which is
1653.56 Cm?,
presence of a trace carbonyl group formed

observed at indicating the
during synthesis. Similarly, the particle also
shows a Niobium (Nb) and Oxygen (O) bond
stretching at 978.53 Cm™. The sharp stretching
of H-O-H is observed at 1116.94 Cm™ (Chen et
al., 2012; Erdem et al., 2001; Pena et al., 2006;
Zhang et al., 2002).

tching
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O-Ti-O stretchin

1
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Fig. 3. FT-IR analysis for the TIO2 NPs showing O-Ti-O stretching at different wavenumber regions.

EDX Spectra Analysis for TiO2 NPs
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Fig. 4. EDX spectra of TiO2 NPs A) showing the elemental composition of Titanium and Oxygen in C-Sc.

B) EDX spectra of TiO2 NPs showing high resolution of Al-U mode, showing the elemental composition

of Titanium and Oxygen.
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The EDX spectra are obtained in two different C-
Sc and Al-U modes. The elemental compositions
are distinctly observed in figures A and B. When
intensity  (cps/uA) vs. keV
composition of different constituent elements in

reveals the

the particle, EDX spectra of TiO2 NPs reveal that
the synthesized particle contains 81.75%
Titanium (Ti) in 4.514 keV, 17.001% Oxygen (O)
in 0.601 keV. The additional peaks show that
0.474% Niobium (Nb) in 18.56 keV, 0.475%
Silicon (Si) in 2.07 keV, 0.107% Potassium (K) in
0.058 keV, 0.093% Zinc (Zn) in 10 keV, 0.062%
Scandium (Sc) in 0.087 keV, 0.028% Copper (Cu)
in 0.156 keV, and % Zirconium (Zr) in 16.56 keV.
The trace composition of the metals Nb, Si, K, Zn,
Sc, Cu also decreases the band gap of the
particle. Still, their trace composition < 1% does
effect in the
photocatalytic degradation of methylene blue
(Albayrak et al., 2008; Atchudan et al., 2017;
Bahjat et al., 2021; Irshad et al., 2020; Kolen’ko
et al., 2006; Nkele et al., 2020; Sundrarajan et
al., 2017; Windler et al., 2012).

not show a significant

X-RD Crystallography Analysis of TiO> NPs

X-RD diffraction shows the distinct miller indices
for the anatase geometry of TiO, NPs. The
characteristic 110 peaks having 26 = 24.90° with
the highest intensity 5794.85 is obtained.
Similarly the additional peak at 101 (26 = 30.14,
Intensity 151.669), 101 (26 = 30.14°, Intensity
151.669), 200 (26 = 37.69°, Intensity 793.43),
210 (26 = 47.57°, Intensity 1528.2965), 211 (26 =
53.67°, Intensity 977.6457), 220 (28 = 54.54°,
Intensity 999.4340), 310 (26 = 62.36°, Intensity

678.5512), 301 (20 = 68.49°, Intensity
242.78438), 112 (20 = 69.94°, Intensity
220.9960), 311 (26 = 75.18°, Intensity
312.11092), 202 (20 = 82.73°, Intensity
197.22693).

These peaks confirm the crystalline anatase
geometry of TiO2 nanoparticles. The peak analysis
shows that TiO, NPs have (FWHA)B = 0.0087266
radians for 101 peak 26 = 24.90°, A = 0.154 nm
(CuKy), shape factor (K) = 0.9 (Gupta et al., 2010;
Pratheepa & Lawrence, 2017; Praveen et al., 2014;
Su et al., 2004; Theivasanthi & Alagar, 2013).
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Fig. 5. X-RD crystallography showing the different Millar Indices of Anatage TiO, NPs.

According to Debye Scherer’s equation, the following relations determine the diameter of the particle
(Basak et al., 2022; Bradley & Jay, 1932; Stokes & Wilson, 1942; Taylor & Sinclair, 1945).
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KA 0.9x0.154

~ 16.27 nm

D= =
BCosB  0.0087266 x Cos (12.45°)

Similarly, the crystallinity of TiO2 NPs is calculated from the peak.
Total Crystalline Area

Crystallinity (%) =

_ 4167.095
T 7290.81

The X-RD spectra analysis reveals that the
synthesized nanoparticle has a size of 16.27 nm
and 57.15% crystallinity. The lattice parameter
shows that the length of each respective side is a
= 3.73000, b = 3.73000, and ¢ = 9.37000, with
their inter-axial angles a = 90°, 8 = 90°, and y =

Crystalline Area + Amorphous Area X

100

x 100 = 57.15%

90° having a unit cell volume of 130.363873 A3. A
perfect anatase structure of TiO, contains 63

atoms, 78 bonds, and 13 polyhedra, as shown in
Figure 6 (Grazulis et al., 2012; Momma & Izumi,
2008).

Fig. 6. Anatage 3D structure of TiO2 NPs showing A) Ball and stick, B) space-filling, C) polyhedral, D &
E) wireframe representation. 3D structures are generated from VESTA(Visualizing Crystal Structures)

based on Crystallography Open databases.

Solar Intensity for Photocatalytic Degradation

The semiconducting nanoparticle Titanium oxide
absorbs solar light at about the average solar
intensity of 5.7440.14 kWh. When a
nanoparticle absorbs light, the electron from the
valence band excites to the conducting bands; as
a result, an electron-hole pair is formed.
Electrons generate powerful superoxide radicals

and holes form hydroxide free radicals. Both

active radicals degrade methylene blue dyes into

simple chemical substances. Solar intensity
significantly affects the formation of radicals and
enhances the photocatalytic degradation process
(Chowdhury et al., 2012; Neppolian et al., 2002;
Stylidi et al., 2003). The present research work
was conducted in August, and the distribution of

solar radiation is shown in Figure 7.
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Fig. 7. Solar radiation intensity in August 2024.

The solar radiation absorbed by TiO2 NPs excites
the electron from the surface of nanoparticles,
which is followed by the formation of free
radicals. Thus, the formed free radical reduces
methylene and

blue, simultaneously

recombination of the electron-hole takes place,

vA ¢

UV/Solar light
radiation

which may reduce the degradation process. The
following the
mineralization of dyes into a safer and simpler
chemical &

illustrative diagram explains

compound  (Muruganandham
Swaminathan, 2004; Sakthivel et al., 2003).
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Fig. 8. Photocatalytic degradation mechanism showing absorption, excitation, formation of electron-

hole pair, recombination, and degradation of dyes.

Photocatalytic Degradation of Methylene Blue

The experiment conducted by the
preparation of respective 10 ppm stock solution
of methylene blue. The experiment was carried

was

out by adding 100 ml solution in a transparent
borosilicate glass and adding 10 mg TiO, NPs at a
solar intensity of 5.74+0.14 kWh. Gradually, the
blue-color dye solution appears into a faint blue
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color. The process continues until the complete
degradation occurs. The successive experiment
was conducted with persistent light intensity.
The in the dark
medium, which was continuously recorded in
light. The photocatalytic degradation was
completed in 90 minutes, but the degradation
was incomplete and continued at a slow rate in
the dark medium. The degradation was recorded

initial reading was taken

until 130 minutes, and infinite degradation was
calculated, which was found insignificant as

2.5 T T T T
A ——0min.
—5min.

= 10min.
s 20min.
= 30min.
=== 40min.
= 50min.
= 60min.
== 70min.
= 80min.
= 90min.
= Infinite

2.04

Absorbance Intensity (a.u.)

0.5

0.04

T T T T T T T T
400 450 500 550 600 650 700 750 800 850
Wavelength(nm)

compared to the solar light degradation. After
the completion of degradation, the entire
solution was centrifuged at 5500 RPM, the
nanoparticle was settled down at the bottom of
the tube that was used again for three successive
cycles. The catalytic nature and strength of TiO;
The maximum wavelength
absorption intensity for methylene blue was
recorded at 665 nm (Kuo & Ho, 2001; Tayade et
al., 2009; Wang et al., 2010; Xiao et al., 2008).

remain intact.

Absorbance Intensity (a.u.)

T T T T T T
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Absorbance Intensity (a.u.)

T T
400 500 600

T T
700 800

Wavelength (nm)

Fig. 9. Photocatalytic degradation of methylene blue in A) Solar light B) Dark C) Solar light and heating.
The figure shows the maximum time required for the degradation of methylene blue in light was 90
minutes, in the dark medium the degradation was in complete and prolonged up to 130 minutes and
in both light and heat, the degradation was completed in 80 minutes and 120 °C.
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The photocatalytic degradation for methylene
blue was more efficient when heating the
solution over a magnetic stirrer. The result
reveals that 50% of the methylene blue solution
was degraded within 40 minutes. The heating
enhances the degradation more profoundly than
in light and dark mediums. The result shows

complete degradation was achieved in 70
minutes at 120 °C.
The photocatalytic degradation mechanism

starts with the absorption of solar light. The
absorbed light excites the electrons from

titanium oxide nanoparticles. Hence, the

excitation of electrons takes place from the
valence band to the conducting, and that forms

TiO2 NPs + hd = TiO2 (e)cs + TiO2 (H+)ve

TiOz (Hole+)ve + H20 > H* + OH- (ions)

TiO, (Hole+)yg + OH - OH-(Radicals)
40H-(Solution) - 2H,0 + O

+ 02 - 02 (Superoxide)
Methylene Blue + OH- (Radical) - CO, + H.0
Methylene Blue + O - CO; + H20

TiO; (e-)cs

Kinetics of Photocatalytic Degradation

The plot of C/C, vs. time and In(C/Co) vs. time is
plotted for the analysis of kinetic parameters
The catalytic
degradation of methylene blue in light, dark, and

through  statistical  tools.
heat strictly obeys pseudo-first-order kinetics.
The that
photocatalytic degradation has a slope of -
0.00321+0.000366, and an intercept obtained is
0.06274+0.03012. The plot shows Pearson's r -
0.92479 and the adjusted correlation coefficient
(R?) is 0.844. The degradation of dye in the dark

also obeys pseudo-first-order kinetics, having a

statistical analysis reveals

an electron-hole pair. The formation of these
pairs generates hydroxide free radicals and
While
phenomenon, the

superoxide. occurring  such a
recombination of the
electron-hole pair reduces the catalytic activity,
probably it is due to the low intensity of solar
The

mineralization of methylene blue into CO, and

radiation on the nanoparticles.
H20 confirms its efficient degradation, which can

be expressed by the following reaction
mechanism (Hoffmann et al., 1995; Mekonnen et
al., 2021).

mechanism can be explained in the following

The photocatalytic degradation

chemical equations.

slope of -0.0331740.0019 with an intercept of
0.35468+0.12358. The plot shows that the
Pearson’s r obtained is -0.98394 and the
adjusted correlation coefficient (R?) is 0.964. The
photocatalytic degradation of methylene blue in
light by increasing temperature flows pseudo-
first-order kinetics having slope -
0.03563+0.00482 with an intercept of -
1.29809+0.35579. The Pearson’s r obtained
from the plot is -0.941, and the adjusted
correlation coefficient (R?) is 0.869 (Konstantinou
& Albanis, 2004; Mahmoodi et al., 2006; Sauer et
al., 2002).
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Fig. 10. Kinetics for the photocatalytic degradation showing A and B) C/C, vs time for light and dark
and C) In(C/C,) vs times (minutes) showing linear plot for the degradation, D) shows the linear plot for

the photocatalytic degradation in heat and light.

Catalytic Efficiency of TiO> NPs

The catalytic efficiency of methylene blue in light
is found stronger than in dark. The result reveals
that 98% methylene blue degrades within 110
minutes but in dark, the efficiency is 48% and
still incomplete and slowly prolongs up to 140

minutes. When temperature increases gradually,
the degradation becomes more feasible and
completed within 70 minutes having an
efficiency of 98% (Fathinia et al., 2010; Kitture et
al., 2011).



Shahi et al.: Solar-light Driven Degradation of Methylene Blue

100

" T
90 [ Dark

a0 Light

Efficiency (%)
N w B (9. (=2 ~
o o o o o o
A S S S S

=]
1

r,r,r,r,[HHHH

T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (minutes)

o

100

90 lBil % ( Light & Heat) i
80
704
60 4
50

40 4

Efficiency (%)

304

?E:mﬂ |

T T T T T T
30 40 50 60 70 80 9 100 110
Time (minutes)

Fig. 11. A plot of efficiency (%) vs time for the degradation of methylene blue by TiO2> NPs. Figure A)
shows the catalytic efficiency 98% achieved in 110 minutes and 48% efficiency achieved in 140
minutes in the dark Figure B) shows a similar result having a catalytic efficiency of 98% in light-

enhancing temperature only in 70 minutes.

Conclusion
Titanium oxide nanoparticles are very reactive
catalysts. Their potential application has been
applied for the photocatalytic degradation of
dyes. Methylene blue is a common dye used in
laboratory and textile industries, having a strong
factor of toxicity and carcinogen in human
health. In the present work, we have synthesized
titanium oxide nanoparticles by the co-
precipitation method through a controlled pH
The

characterized by UV-Spectrophotometer, where

pathway. synthesized TiO, NPs are
we obtained a 285 nm wavelength for the
particle. The band gap of 3.25 eV is calculated by
the extrapolation of Tauc’s plot. The TiO, NPs are
characterized by FT-IT that shows O-Ti-O strong
stretching at 538.22 Cm™. Furthermore, EDX
spectra of TiO, NPs reveal that the synthesized
particle contains 81.75% Titanium (Ti) in 4.514
keV and 17.001% Oxygen(O) in 0.601 keV. The
size of TiO, NPs is determined by solving Debye
Scherer’s equation; the average diameter of the
particle is found 16.274+12.80nm with 57.15%

crystallinity. The photocatalytic degradation is

carried out in the solar intensity of 5.761+0.14
kWh for methylene blue, which is recorded at
665 nm in UV-visible spectrophotometer. It is
found that completely
degraded in solar light within 110 minutes with

methylene blue is

98% catalytic efficiency, but the dark medium
degradation is not completed until 140 minutes
its 48%
temperature-enhancing degradation in

and is limited to efficiency. The
solar
light is completed in 70 minutes with 98%
efficiency. The catalytic efficiency of TiO2 NPs in
light is superior to that in the dark, which
explores its

potential application as a

photocatalyst.
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