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ABSTRACT

The wastewater from the textile industry generally contains toxic chemicals methylene
blue that are difficult to degrade by the environment. This study aims to develop a
high-performance natural photocatalyst from Bentonite impregnated by N-TiO, with
a high photodegradation rate for methylene blue removal under UV and visible light.
Characterization of the material was conducted using SEM-EDX, XRD, and FTIR. The EDX
results showed that elemental N had been detected in N-TiO, and N-TiO,/activated
bentonite. The FTIR spectra showed that the absorption peak of N-TiO,/activated
bentonite is similar to that of activated bentonite and N-TiO,. The N-TiO,/activated
bentonite diffractogram showed the peaks of quartz and montmorillonite minerals.
The N-TiO,/activated bentonite photocatalyst resulted in a decrease in the bandgap
energy of 3.06 eV. The decline in band gap energy on N-TiO,/activated bentonite is
higher than the decrease in band gap energy for N-TiO,. The optimum pH condition for
the photocatalyst process in removing methylene blue occurs at pH 5. The maximum
removal efficiency of methylene blue occurs when the ratio of N: Ti is 1:1 with an
irradiation time under UV and visible lights of 120 minutes of 99.23% and 87.20%,
respectively. This study showed that the composite catalyst N-TiO,/bentonite under
UV and visible light irradiation conditions has higher removal efficiencies on lower
dosages (2.5-10 times lower in dosage), higher initial methylene blue concentration
(1.25-2.5 times higher in concentration), and shorter reaction (1.5-3 times shorter in
irradiation time) than composite catalysts from previous studies’ results. Furthermore,
the product can enhance the value of local natural bentonite and increase local
people’s income and welfare.
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1. INTRODUCTION

One industry that consumes a disproportionately large
amount of water is the textile industry (Dilaver et al.,
2018). Wastewater from the textile industry typically
contains hazardous compounds that are difficult for
the environment to break down (Fayoud et al., 2016).
Acids, starches, hydrogen peroxide, alkalis, and dyes are
frequently used chemicals. Methylene blue is a synthetic
dye frequently used in textile dyeing production
(Benhouria et al.,, 2015). Wastewater will absorb about
15% of the synthetic dyes used in the textile sector
(Tichapondwa et al., 2020). Low molecular weight and
aromatic and amine groups in the structure of methylene
blue make it poisonous, carcinogenic, and challenging to
break down in the environment (Imron et al., 2019).

Diverse techniques, including coagulation-flocculation,
adsorption, and membrane filtering, have been
developed to remove color content in wastewater, such
as methylene blue (Dermawan et al., 2022; Echabbi et al.,
2019). Although this technique effectively removes colors
from wastewater, it has a drawback in that contaminants
are only moved from one phase to another without being
degraded (Gong et al., 2015). Using conventional methods
still necessitates additional procedures for treating the
sludge or trash produced, which raises the cost of operation
(Daghrir et al., 2013). Aerobic and anaerobic procedures
used to treat wastewater containing synthetic dyes have
low dye removal efficiencies, leaving wastewater still
colored and visible in the environment (Pan et al., 2017).

The Advanced Oxidation Process (AOP), which can
reduce dyes in wastewater, includes photocatalysis.
Strong oxidizing agents, hydroxyl radicals created by
the AOP process, demineralize organic substances to
produce water, carbon dioxide, and mineral acids to
reduce waste products’ production (Sanchez et al,
2010; Setiawan et al., 2023). Photocatalytic techniques
are a novel and successful wastewater treatment
method for breaking down organic contaminants into
carbon dioxide and water utilizing light energy (Raza
et al,, 2020). When used commercially, photocatalyst
can be more profitable than conventional wastewater
treatment since it is more sustainable and energy-
efficient (W. Wang et al., 2020).

Great abundance, low toxicity, high stability, and
outstanding photocatalytic activity are just a few benefits
of the TiO, photocatalytic process (Zhang et al., 2015).
The strong oxidation properties of TiO, make it an ideal
semiconductor type that can boost the mineralization
efficiency of organic contaminants that are difficult for
the environment to degrade (Anwer & Park, 2019). One
drawback of employing TiO, is the need for high-energy
UV radiation during photocatalyst activation (Chien et al.,
2015). Since the band gap of pure TiO, is relatively high
(3.2 eVfor anatase), photocatalytic activity can only occur
when exposed to UV radiation (Sinhamahapatra et al,,

2015). Reduce the energy band gap by doping TiO, with
specific compounds (Gil et al., 2017). Metal elements (Ag,
Au, Cu, and Ni) (Hou et al., 2018), as well as non-metallic
elements (B, S, F, and C) (Yeoh & Chan, 2017), have been
used as doping materials for TiO, in several investigations.
Metal doping can lower carrier mobility by creating an
extremely confined d state in the band gap and creating
electron-hole recombination sites, drastically reducing
the photocatalytic performance (Hoang et al,, 2012).
Due to the similarities between the elements O and N
in terms of ionic radius, electronegative properties, and
polarization, the synthesis of N-doped TiO, has been the
research focus (F. Wang et al., 2021).

The rate of photocatalytic reduction is relatively low
since the adsorption power of photocatalyst materials
is often lower than that of adsorbent materials (Matos
et al, 1998). According to Djellabi et al. (Djellabi et al,
2015), forming a hydrophobic layer by TiO, particles
dispersed in montmorillonite minerals can enhance
the capacity of organic dye pollutants to photodegrade
in wastewater. Zeolite, kaolin, sepiolite, and bentonite
are among the clay minerals that may undergo TiO,
dispersion. These minerals can create TiO, composites
because they are thermally stable, have larger pores,
and make separation easier (Rossetto et al., 2010). One
kind of clay mineral that is frequently employed as an
adsorbent is bentonite. Bentonite can be used because of
its small colloidal particle size and high ionic surface area.
Bentonite possesses adsorption properties to increase
the photocatalytic activity of TiO, (Setiawan et al., 2024).
Bentonite material is a cheap and economical alternative
that should be considered a supporting material for
photocatalysts. Bentonite is abundantly available in the
form of Na-montmorillonite or Ca-montmorillonite in
various countries, including the United States, Russia,
Brazil, Africa, and Asia-Pacific. East Javais one of the largest
natural bentonite-producing provinces in Indonesia.
Natural bentonite mines in East Java are scattered in
several cities, including Blitar, Trenggalek, Ponorogo, and
Pacitan, with production reaching 500 million tonnes.
Generally, bentonite in Indonesia is often applied to
several industries, such as cooking oil, oil drilling, and
cosmetics (Koswojo et al., 2010). Using natural bentonite
as a supporting material in wastewater treatment is still
limited. Several studies have developed bentonite as a
wastewater treatment material. The synthesis of organo-
bentonite to adsorb ampicillin from wastewater (Rahardjo
et al,, 2011) and the adsorption of methylene blue using
alginate-encapsulated bentonite (Ravi & Pandey, 2019).
Then the adsorption of rhodamin B and acid red using
organo-bentonite (Huang et al., 2017), adsorption of Cu(II)
and Ni(II) in wastewater using bentonite/graphene oxide
(Chang et al., 2020), and photodegradation of methylene
blue using ZnO-modified bentonite (Sasikala et al., 2019).

However, our research data shows that using natural
bentonite from Indonesia as a supporting material in
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the photocatalytic process is still limited. This study
aims to synthesize modified N-TiO, using natural
bentonite as a photocatalytic material to reduce
wastewater’s methylene blue content. Methylene blue
was selected to indicate photocatalyst performance
as a cationic dye with numerous medical, textile, and
printing applications. This study examined the impact
of pH factors, the N-to-Ti ratio, and contact time on
methylene blue’s degradation. Then the photocatalyst
process for removing methylene blue used visible and
UV-A light sources. Methylene concentration reduction
data obtained from the photocatalytic process were
further analyzed using a kinetic model. Characterization
of the N-TiO,/bentonite catalyst obtained using
Scanning Electron Microscope-Energy Dispersive X-ray
(SEM-EDX), X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and UV-visible diffuse
reflectance spectroscopy (DRS).

2. MATERIAL AND METHODS

The main material in this study is the local bentonite
acquired from Blitar Regency, East Java. By introducing
TiO, to the local bentonite, an increase in adsorption
capacity can be achieved. Figure 1 presents the
experimental procedure conducted in this study.

2.1. PREPARATION OF N-TiO,
The synthesis process of N-doped TiO, was carried out
by referring to experiments that had been carried out

by Marques (Marques et al., 2019) and Bakre (Bakre et
al., 2020) with several modifications. Synthesis of N-TiO,
using urea powder and TiO, mixed with mole ratios of
1:1, 2:1, and 3:1. The mass of each component of the
mixture was then agitated until it was homogenous. It
was then dissolved into deionized water at a 1:2 mass-
to-volume ratio. The combination was then put through
a 30-minute sonication process (using an Ultrasonic
Cleaner POWER SONIC 405) (Chien et al., 2015). For
three hours, the suspension was evaporated in an oven
set at 105°C. N-TiO, samples were calcined in a furnace
(Thermolyne) at 500°C for two hours, and the process
was finished by flattening the sample in a mortar until it
became powder.

2.2. PREPARATION OF ACTIVATED BENTONITE
The bentonite used in this study was obtained from a
bentonite mining site in Blitar Regency, East Java Province,
Indonesia. The bentonite obtained was then cleaned and
dried at 105°C in the oven (Binder ED 53) for 24 hours.
Chemical activation of bentonite was accomplished with
an HCl solution (Merck, USA). With a few adjustments,
the bentonite activation procedure was based on the
research (Toor et al., 2015). A 1:2 mass ratio of natural
bentonite to solution volume was used when submerged
in a 2 M HCl solution.

Additionally, stirring was done for two hours at
100 rpm using a magnetic stirrer (Thermo Scientific).
Aquabidest was used to rinse the activated bentonite. A
mortar and 100 mesh sieve were used for crushing and
sifting activated bentonite.
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Figure 1 Experimental procedure for the synthesis of N-TiO,/activated bentonite to reduce methylene blue dye.
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2.3. PREPARATION OF N-TiO, IMPREGNATION
WITH ACTIVATED BENTONITE

The N-TiO,/Activated Bentonite impregnation procedure
was based on studies by Gar et al. (Gar Alalm et al., 2016).
In a 100 mL beaker, first, combine 0.4 grams of N-TiO,
and 1 gram of activated bentonite. Added 6 mL of 96%
ethanol, then homogenized the mixture for 5 hours using
a magnetic stirrer. N-TiO,/activated bentonite was dried in
a 200°C oven for 5 hours. N-TiO,/activated bentonite was
mashed in a mortar and sieved through a 100-mesh sieve.

2.4. PREPARATION OF METHYLENE BLUE
SOLUTION

Allthe chemicals used in this research were of the analytical
reagent grade. Methylene blue (MB) was purchased from
Merck, USA. 1.0 g MB was dissolved in 100 ml of distilled
water to make a stock solution containing 100 mg/L of
MB. Diluting the stock solution yielded MB solutions of a
concentration of 25 mg/L for photocatalytic experiments.
A single beam UV-VIS spectrophotometer (Agilent Cary 60,
USA) with a Amax of 655 nm was used to measure MB
concentration at each trail of the photocatalytic process.
Each pH solution was altered using either 0.1 M sodium
hydroxide or 0.1 M hydrochloric acids and measured by a
pH meter (SP-2300, SUNTEX, Taiwan).

2.5. PHOTOCATALYTIC PROCESS

The experimental procedure of the photocatalytic
reaction involves mixing 0.02 grams of N-TiO,/
activated bentonite with 100 mL of 25 mg/L methylene
blue solution. Methylene blue solution and catalyst
are contacted for 30 minutes to reach adsorption
and desorption equilibrium before irradiation. In
the first stage, a photocatalytic process was carried
out with pH 5, 7, 9, and 11 variations to obtain the
optimum pH. Furthermore, the optimum pH used in
the photocatalytic process was run at 100 rpm for 15,
30, 45, 60, 75, 90, and 120 minutes with UV-A (8-watt)
and visible light (LED 8-watt) irradiation. 2,500 rpm
centrifuging for 10 minutes to separate the adsorbent
from the filtrate. Use the injection to remove the filtrate
from the tube carefully. The next step was to use a UV-
Vis spectrophotometer with a wavelength of 655 nm
to measure the final concentration of methylene blue.
The equation was used to determine methylene blue’s
ability to degrade as Eq. (1):

%Removal = C‘)C;Cf %x100% (1)
0
C, and C, were the amounts of methylene blue (mg/L)
before and after the photocatalyst process.

Quality  Assurance  (QA)/Quality  Control  (QC)
for methylene blue concentration testing using
a spectrophotometer is carried out with several
applications including the use of blank samples, a
methylene blue calibration curve with a correlation
coefficient of 0.997 (correlation coefficient in Indonesian

National Standard (SNI) > 0.995), sample duplication
with a relative percent difference (RPD) value of <10%,
use of reagents with pro-analysis quality, and calibration
of measuring instruments.

The kinetics of the methylene blue degradation
reaction were examined using the data on methylene
blue concentrations collected following the photocatalyst
process. The Langmuir-Hinshelwood kinetic model used
in the photocatalyst reaction kinetics model can be
expressed as equation (2) (Jawad et al., 2016; Kuo et al.,
2011):

Co.

ln(C )= Kgppt (2)

app
t

Where kapp is the pseudo-first-order rate constant (min-?),
and t is the reaction time (min). Kpp CONstant is the slope
determined by linear regression of In (C /C) vs t.

2.6. COMPOSITE CHARACTERIZATION

The phases of N-TiO,-activated bentonite and N-TiO,/
activated bentonite were examined using XRD (X’pert
PRO PANAlytical). Cu ka monochromator radiation (A =
1.5405) at 30 kV and 30 mA, 2 = 5-60°, was used in the
XRD analysis. The functional groups of N-TiO,-activated
bentonite and N-TiO, activated bentonite were examined
using the Fourier transform-infrared (FTIR) spectrum in
the 400-4000 cm™. The KBr pellet technique was used
to conduct the study using a Fourier transform infrared
spectrometer (Thermo Scientific Nicolet iS10). Scanning
Electron Microscope-Energy Dispersive X-Ray (SEM-EDX)
Inspect S50 operating at 20 kV was used to examine the
surface morphology of N-TiO,, activated bentonite, and N-
TiO,/activated bentonite. Bandgap energy measurement
of TiO,, N-TiO,, and N-TiO/activated bentonite was
carried out using UV-Vis Diffuse Reflectance Spectroscopy
(Analytik Jena, Specord 200 Plus). Between 300 to 800
nm, the band gap energy analysis was compared to the
% reflectance. Equation 3 was used to analyze UV-Vis DRS
data using the Kubelka-Munk function (Calisir et al., 2020)
with a Tauc-plots:

(FR).hv)* = [ 3)

0.5

ARy .hv]
2R

The sample band gap energy is determined from the
spectra by plotting between (F(R) hv)®> as the Y axis and
the photon energy as the X axis. The x value in equation (3)
is taken as 0.5 because TiO, has an indirect band gap. The
band gap is determined from the vertical line drawn until it
intersects the x-axis on the graph plot (F(R)hv)°° vs ho.

3. RESULTS AND DISCUSSIONS

3.1. CHARACTERIZATION OF THE COMPOSITE
CATALYST

The provided SEM image characterized the catalyst
material employed in this investigation. Figure 2 shows
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Figure 2 SEM of Activated Bentonite (a,b), N-TiO, (N:Ti = 1:1) (c, d), and N-TiO,/Activated Bentonite (with N:Ti = 1:1) (e, f).

the results of the SEM study of activated bentonite
(@) and (b), N-TiO, (c) and (d), and N-TiO,/activated
bentonite (e) and (f). Particle aggregates predominate
on the surface of activated bentonite, big, and smooth in
appearance. The figure shows a smooth surface caused
by mineral acid (HCl) activation, which removes impurity
components such as tar and calcium salts that cover
the bentonite pores. The activation process modifies the
bentonite surface, increasing its contaminant adsorption
ability (Chen et al,, 2013). In their respective studies,
according to Chen et al. (Chen et al,, 2013) and Natsir
et al. (Natsir et al.,, 2021), activated bentonite was also
created with a similar surface morphology. Spherical
and lumpy features predominate on the surface of
N-TiO,. N-TiO, with a 0.27 pm average size. The surface
morphology of activated N-TiO,/bentonite comprised
tiny aggregates with an average size of 1.08 um and an

uneven structure. Small aggregates were particle pieces
and lumps of N-TiO, crystallites that formed due to the
hydrolysis of Ti on the surface (Chen et al., 2013). Particle
size and standard deviation are presented in Table 1.
The findings of the EDX test on activated bentonite,
N-TiO,, and N-TiO,/activated bentonite were employed
for quantitative analysis. Furthermore, Table 2 displays
the results of an EDX investigation on activated
bentonite, N-TiO,, and N-TiO,/activated bentonite. The
primary components of montmorillonite are Si, O, and
Al (Hrachova et al., 2007). The EDX results showed that
elemental N had been detected in N-TiO, and N-TiO,/
activated bentonite, indicating that the N impregnation
process was successfully carried out. Then this is
consistent with the EDX analysis results of activated
bentonite, which found the highest concentrations of
Si, O, and Al, respectively, 33.45%, 38.25%, and 18.71%.
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SAMPLE PARTICLE SIZE (um)  STANDARD DEVIATION
Activated Bentonite 9.57 2.13
N-TiO, (N:Ti = 1:1) 0.27 0.05
N-TiO,/Activated Bentonite (N:Ti = 1:1) 1.08 0.38

Table 1 Particle Size and Standart Deviation.

ELEMENT  ACTIVATED BENTONITE (%) N-TiO2 (N:Ti = 1:1) (%) N-TiOZIACTIVATED
BENTONITE (N:Ti = 1:1) (%)

0 38.25 36.78 44,66

Na 137 0 1.02

Mg 2.18 0 1.03

Al 18.71 0 7.47

Si 3345 0 12.48

Fe 6.04 0 3.46

N 0 3.93 1.12

Ti 0 59.29 28.76

Table 2 Test Results of EDX.

Si-and Al content in N- TiO,/activated bentonite were
lower (12.48 and 7.47%) than in activated bentonite.
Natsir et al. (Natsir et al., 2021) revealed that Si and Al’s
elements were present in amounts of 11.35% and 7.53%,
respectively. The presence of impregnated Ti content on
the surface of activated bentonite may cause a decrease
in Si and Al composition in N-TiO,/activated bentonite.

On activated bentonite, N-TiO,, and N-TiO,/activated
bentonite, FTIR analysis in the 4000-500 cm™ range was
performed. The spectrum plots for activated bentonite,
N-TiO,, and N-TiO /activated bentonite from the FTIR
analysis are shown in Figure 3.

Compared to N-TiO,/activated bentonite, the FTIR
spectra of activated bentonite displayed absorption
bands at 3621.07 and 3383.03 and 3603.13 and 3352.22
cm™, respectively. The Al-OH, Si-OH, and interlayer
water molecules’ stretching vibration correlates with
the absorption band. When TiO, is impregnated with
activated bentonite, the absorption band moves to a
lower wave number caused by the presence of hydrated
pure cations and dehydroxylated H,O in TiO, (Hadj Bachir
et al, 2020) The Ti-O stretching vibration of the TiO,
phase, Ti-O-Ti, and Ti-O-Si bonds can be seen in the
absorption bands between 500 and 1000 cm.

Additionally, the impregnation procedure results in the
anatase group being. The impregnation procedure results
in the anatase group being tightly chemically bonded to
thesilicate (Lietal., 2002). N-TiO,/activated bentonite lacks
several absorption areas in activated bentonite, and the
impregnation process with TiO, may cause their absence.
As a result, the anions in the titanium layer replace those
in the montmorillonite layer (Djellabi et al., 2015). The

absorption peak of N-TiO, /activated bentonite is similar
to that of activated bentonite and N-TiO,, demonstrating
that no chemical reactions occur during the impregnation
process (Javanbakht & Mohammadian, 2021).

The mineral content and crystal phase of activated
bentonite, N-TiO,, and N-TiO,/activated bentonite
were examined using the peak pattern of the XRD test
findings. Figure 4 compares the peak patterns obtained
from the XRD analyses of activated bentonite, N-TiO,,
and N-TiO,/activated bentonite. The peak pattern
of the XRD test findings was used to determine the
mineral composition and crystal phase of activated
bentonite, N-TiO,, and N-TiO,/activated bentonite.
Figure 3 compares the peak patterns from the XRD
analyses of N-TiO,, activated bentonite, and N-TiO,/
activated bentonite.

The N-TiO, diffraction pattern shows peaks with
the maximum intensities at positions 26 are 25,215°,
36,847°, 37,691°, 38,474°, 47,955°, 53,833°, and
55,007°. Based on JCPDS No. 021-1272, which indicates
that the anatase phase dominates the peak patterns
of N-TiO,. The features of anatase were discovered in
the diffraction peaks of 206 = 25°, 38°, 48°, 54°, and 55°,
according to research done by Ma et al. (Ma et al,, 2021).
The N peak was not visible in the XRD analysis results,
which might result from the high purity of TiO,, which
prevented the identification of the N peak (Calisir et al.,
2020). According to Xu et al. (Xu et al,, 2019), the lack
of an N peak in the XRD pattern suggests no N element
aggregation because the N doping can be distributed
uniformly throughout the TiO, lattice structure without
affecting the crystal phase structure of TiO,.
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The N-TiO,/activated bentonite diffractogram showed
thepeaksofquartzandmontmorilloniteminerals. SiO, and
montmorillonite comprise the fundamental components
of bentonite, which showed no structural change during
the N-TiO,/activated bentonite impregnation procedure.
The N-TiO /activated bentonite diffractogram showed a
reduction in intensity and numerous peak intensities of
activated bentonite diffraction, which could happen if

titanium ions replace the calcium hydrate in bentonite
(F. Wang et al., 2021). The number of anatase TiO, peaks
formed was also revealed by studying the activated
N-TiO,/bentonite diffractogram.

In order to determine the band gap energies of TiO,,
N-TiO,, and N-TiO,/activated bentonite, the Kubelka-
Munk equation analysis on the DRS spectra data was
performed. Figure 5 displays the Tauc plot of the Kubelka-
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Munk equation, and Table 3 summarizes the band gap
energy values that were determined.

N-TiO, and N-TiO,/activated bentonite’s band
gap energy moved to lower energy than TiO,’s. The
introduction of N atoms into the TiO, crystal lattice
causes the band gap energy to narrow, resulting in
a lower band gap energy. Because the ionic radii of
nitrogen and oxygen are similar, nitrogen was chosen
as the dopant on TiO, (Ansari et al., 2016). The N-TiO,/
activated bentonite photocatalyst resulted in a decrease
in the bandgap energy of 3.06 eV. The decrease in band
gap energy on N-TiO,/activated bentonite is higher than
the decrease in band gap energy for N-TiO,. Including a
buffer material may lower a sample’s band gap energy.
The surface area of the photocatalyst material can be
increased by dispersing TiO, on the activated bentonite
surface with the help of a buffer substance. According to
Martinet al. (Martins et al., 2017), the TiO, photocatalyst’s
band gap energy could be lowered from 3.07 eV to 3.04
eV by adding activated carbon.

3.2. EFFECT OF PH ON METHYLENE BLUE
REMOVAL

pHisonecriticalvariable affectinghow well the methylene
blue dye is removed. At pH 5, 7, 9, and 11, respectively,
the effective pH of photocatalysis was measured under
four distinct situations. Methylene blue’s removal
capacity was highest at pH 5 and lowest at pH 9, but it
got better at pH 11 as well. Figure 5 shows the results of
a test to determine how the pH of the methylene blue
dye solution affected the ability of the activated N-TiO,/

activated bentonite composite photocatalyst to reduce
the dye.

At pH 5, methylene blue was most easily removed,
and pH 9 was the least easily removed. However, at pH
11, methylene blue was more easily removed. Figure 6
displays the findings of an experiment testing theimpact
of the pH of the methylene blue dye solution on the
efficiency of the N-TiO,/activated bentonite composite
photocatalyst in reducing methylene blue dye. At
pHpzc circumstances, the TiO, photocatalyst tends
to clump together. Konstantinou et al. (Konstantinou
& Albanis, 2004) claimed that TiO, clumping reduces
the surface area available for dye adsorption and
photon absorption, lowering the dyestuff’s capacity for
reduction. The dye’s capacity to reduce has diminished.
Reactions (1) and (2) (Konstantinou & Albanis, 2004)
show the reaction pathway under pHpzc conditions.

pH < Phpzc: TiOH 4+ H* < TiOH** (1)
pH>Phpzc:TIOH4+OH™ = TiO™ +H,0 (2)

Photocatalysts often have surface charges based on pH.
Methylene blue dye removal efficiency increased with
decreasing pH. Under acidic pH conditions, strong dye
adsorption on TiO, particles is caused by the electrostatic
attraction of positively charged TiO, and the dye. Alkaline
pH causes the dye molecules to be negatively charged,
so their adsorption ability will be influenced by increasing
the density of TiO~ groups on the surface. Therefore, it
causes electrostatic repulsion forces with methylene
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Figure 5 Tauc Plot of TiO,, N-TiO, (N:Ti = 1:1) and N-TiO,/Activated Bentonite (with N:Ti = 1:1).
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SAMPLE WAVELENGTH (nm)  ENERGY (eV)
Tio, 380 3.26
N-TiO, (with N:Ti = 1:1) 395 3.14
N-TiO,/Activated Bentonite (with N:Ti = 1:1) 405 3.06

Table 3 Wavelength and Bandgap Energy.
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Figure 6 Effect of pH on The Removal Efficiency of Methylene Blue.

blue molecules, thereby reducing the adsorption ability
of methylene blue. In addition, at high pH, the removal
of methylene blue tends to be lower due to the formed
hydroxyl radicals, which are quickly scavenged, thereby
reducing the ability to react with the dye (Alkaim et al.,
2014).

3.3. EFFECT OF IRRADIATION TIME ON
METHYLENE BLUE REMOVAL

Figure 7 shows methylene blue’s removal ability increased
with increasing irradiation time. The maximum removal
of methylene blue using activated N- TiO,/activated
bentonite occurred at 120 minutes of irradiation. Tests
using the ratio of N: Ti (1:1; 2:1 and 3:1) with a UV lamp
photon source obtained the effectiveness of methylene
blue removal of 99.23%, 98.93%, and 97.35%, respectively.
Irradiation with visible lamp conditions with a ratio of N:
Ti (1:1; 2:1 and 3:1) obtained removal effectiveness of
87.20%, 81.40%, and 77.74blitar%, respectively. The effect
of irradiation time on the removal efficiency of methylene
blue can be seen in Figure 8. This study’s results indicate
that N doping on TIO, removes methylene blue in UV and
visible light irradiation, demonstrating how using N doping
on TiO, materials and UV and visible light irradiation could

speed up the breakdown of methylene blue. Dopants
were used to increase the amount of electron-hole
pairs and the likelihood that the reaction would result
in reactive species in hydroxide radicals by acting as a
trap for electrons produced during the photogeneration
process (Leong et al, 2022). Table 4 compares the
performance of the N-TiO,/bentonite composite catalyst
with other TiO,-based composite catalysts in removing
methylene blue. The results of this study indicate that the
composite catalyst N-TiO,/bentonite under UV and visible
light irradiation conditions has higher removal efficiencies
on lower dosages (2.5-10 times lower in dosage), higher
initial methylene blue concentration (1.25-2.5 times
higher in concentration), and shorter reaction (1.5-3
times shorter in irradiation time) than composite catalysts
from previous studies’ results.

The efficacy of eliminating methylene blue under either
the off state or irradiation was inversely proportional to
the rise in the N: Ti ratio. Irie et al. (2003) claim TiO, could
develop many oxygen vacancies due to high nitrogen
doping. Photoexcited electrons and positive holes
recombine in the presence of TiO, crystal defects, which
affects the photocatalytic activity. Increasing the dopant
concentration can slow down photodegradation which
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(c)

Figure 7 Photocatalytic Process Results using a.) Composite A (N:Ti = 1:1); b) Composite B (N:Ti = 2:1); Composite C (N:Ti = 3:1).
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Figure 8 Effect of Irradiation Time on The Removal Efficiency of Methylene Blue using a.) UV Lamp; b.) Visible Light Lamp.
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MATERIALS MB CONCENT- SOLUTION  CATALYST IRRADIATION IRRADIATION REMOVAL REFERENCE
RATION PH DOSE TIME
Cu-doped TiO, films 7 26.31mg/L  Visible light 4 hr (batch) 95% (Yang et al.,
10 mg/L (430 nm) 2018)
TCPP/CuPOM/TIO, 10 mg/L - 100 mg/L Visible light 5 hr (batch) 49% (Sanguino et al.,
film 2022)
TiO, treated NaOH 10 mg/L - 200 mg/L UV light 2.5 hr (batch) 90% (Hou et al.,
(Xe lamp) 2018)
TiO,- 32 mg/L 6.5 160 mg/L UV Alight (365 6 hr (batch) 93.2% (Djellabi et al.,
montmorillonite nm) 2015)
40% TiO,~doped 10 mg/L 6.3 2000 mg/L UV Alight 4 hr (batch) 95% (Echabbi et al.,
Calcined Mussel (300-450 nm) 2019)
Shells
TiO, doped CuFe,0, 20 mg/L - 500 mg/L Visible light (Xe 3 hr (batch) 83.7% (Arifin et al.,
lamp) 2019)
N-TiO,/bentonite 25 mg/L 5 200 mg/L UV light* & 2 hr (batch) 99.23* This study
(N:Ti=1:1) Visible light** 87.20**

Table 4 Comparison with the previous research.

might be because many N atoms step in to replace O
atoms, creating oxygen and Ti** vacancies. Ti** and many
oxygen vacancies turn into photoinduction centers for
hole recombination and electrons (h*/e”), which lowers
the photocatalytic activity (Mahendrasingh et al., 2020).

3.4. PHOTOCATALYST REACTION KINETICS
A reaction kinetics analysis was performed to ascertain
the mechanism of methylene blue reduction by
activated N-TiO,/activated bentonite and the reduction
rate at a specific time. Figure 9 shows the kinetic curve
for methylene blue degradation by N-TiO,/activated
bentonite. Based on the regression value (R?) of the
pseudo-first-order, the kinetic trend of the methylene
blue reaction is near 1. Table 5 shows the findings of
examining the kinetic parameters for the methylene
blue degradation by N-TiO,/activated bentonite.
According to the findings of the kinetic analysis,
lowering the N: Ti ratio led to a reduction in the reaction
rate constant. When the N: Ti ratio is 1:1, the value of k
reaches its highest value with a value of 0.0423 min.
These parameter values have been confirmed based
on the efficiency of methylene blue deterioration under
the influence of UV light. Comparing the conditions of
the ratios of 2:1 and 3:1, the ratio of 1:1 N: Ti tends to
cause a quicker rate of methylene blue degradation. The
photocatalytic activity diminishes as the N: Ti ratio rises
because less TiO, is present in the photocatalyst material.
Due to the abundance of N atoms that replace O, oxygen
and Ti*" vacancies create photoinduction holes and
electrons, which decreases photocatalytic activity.

3.5. METHYLENE BLUE PHOTODEGRADATION
MECHANISM

The attachment of pollutants to the surface of activated
bentonite, which is later destroyed by hydroxyl ions, is

the basis of the photocatalysis-adsorption method’s
operation. The stimulation of the semiconductor material
by photons from the light source, which causes the
production of hydroxyl radicals, causes the degradation
process to occur (Agrios & Pichat, 2005). In order to create
holes (h* holes), electrons in the valence band must be
excited to move into the conduction band. While electrons
(e7) react with oxygen to make superoxide, which then
reacts with water to produce radicals with the formula <OH,
the hole first reacts with water to produce these radicals.
The hydroxyl radicals will interact with the dyes to create
environmentally safe derivative chemicals.

Radiation causes photoelectrons to be stimulated
from the valence band to the conduction band, which
leads to photocatalyst processes. The energy of the
absorbed photon is equivalent to or higher than the
semiconductor photocatalyst’s band gap energy. An
electron pair (e7) and a hole (h*) are produced as a result
of the excitation process, as shown in Reaction Equation
(3)(Ajmal et al,, 2014).

TiO, +hv>TiO, (e, +h,.) (3)

Following awaterionizationreaction, the photogenerated
holes in the valence band produce <OH. Due to the
irradiation of the semiconductor surface, the OH radical
is a highly potent oxidizing agent. The Reaction Equations
(4) and (5) (Ajmal et al.,, 2014) show how the ionization
of water occurs.

TiO,(h,..) +H,0 - TiO, +H" + +OH (4)

o)

TiO,(h,,..) + OH — TiO, + *OH (5)

)

When oxygen and electrons in the conduction band
(e,,) interact, anionic superoxide radicals are created,
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Figure 9 Kinetic plot for photocatalytic degradation of methylene blue by irradiation (a) UV light (b) visible light Lamp.

KINETIC MODEL COMPOSITE

A (N:Ti = 1:1) B (N:Ti = 2:1) C (N:Ti = 3:1)

Langmuir-Hinshelwood (UV light)

Ky (Minute™) 0.0423 0.037 0.0302

ap|

R? 0.952 0.907 0,923

Langmuir-Hinshelwood (Visible light)

k.., (minute™) 0,0144 0.0138 0.0110

app

R? 0.903 0.964 0.932

Table 5 Kinetics Analysis of Photocatalytic Process Reaction.
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leading to oxygen ions’ absorption (O, ). In addition to
its function in oxidation, the generation of superoxide
ions. The reaction equation shows how oxygen ions are
absorbed (6) and (7)(Ajmal et al., 2014).

TiO,(e )+ 0, > TiO, ++0,. (6)

B~ )

-0, +H" —>HO, - (7)

Superoxide is protonated by O,, creating hydroperoxyl
radicals (HO,) that break down into highly reactive
hydroxyl radicals and react with methylene blue to
create environmentally safe degradation products as
explained in the reaction equation (8) (Giannakoudakis
etal, 2022).

Dye ++0H — CO, +H,0 (8)

4. CONCLUSION

The composite catalyst had been successfully
produced through a simple method consisting of
a sonication process followed by calcination. The
photocatalyst activity of N-TiO,/activated bentonite
effectively reduces the concentration of methylene
blue in wastewater. The maximum efficiency of
methylene blue removal occurs when the ratio of N to
Tiis 1:1, with 120 minutes of radiation of 99.23% and
87.20% under ultraviolet and visible light, respectively.
The optimum pH condition for the photocatalyst
process in removing methylene blue occurs at pH
5. The best nitrogen doping is at a ratio of N: Ti (1:1)
with a bandgap energy of N-TiO,/bentonite of 3.06
eV at a wavelength of 338 nm. Increasing irradiation
time tends to cause an increase in methylene blue
removal activity in the photocatalyst process. The
N-TiO,/bentonite composite catalyst is effective in the
UV and visible light photocatalytic process. N-TiO,/
bentonite photocatalysts can be used as an alternative
option that is cheap and environmentally friendly for
application on anindustrial scale, especially for treating
wastewater containing methylene blue.
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