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Abstract

Water pollution is a critical global issue, hindering the achievement of SDG-6 on clean water and sanitation. Titanium dioxide (TiO2)
nanoparticles (NPs) have emerged as effective photocatalysts for degrading organic pollutants. Green synthesis, utilizing plant-derived
phytochemicals as natural reducing and capping agents, offers an eco-friendly alternative to conventional methods. This study reports
the green synthesis of TiO. NPs using just (Syzygium cumini) leaf extract as a reductant. The synthesized nanoparticles were
characterized using XRD, XRF, FTIR, UV-Vis, bandgap analysis, SEM, and TEM. The results confirmed the formation of anatase-
phase TiO: with 98.21% purity (XRF), a spherical morphology (=10-50 nm), and a bandgap of 2.94 eV. Photocatalytic tests
demonstrated 94.92% and 95.89% methylene blue degradation efficiencies after 180 and 240 minutes under UV light. These findings
highlight the potential of green-synthesized TiO. NPs for environmental remediation. Future studies should explore modifications to
enhance photocatalytic performance for wastewater treatment applications.
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1. Introduction

The availability of clean water has become a global challenge, with some regions experiencing severe water shortages while others
suffer from contamination due to household and industrial waste. This issue poses a significant barrier to achieving the 6th Sustainable
Development Goal (SDG), which aims to ensure access to clean water and sustainable sanitation for all [1-3]. Among the major
contributors to water pollution are effluents from textiles [4], pharmaceutical [5, 6], and household industries [7], which release various
pollutants such as starch, drying agents, waste treatment by-products, boiling agents, dyes, and finishing materials [8]. Textile dyes,
particularly synthetic dyes, are widely used due to their availability, diverse color variations, and ease of application [9]. However,
these dyes pose environmental risks as they degrade into toxic compounds that threaten ecosystems [10]. Methylene blue (MB) is a
commonly used cationic dye with applications in chemistry, biology, medicine, and the textile industry [11]. Despite its advantages,
MB exhibits high chemical stability due to its benzene structure, making it difficult to degrade naturally [12-14]. MB in wastewater
can lead to severe environmental and health issues [15], including digestive tract irritation, cyanosis, and skin irritation upon exposure.
Therefore, efficient methods for MB degradation are urgently needed, with photocatalysis emerging as a promising approach [16].
Photocatalysis has gained significant attention for degrading organic pollutants, including MB. This method utilizes semiconductor
materials as photocatalysts to accelerate the breakdown of complex pollutants under light irradiation [17]. Among various
photocatalysts, titanium dioxide (TiO-) is widely recognized for its excellent optical properties, non-toxicity, affordability, and high
thermal and mechanical stability [18]. The nanoscale size of photocatalyst materials further enhances pollutant degradation efficiency
by increasing surface area and reactivity [19].

Recently, the development of green-synthesized nanoparticles has emerged as an eco-friendly alternative to conventional synthesis
methods. Green synthesis eliminates or significantly reduces the use of toxic chemicals, thereby minimizing environmental pollution
and health risks [19-21]. Additionally, plant-based reducing agents provide a renewable and biodegradable alternative, enhancing cost
efficiency and sustainability [22]. The bioactive compounds in plant extracts contribute to improved nanoparticle stability,
dispersibility, and catalytic efficiency, making them highly effective for drug delivery, antimicrobial treatments, and photocatalysis [1,
16, 23-26]. Various plant-based bio-reductants, particularly those used in the synthesis of TiO. nanoparticles, such as Portulaca
oleracea, Zea mays, Bixa Orellana, Moringa oleifera, Neem leaves, and Luffa acutangular [22-31], have demonstrated remarkable
versatility in green synthesis approaches, enabling the production of nanoparticles with tunable properties suitable for diverse
applications.
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Among different synthesis routes, green synthesis of TiO: nanoparticles using plant extracts presents a sustainable and
straightforward approach. This method leverages bioactive compounds as natural reducing agents to facilitate nanoparticle formation
[21, 29, 32]. TiO: has three polymorphic forms: anatase, rutile, and brookite, each with distinct bandgap energies [9, 33-35]. Anatase,
with a bandgap energy of 3.2 eV, is particularly suitable for photocatalytic applications due to its high electron mobility and reduced
electron-hole recombination rate, making it a preferred choice for environmental remediation. Juwet (Syzygium cumini) leaf extract
has emerged as a potential bio-reductant for green synthesis due to its rich composition of bioactive compounds, including alkaloids,
flavonoids, tannins, and essential oils [36]. These compounds, particularly flavonoids and phenols, possess hydroxyl (-OH) groups that
facilitate electron transfer, playing a crucial role in the reduction of Ti*" ions to Ti** [37, 38]. However, research on using juwet leaf
extract for TiO2 synthesis remains limited. Conventional TiO: synthesis methods often involve hazardous reagents and energy-intensive
processes, highlighting the need for greener alternatives.

This study explores the green synthesis of TiO: nanoparticles using just leaf extract as a natural bio-reductant and evaluates their
photocatalytic performance in methylene blue degradation under UV light. By investigating the impact of plant-derived bioactive
compounds on TiO: properties, this study aims to introduce a more environmentally friendly synthesis method and contribute to the
advancement of sustainable nanotechnology for environmental applications.

2. Materials and methods
2.1 Materials

Titanium isopropoxide (TTIP, Sigma-Aldrich, 97%); Juwet leaves (Syzygium cumini L.) containing flavonoids (0.417% by weight),
saponins (0.766% by weight), tannins (0.282% by weight), alkaloids (0.384% by weight) [39]; distilled water and methylene blue
(Sigma-Aldrich, dye content >82%).

2.2 Preparation juwet leaf extract

The synthesis process of TiO: nanoparticles began with the preparation of juwet leaf extract. The juwet leaves were oven-dried at
60°C for approximately 60—-90 minutes until completely dry and turned brown. The dried leaves were then blended into a fine powder,
which was used for the extraction process. For extraction, 20 g of juwet leaf powder was added to 150 ml of distilled water and stirred
using a magnetic stirrer at 80°C for 60 minutes. The solution was then cooled to room temperature and filtered using a vacuum filtration
setup to obtain the filtrate of juwet leaf extract (Figure 1). 75 ml of extract was obtained as the reducing agent for TiO- nanoparticle
synthesis. The juwet leaf extract, known for its medicinal properties, contains secondary metabolites such as alkaloids, phenols,
flavonoids, steroids, tannins, resins, and carbohydrates [40].

Figure 1 Extraction of Juwet Leaves: (a) Juwet leaves after drying (b) Process of mixing juwet leaves with distilled water (c) Extraction
that has been filtered.

2.3 Green synthesis of TiOz nanoparticles

A total extraction of 75 ml was obtained, which will then be used as a TiO2 nanoparticle reducer. After getting a reducer from juwet
leaf extract, juwet leaf extract is mixed with Titanium isopropoxide (TTIP) as a precursor for TiO2 synthesis. Mix precursors and
reducers using a volume ratio of 1:1, namely 75 ml of juwet leaf extract with 75 ml of TTIP. Furthermore, the mixture was stirred using
a stirrer at room temperature for 8 hours until the solution reached a homogeneous state. After the stirring process, the mixture was
centrifuged at 3000 rpm for 10 minutes to separate the wet powder and filtrate. The collected precipitate was dried at 100°C for 8 hours
and then calcined at 570°C for 3 hours. This temperature was chosen to ensure the formation of high-purity, well-crystallized anatase
TiO- with excellent photocatalytic efficiency while preventing unwanted phase transformation to rutile [41]. The mechanism synthesis
of TiO2 nanoparticles can be seen in Figure 2.

2.4 Characterization of TiO2 NPs

The synthesized TiO2 nanoparticles were then characterized by X-ray diffraction (XRD), type X-Ray Diffraction (XRD)
PANalytical Brand, Type: X'Pert PRO, for analysis of the crystal phase of TiO2 produced and crystal size. X-Ray Fluorescence (XRF),
type: PANalytical, Type: Minipal 4; to analyze the purity of TiO2 oxide obtained by Green synthesis with juwet leaf extract. Fourier
Transform InfraRed (FTIR) analyzed Ti-O functional groups using Shimadzu-type IR Prestige-21 instrumentation (Kyoto, Japan). UV-
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Vis spectroscopy was used to analyze the wavelength area, and bandgap with the Tauc-plot equation can be written as (ahv)'/? =
D(hv — Eg) [42] and used in the photocatalysis process to determine the absorbance value of methylene blue solution before and after
photocatalysis treatment. Scanning Electron Microscope-Energy Dispersive X-ray (SEM-EDX), type: Scanning Electron Microscopy
(SEM) FEI Brand, Type: Inspect-S50; used to analyze the morphology and dominant elements of the obtained TiO2 powder; and
Transmission Electron Microscopy (TEM), type: Jeol Jem-1400; for analysis of morphology, shape, and size of TiO: particles.
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Figure 2 Mechanism Synthesis of TiO2 Nanoparticles Using the Green Synthesis Method
2.5 Photocatalysis Performance of TiO2 NPs

The adsorption study of the synthesized TiO2 NPs on MB in water was conducted in a batch system with an initial MB concentration
of 30 ppm at 10 mg/L and an adsorbent dosage of 0.01 grams in 50 mL for 240 minutes. Additionally, the adsorption process was
carried out at various contact times (0, 10, 20, 30 minutes) to determine the equilibrium adsorption time, which was then used as the
duration of dark conditions in the photocatalytic process. The irradiation time was varied at 60, 120, 180, and 240 minutes. The
remaining MB concentration in the solution was measured using a UV-Vis spectrophotometer at a wavelength of 664 nm. To determine
the percentage of dye degradation by TiO: nanoparticles used the equation (Eq. 1) [42, 43]:

Ce

% Efficiency photocatalyst = C"C; x100% ]

where Co, is the initial concentration of methylene blue, and Ct is the final concentration of methylene blue after the photocatalysis
process (mg/L).

3. Results and discussion
3.1 Green-Synthesis nanoparticle TiO2

As a semiconductor material, titanium dioxide (TiO2) has good chemical and thermal stability, low cost, and high photocatalytic
efficiency with an energy band gap of ~3.2 eV [18]. TiO2 can be synthesized using a green synthesis method, which is quite simple,
economical, non-toxic, and environmentally friendly because the chemical reactants are replaced using natural materials, namely plant
extracts such as leaves [19] and aloe vera [30]. Aloe vera extract contains aloe emodin, lignin, hemicellulose, and pectin compounds
which function as reducing agents in the formation of TiO2 nanoparticles [44]. The reduction of Ti*" by plant extracts forms TiO-
nanoparticles, which are stabilized by plant metabolites to prevent agglomeration and enhance stability (Figure 3). In this case, the
metabolites present in Juwet leaf extract, such as flavonoids, act as bioreductors and capping agents for TiO2 nanoparticles, contributing
to the reduction of Ti** to TiO: and simultaneously stabilizing the nanoparticles to prevent aggregation. Additionally, green synthesis
is economical and sustainable due to readily available natural materials, minimizing the need for expensive and toxic chemicals. These
methods generally operate under ambient conditions, reducing energy consumption compared to conventional synthesis, making the
process more energy-efficient and environmentally friendly.

Meanwhile, juwet leaves are reported to contain very important chemical compounds and play an effective role in the process of
reducing Ti ions in precursors (TTIP) are phenol and flavonoids because they contain hydroxyl groups (-OH) that easily release
electrons [45-47]. Phenol has a hydroxyl group bound to an aromatic ring, so it is very reactive in redox reactions and reduces metal
ions such as Ti*. Likewise, flavonoids are polyphenolic compounds with antioxidant properties, and their hydroxyl groups release
electrons to reduce metal ions (such as Ti**) [38].

3.2 Pattern XRD analysis

XRD characterization analysis was carried out to determine the structure of the diffraction pattern formed in TiO2 NPs. The results
are the diffraction peak (26), diffraction intensity, and Miller index.
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Based on Figure 4, XRD characterization of the TiO2 diffraction pattern shown in the red image, there are diffraction peaks in the
range of 5° < 26 < 80°, namely 25.30°; 36.94°; 37.79°; 38.60°; 48.03°; 53.88°; 55.02°; 62.68°; 68.82°; 70.32°; 74.99° and each peak
has a miller index value (hkl) as follows: (101), (103), (004), (112), (200), (105), (211), (204), (116), (220), (215). These results
correspond to the characteristic peaks of the anatase TiO2 phase based on the reference data from JCPDS (Card No. 72-06075) and are
consistent with the findings reported in previous studies [36, 48, 49]. The average crystallite size of TiO2 nanoparticles was found to
be 15.7 nm. The size of TiOz crystals is nano-sized because materials with sizes less than 100 nm can be categorized as nanocrystallites
[42]. Figure 5 shows the crystal structure model of TiOz: anatase, rutile, and brookite (3-D). It can be seen that the tetragonal structure
of anatase (space group I4:/amd) is more elongated (c-axis) compared to the tetragonal rutile (space group P4»/mnm), which is more
compact. At the same time, brookite forms an orthorhombic crystal space (space group Pbca).

3.3 XRF analysis

XRF characterization analysis was used to identify the compound content in the TiO2 nanoparticles synthesized with the help of
reducing juwet leaf extract. This method includes the analysis of elements and oxides contained in the sample. The working principle
of XRF characterization involves the interaction of X-rays with the analyte material, which allows the identification of the elements
and oxides that make up the material. Elements can be identified directly without the need for specific standards. From pattern
diffraction-XRF, information can be obtained about the content of most of the elements in TiO2 nanoparticles, including the element
Ti and some of its elements. However, only a few other elements are present in TiO2 nanoparticles, so TiO2 nanoparticles synthesized
using juwet leaf extract have good elemental purity as a nanoparticle material.
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Table 1 Results of Oxide Content Analysis on TiO2 Using XRF

Senyawa (Oksida) P20s K20 CaO TiO2 WOs 0s04 PtO2
(%) 0,21 0,20 0,26 98,21 0,27 0,67 0,17

Based on Table 1, the results of the oxide content analysis show that in TiO2 nanoparticles, the compound with the largest content
is titanium dioxide (TiO2), which is 98.21%. Several other compounds are also contained in TiO2 nanoparticles, such as P20s, K20,
Ca0, 0s04, and PtO2. However, the percentage content of these compounds is less than 1%, so it is classified as very low. Therefore,
the synthesis process of TiO2 nanoparticles using Juwet leaf extract has the potential to be a good candidate for nanoparticle material
with a purity level of 98.21%.

3.4 FTIR analysis

FTIR characterization is used to determine the presence of functional groups of TiO2 nanoparticles. The spectrum of FTIR
characterization results is the relationship between wave number and transmittance. Figure 6 shows the results of FTIR characterization
of TiO2, namely the absorption band that appears at the length of 414.71 cm ™t and 475.47 cm™*, which shows the stretching vibrations
of the Ti-O and Ti-O-Ti bonds which indicate the presence of TiO2. The large peak at 3413.19 cm™* and the small peak at 1628.95 cm-
Lindicate the presence of O-H and C-OH hydroxyl functional groups (only dominant in TiO2 NPs prepared by the green synthesis
method). This hydroxyl group can absorb the water surface so that this group can support the process of TiO2 photocatalyst activity
[36, 50].
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Figure 6 FTIR of TiO2 NPs: green synthesis and chemical preparations

Table 2 Comparison Table of FTIR Test Results with Literature

Wavenumber (cm™) Functional Groups Wavenumber (cm™) Ref
414,71 Ti-O (stretching) 414 [51]
475,47 Ti-O-Ti (stretching) 482 [50]
1628,95 C-OH (hydroxyl) 1628 [36]
3413,19 O-H (hydroxyl) 3400 [52]

3.5 SEM-EDX analysis

Scanning Electron Microscope -Energy Dispersive X-ray (SEM-EDX) characterization is used to determine the morphology of a
material as well as the particle size of the material. Based on the SEM image in Figure (7a), TiO: nanoparticles synthesized using Juwet
leaf plant extract bioreductor show aggregation morphology with a non-uniform shape. The particles appear almost spherical with
varying nano sizes [37]. This aggregation is likely caused by Van der Waals forces between nanoparticles or the presence of residual
organic compounds from plant extracts that function as stabilizing agents during synthesis. Compared to conventional methods such
as sol-gel or precipitation without biological agents, plant extract-based synthesis produces nanoparticles with a broader size
distribution and higher aggregation. However, this method has advantages in sustainability and is environmentally friendly because it
does not require hazardous chemicals [53].

The average diameter value calculated using ImageJ software, as shown in the histogram diagram in Figure 7(b), shows the particle
size distribution of TiO2 with a range of about 6-15 nm, with the peak of the distribution at around 10.50 nm. The fit curve shows a
right-skewed distribution, indicating the presence of larger particles affecting the overall distribution. Compared with other studies,
several studies have reported that synthesizing TiO> NPs using plant extracts can produce particle sizes ranging from 10-100 nm
depending on the type of extract and the synthesis parameters used. For example, the synthesis of TiO: using Moringa leaf extract
produces particles with a size of 20-80 nm with a more uniform shape [54]. In contrast, green tea leaf extract produces larger particle
sizes with a higher degree of aggregation. The EDX mapping (Figure 7(c)) results show the presence of titanium (Ti) and oxygen (O)
with an atomic percentage of 22.8% and 77.2%, respectively, which is further confirmed by the XRF analysis results (Table 1).
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Figure 7 SEM characterization results of TiOz: (a) Morphology of TiO2 with 20kx magnification (b) Histogram of TiOz particle size;
and (c) EDX mapping, with an atomic percentage: Ti (22.8 %) and O (77.2%)

TEM analysis in Figure 8 shows TiO: nanoparticles synthesized with Juwet leaf plant extract show a more precise shape than SEM
results. The particles are spherical, with some areas showing aggregation. Higher magnification shows that the nanoparticles' size is
10-50 nm, with some larger particles due to agglomeration phenomena. Compared with conventional methods such as sol-gel or
hydrothermal, synthesis using plant extracts can produce smaller particles but with a broader size distribution.

499,955

Figure 8 TEM characterization of TiO2 nanoparticles (size ~10-50 nm)
3.6 UV-Visible spectroscopic analysis

UV-visible characterization is used to determine the band gap energy value of TiO2 nanoparticles. The results were obtained from
UV-visible characterization using a wavelength spectrum with absorbance values. The UV-Vis spectrum in Figure 9 shows that the
absorbance peak is at a wavelength of about 325-380 nm. From the wavelength and absorbance values that have been obtained, band
gap energy will be sought. Band gap is the difference between the lower end of the valence band (+) and the upper end of the conduction
band (-) or the minimum energy required to excite electrons from the valence band to the conduction band. The Tauc-plot method is a
method for determining the band gap value by looking at a linear graph of the relationship E(eV) on the x-axis and (ahv)'? on the y-
axis [25]. The results of TiO2 band gap energy are shown in Figure 9 (insert). The Tauc-plot equation can be written as [55]:

D(hv — Eg) = (ahv)Y 2

Where, for a direct bandgap (y = 2) and an indirect bandgap (y = 1/2), a represents the absorption coefficient, hv is the energy, Eg is
the bandgap energy, and D is a constant.
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Figure 9 UV-Vis spectrum and indirect electronic transition (Eg) of TiO2 NPs.

The bandgap energy is a crucial factor influencing the effectiveness of catalyst material formation. Based on Eq.2, the graph in
Figure 9 (insert) shows that the bandgap energy of TiO2 nanoparticles is 2.94 ¢V. This bandgap value is narrower than previously
reported [33, 35, 52] because plant metabolites cap the TiO2 NPs. During the green synthesis process (shown in Figure 2), this was
confirmed by the analysis of functional groups such as C=C and C-OH (Figure 6). These results indicate that TiO. NPs, as
semiconductor materials, can be efficient photocatalysts, reacting effectively when exposed to UV light. This is due to hydroxyl (OH)
radicals forming, which play a key role in dye removal during the photocatalytic process [55].

3.7 Photocatalyst activity and UV-Vis test results of methylene blue

In photocatalytic activity, the band gap energy of semiconductor materials is important for the performance of electrons and holes
to excite and recombine, which simultaneously intervene in reduction and oxidation (redox) activities. In addition to the band gap, it is
also important to slow down the recombination process, which will impact optimal reduction and oxidation activities. The redox
mechanism by holes in the valence band area (ground state) and electrons in the conduction band area (excited state) plays a role in
the degradation process of the substrate in contact with the photocatalyst surface. Boles and electrons can produce reactive ions that
are useful in deactivating and decomposing harmful contaminants or microorganisms. Electrons will react with air or oxygen (O2) to
form superoxide radicals (O2*), while holes react with water molecules (H20) to form hydroxyl radicals (OH*) and H2O". These
radicals continue to form as long as the photocatalyst material is exposed to light or photons, and they decompose organic compounds
into small molecules such as CO, H-0, and mineral acids. This redox process (e~ and h*) will continue and produce hydroxyl and
superoxide radicals as long as the photocatalyst material is exposed to light to degrade the dye molecules and decompose into vaporized

gas [55].
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As shown in Figure 10, semiconductor materials with a smaller bandgap require less photon energy to excite electrons from the
valence band to the conduction band, resulting in a faster absorption process. Pure anatase TiO: is limited to photocatalytic activity
only in the UV region of solar energy (i.e., Eg =2.94 eV and A: 325-380 nm), which utilizes only 5% of the solar spectrum. Compared
to rutile and brookite phases, anatase is the most effective TiO: phase for photocatalysis. Its wider bandgap leads to a lower electron-
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hole recombination rate, making it more efficient in generating reactive radicals for contaminant degradation. Reactive oxygen species
(ROS) produced during the photocatalytic process are primarily superoxide radicals (O2¢") and hydroxyl radicals (*OH). However,
other species, such as hydroperoxide radicals (*OOH) and hydrogen peroxide (H20:), can also form through further oxidation,
dimerization, or disproportionation processes [55].

Figure 10 illustrates the TiO2 photocatalytic reaction, where CB and CV represent the conduction and valence bands, respectively.
Eq.3 shows the gap energy of the TiO2 semiconductor, and Eq.4 shows the formation of free electrons and holes, where e-, hv, and
represent the electrons in the conduction band, photon energy, and holes in the valence band, respectively. When a TiO2 semiconductor
receives energy greater than its band gap energy (E,), electrons will move from the valence band to the conduction band, thus forming
holes (/") in the valence band and electrons (e”) in the conduction band [56]. These excited electrons can reduce various substrates or
react with oxygen (O:) on the semiconductor surface or in water, then reduce it to superoxide radical anions (O>"*) (Eq.6). Meanwhile,
holes can oxidize organic molecules to form R*, or react with hydroxide ions (OH") or water (H20), producing hydroxyl radicals (HO*)
(Eq.5). Peroxide radicals as strong oxidants also play a role in the photodecomposition process of organic substrates. Hydroxyl radicals
(HO¢) and superoxide (O2*) are powerful oxidizers and reductants, capable of oxidizing and reducing most pollutants to carbon dioxide
and water (Eq.7-8). Furthermore, electron-hole recombination releases energy to produce heat (Eq.9); as long as electrons receive the
photon energy in the valence band, the photocatalytic process will occur continuously [31, 55, 57].

Eg =Ec—Ey (3)
Photocatalysis (Ti0;) + hv - eg, + h{}, 4)
h}, + H,0 - HY + HO*(hydroxile radical) (5)
ez + 0, = 05" (superoxide radical) (6)
HO* + Pollutant (MB) —» H,0 + CO, ©)
05 + Pollutant (MB) - H,0 + CO, (8)
e;p, + h¥, - heat ®

Equations 4-8 illustrate the reactions involved in the photocatalytic process, including photoexcitation, electron injection, and dye
regeneration. Equations 10-12 describe the stages of the process. Hydroxyl radicals and superoxide ions formed during photocatalysis
attack organic pollutant molecules (such as dyes or hazardous chemical compounds), breaking them down into simpler compounds,
such as carbon dioxide (CO:) and water (H.O) [57-59].

0;*+HY > HO; (10)
HO; + HOj = Hy0, + 0, (11)
R+ HO* - CO, + H,0 (12)

In the process of photocatalyst activity, a methylene blue concentration of 30 ppm with a catalyst mass of 10 mg in 50 ml of TiO:
was used. The research was conducted by giving time variations of 60 minutes, 120 minutes, 180 minutes, and 240 minutes. The testing
process was done by mixing the catalyst into the methylene blue solution, stirring it into the dark for 1 hour, and continuing the
irradiation process. The irradiation used in this study is with ultraviolet light, and the results of the methylene blue solution with
variations in irradiation time can be seen in Figure 11. Based on this Figure, it can be seen that the longer the irradiation time, the more
the methylene blue solution fades.
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Figure 11 UV-Visible spectrum of MB with TiO2 catalyst (a); degradation of MB by TiO2 NPs (b). Kinetic Plot of TiO2 NPs: First
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Table 3 Some Values of Photocatalytic Kinetic Models of MB with Various Photocatalysts

Order 0 Order 1 Order 2
Absorbent  Adsorbate Ro Ko (min) Ro Ka (min) Ro Ka (min)
TiO2NP MB 0.7618 0.06124 0.96424 0.01125 0.95712 0.00362

After the photocatalytic activity process, the percentage of methylene blue (MB) degradation will be determined using UV -visible
spectroscopy. The data obtained from the UV-visible test consists of the spectrum showing the relationship between wavelength and
absorbance, as shown in Figure 11(a) for MB with the TiO- catalyst, and Figure 11(b), which presents the C/Co versus time curve. The
spectrum reveals that as the irradiation time increases, the absorbance value of methylene blue decreases, indicating that ultraviolet
light reduces the absorbance. Based on the analysis, the degradation of MB with TiO: nanoparticles follows a pseudo-first-order kinetic
model, which is common in photocatalytic reactions. The Ln(C/Co) vs. time graph (Figure 11c) shows a linear relationship, indicating
that the pollutant concentration is much smaller than the number of active sites on the photocatalyst surface, so the number of available
active sites remains almost constant. Under this condition, the reaction rate depends only on the pollutant concentration, so first-order
kinetics can be applied. Choosing an appropriate kinetic model is important to determine the photocatalyst's reaction mechanism and
effectiveness (Table 3) [60].

The concentration after using a standard curve of methylene blue was determined, and the standard curve used in this study was
two ppm to 20 ppm. Through the calculation of equations 2 and 3, the methylene blue concentration value after irradiation and the
percentage degradation. Based on these data, it is known that the longer the irradiation contact time, the lower the concentration of
methylene blue solution, so the longer the irradiation time, the greater the percentage of degradation of methylene blue [61]. With the
time variation, the optimal time for methylene blue to degrade using UV light can be determined. The TiO2 nanoparticles can determine
the effectiveness of the material in the photocatalyst process of methylene blue degradation. Figure 12 shows the graph between time
and percentage degradation; it can be seen that on the TiO2 catalyst at 60 minutes, the degraded methylene blue solution reached 74%,
and at 240 minutes, it reached 95.40% [42]. Compared with other previously reported photocatalysts (Table 4), Figure 12 shows that
methylene blue (MB) was degraded by 40% at 0 minutes, likely due to the physicochemical interactions between TiO2 and MB before
full photocatalysis. Adsorption is crucial, as pollutant molecules (like MB) must adhere to the photocatalyst surface to interact with
reactive species such as hydroxyl radicals (*OH) generated during photocatalysis. Significant adsorption on the TiO2 surface can trigger
direct redox reactions with active sites or functional groups on TiO2, even before light energy is absorbed to generate electron-hole
pairs [57, 62, 63].
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Figure 12 Effect of UV irradiation time on MB degradation percentage

Table 4 Comparison of the Photocatalytic Performance of TiO2 Nanocomposites with Other Photocatalyst

Efficiency

czrt]glt;s_t Pollutant Sh);lréttrr]gsgls degr(%z:)ition Z-rrllrlnrs Condition Ref
TiO2 MB Sol-gel 62 150 100 mg, 100 mg/L MB, UV lamp [64]
TiO2 MB Microwave assisted 81.65 60 100 mL MB, 10 mg/L, 50 mg, UV lamp [65]
TiO2 MB Hydrothermal 65 90 200 mL MB, 36 W UV-C lamp [66]
TiO2 MB Acalypha indica 86 35 100 mL MB, 10mg/L, 25 W Phillips lamp [67]
TiO2 MB Aloe vera 94 120 100 mL MB, 10 mg, UV lamps [68]
TiO2 lead (Pb) Syzygium cumini 82.53 720 500 mL, UV lamps of 15 W [36]
TiO2 MB Syzygium cumini 97.2 240 25 mL MB, 30 mg/L, 12 W UV-LED This work

TiO: nanoparticles (NPs) act as photocatalysts to degrade dyes through a process that involves several key steps triggered by UV
light irradiation. When TiO: is exposed to UV light with energy greater than its bandgap (=2.94 eV), electrons in the valence band are
excited to the conduction band, leaving behind holes in the valence band. The excited electrons (e7) and holes (h*) can interact with
surrounding molecules. Electrons in the conduction band react with oxygen (O2) on the surface to form superoxide radicals (*O2"). In
contrast, holes in the valence band can oxidize water (H-0) or hydroxide ions (OH") to generate hydroxyl radicals (*OH), which are
strong oxidants. Dyes, such as methylene blue (MB), adsorbed on the TiO: surface, are then oxidized by hydroxyl radicals (*OH) and
may also be oxidized directly by holes (h*) on TiO.. These reactions break down the dye molecules into smaller compounds, such as
CO2, H20, and other simpler ions. The efficiency of the degradation process depends on various factors, including the size of the TiO-
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particles, surface area, UV light intensity, and oxygen concentration. Furthermore, the presence of superoxide radicals («O.") and
hydroxyl radicals (*OH) plays a crucial role in accelerating the cleavage of chemical bonds in the dye molecules [33, 55].

4. Conclusion

This study successfully synthesized TiO> NPs using juwet leaf extract as a natural reducing agent. Characterization showed that
the resulting nanoparticles had an anatase phase with high purity (98.21%), nearly spherical morphology with an average size of range
of 10-50 nm, and a bandgap energy of 2.94 eV, which was narrower than conventional TiO.. Photocatalytic tests using methylene blue
solution showed high degradation efficiency, reaching 94.92% in 180 minutes and increasing to 95.89% after 240 minutes of UV
exposure. Compared with conventional synthesis methods such as sol-gel or hydrothermal, this green synthesis method offers a more
environmentally friendly approach while maintaining high pollutant degradation effectiveness. With these results, the synthesis of TiO-
NPs based on plant extracts shows excellent potential for photocatalytic applications in water purification and industrial wastewater
treatment. Further optimization of synthesis parameters and structural modifications can improve the stability and pollutant degradation
efficiency for wider applications. Further studies on electron transfer and pollutant interactions will provide better insight into their
photocatalytic performance.
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