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“But perhaps you hate a thing, and it is good for you, and perhaps you love a thing, and it is
bad for you. Allah knows, while you know not.”
— (Surah Al bagarah [2:216])

"Life's simple. You make choices, and you don't look back."
— Han Lue, The Fast and the Furious: Tokyo Drift

"Jangan bandingkan jarak terbangnya, tapi bagaimana dan apa yang dilaluinya”
"Do not compare how far it flies, but rather the journey it has gone through.”
— Pesawat Kertas 365 Hari, JKT48

"Les soldats batailleront et Dieu donnera la victoire."

"The soldiers will fight, and God will give the victory."

— Joan of Arc
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ABSTRAK

Prayoga. R. D. 2026. UJI AKTIVITAS FOTOKATALIS TIO,-KARBON AKTIF DARI
TEMPURUNG KELAPA SAWIT TERHADAP DEGRADASI REMAZOL BRILLIANT
BLUE R. Skripsi. Program Studi Kimia, Fakultas Sains dan Teknologi, Universitas
Islam Negeri Maulana Malik Ibrahim Malang. Pembimbing I: Lulu’atul Hamidatu Ulya,
M.Sc., Pembimbing Il: Ahmad Ghanaim Fasya, M.Si.

Kata kunci: Degradasi, Fotokatalis, Impregnasi, TiO2-Arang Aktif.

Pencemaran air akibat limbah industri tekstil merupakan permasalahan lingkungan
yang serius, terutama karena keberadaan zat warna sintetis seperti Remazol Brilliant Blue R
(RBBR) yang bersifat toksik, stabil, dan sulit terdegradasi secara alami. Senyawa ini dapat
menurunkan kualitas air serta membahayakan organisme akuatik dan kesehatan manusia,
sehingga diperlukan metode pengolahan yang efektif dan berkelanjutan. Penelitian ini
bertujuan untuk mengevaluasi aktivitas fotokatalitik komposit TiO.-arang aktif dalam
mendegradasi RBBR di bawah iradiasi sinar ultraviolet (UV). Arang aktif disintesis melalui
proses karbonisasi dan aktivasi kimia untuk meningkatkan luas permukaan dan kapasitas
adsorpsi, kemudian TiO, diimpregnasikan ke dalam matriks arang aktif guna membentuk
material komposit yang sinergis. Karakterisasi material dilakukan menggunakan X-Ray
Diffraction (XRD), X-Ray Fluorescence (XRF), Fourier Transform Infrared Spectroscopy
(FTIR), dan UV-Visible Diffuse Reflectance Spectroscopy (UV-DRS) untuk mengidentifikasi
struktur kristal, komposisi unsur, gugus fungsi. Uji fotodegradasi dilakukan dengan variasi
massa fotokatalis 10-50 mg dan konsentrasi awal zat warna 10-50 ppm. Efisiensi degradasi
ditentukan berdasarkan penurunan absorbansi menggunakan spektrofotometer UV-Vis. Hasil
penelitian menunjukkan bahwa komposit TiO,-arang aktif berhasil disintesis, ditandai oleh
terbentuknya fase anatase TiO_.. Analisis UV-DRS menunjukkan penurunan energi celah pita
dari 3,19 eV menjadi 2,89 eV yang mengindikasikan peningkatan kemampuan penyerapan
cahaya. Kondisi optimum diperoleh pada massa fotokatalis 30 mg dalam 25 mL larutan
dengan efisiensi degradasi 86,07% dan total remediasi 87,52%, sedangkan konsentrasi awal
optimum 10 ppm dengan efisiensi degradasi 91,47%. Secara keseluruhan, komposit TiO.-
arang aktif menunjukkan kinerja yang lebih baik dibandingkan TiO . murni, arang aktif,
maupun sistem tanpa katalis, yang menunjukkan adanya efek sinergis antara adsorpsi dan
fotokatalisis dalam meningkatkan degradasi RBBR.
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ABSTRACT

Prayoga. R. D. 2026. ACTIVITY TEST OF TiO,-ACTIVATED CARBON FROM PALM
SHELLS AS PHOTOCATALYST FOR THE DEGRADATION OF REMAZOL
BRILLIANT BLUE R. Thesis. Department of Chemistry, Faculty of Science and
Technology, Maulana Malik Ibrahim State Islamic University, Malang.
Consultant Lecturer I: Lulu’atul Hamidatu Ulya, M.Sc., Consultant Lecturer Il: Ahmad
Ghanaim Fasya, M.Si.

Keywords: Degradation, Photocatalyst, Impregnation, TiO»-Activated Carbon.

Water pollution caused by textile industry wastewater is a serious environmental problem,
particularly due to the presence of synthetic dyes such as Remazol Brilliant Blue R (RBBR),
which are toxic, stable, and difficult to degrade naturally. These compounds reduce water
quality and pose risks to aquatic organisms and human health; therefore, effective and
sustainable treatment methods are required. This study aimed to evaluate the photocatalytic
activity of a TiO,-activated carbon composite for RBBR degradation under ultraviolet (UV)
irradiation. Activated carbon was synthesized through carbonization and chemical activation
to enhance its surface area and adsorption capacity, followed by TiO, impregnation to form a
synergistic composite. Material characterization was conducted using XRD, XRF, FTIR, and
UV-DRS. Photodegradation experiments were performed using photocatalyst masses of 10—
50 mg and initial dye concentrations of 10-50 ppm. Degradation efficiency was determined
from the decrease in absorbance measured by UV-Vis spectrophotometry. The results
confirmed the successful synthesis of the TiO,-activated carbon composite, indicated by the
formation of the anatase phase of TiO,. UV-DRS analysis showed a decrease in band gap
energy from 3.19 eV to 2.89 eV, indicating enhanced light absorption. The optimum condition
was achieved using 30 mg photocatalyst in 25 mL solution, resulting in a degradation efficiency
of 86.07% and total remediation of 87.52%. The optimum initial dye concentration was 10 ppm,
with a degradation efficiency of 91.47%. Overall, the TiO,-activated carbon composite
performed better than pure TiO,, activated carbon, and the system without a catalyst,
demonstrating a synergistic effect between adsorption and photocatalysis for RBBR
degradation.
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CHAPTERI
INTRODUCTION

1.1 Background

The global textile industry is growing rapidly. According to Statista, there are over 1.29
million factories worldwide, with around 660,000 dedicated to garment manufacturing alone.
Key textile production has concentrated in Asia, particularly in China, Bangladesh, and
Vietnam. Every year, the textile industry continues to grow and develop. With the growth of the
textile industry, the use of dyes is increasing. There is no denying that textile dye is the most
widely used because it is cheap, durable, and easy to obtain. However, using textile dye can
leave harmful residue.

Textile residue is a non-biodegradable compound that can be very harmful to the
environment. Especially to the aquatic environment. This matter will disturb the lives of the

surrounding community. Allah says in the Quran, Surah ar Rum, verse 41:
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Mean: “Corruption has appeared throughout the land and sea by [reason of] what the hands
of people have earned so He [i.e., Allah] may let them taste part of [the consequence of] what
they have done that perhaps they will return (to righteousness)”. (QS. ar Rum: 41)

The verse above states that humans on this earth have caused significant damage, yet
they are unaware of it. Scholars state that the damage in question is damage related to
environmental destruction, sin, and moral exploitation (Nurhayati et al., 2018). In the
interpretation of Al-Misbah, Surah ar Rum verse 41 describes that damage has been seen on
land, such as drought and famine, and at sea in the form of ecological damage, reduced marine
yields, sinking fish, and damage to coral reefs, caused by the actions of disobedient humans,
so that Allah sends disasters so that they return to His path. The interpretation of the word
fasad in the verse by contemporary scholars is understood as environmental damage because
it includes the words al-bar (land) and al-bahr (sea). Ibn’ Ashur in al-Tahrir wa al-Tanwir also
explains that fasad refers to the condition of land and sea damaged by human actions (Shihab,
2002). Environmental pollution caused by the textile industry is a form of human-caused
damage. One cause is textile dye waste.

Remazol Brilliant Blue R (RBBR) is a textile dye frequently used in the industry,
characterized by its bright, attractive blue colour. However, the use of this dye has the potential
to cause environmental pollution. This is because RBBR is a dye that is difficult to decompose
naturally. In addition, RBBR can cause cancer development, pose health risks, reduce the
amount of dissolved oxygen in water, affect the pH of aquatic environments, and disrupt
microorganisms and aquatic organisms (Hidayati et al., 2024).

Conventional dye wastewater treatment is still the main method used in many industrial
sectors, especially in the textile industry, which generates large volumes of coloured

wastewater. Methods such as coagulation, flocculation, adsorption using activated carbon, and
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aerobic or anaerobic biological processes have been widely applied due to their technological
availability. However, the effectiveness of these methods in degrading complex dye
compounds remains low, especially for synthetic dyes with stable aromatic structures that are
resistant to biological degradation. In addition, high operational costs, the need for additional
chemicals, and the production of secondary sludge present major challenges that limit their
long-term application. The resulting sludge must be further treated to prevent secondary
pollution, which ultimately increases both economic and environmental burdens. In the long
term, these conventional approaches are considered unsustainable and inconsistent with the
principles of the SDGs. Therefore, more efficient, economical, and sustainable alternatives are
required to treat industrial dye wastewater. New technologies must be capable of eliminating
pollutants without generating harmful by-products (Oko et al., 2022).

Heterogeneous photocatalysis, particularly through photodegradation, is a promising
alternative for dye wastewater treatment. This process uses ultraviolet or visible light to activate
a semiconductor, generating hydroxyl radicals (¢OH) and other reactive species that oxidize
organic compounds into harmless substances such as carbon dioxide and water. The main
advantage of this process is its ability to destroy harmful organic compounds, in contrast to
conventional methods that only transfer or stabilize contaminants. Photocatalysis also
operates at ambient temperature and pressure, requires minimal additional chemicals, and
does not produce sludge or toxic byproducts. These features make it environmentally friendly
and suitable for large-scale applications. The process is also easy to control and can be
integrated with existing treatment systems. Given its efficiency and sustainability,
photocatalysis is a highly viable option for further development (Siswanti et al., 2023).

Titanium dioxide (TiOy) is the most widely utilized semiconductor photocatalyst due to its
chemical stability, corrosion resistance, and environmental non-toxicity. The anatase phase of
TiO, exhibits high photocatalytic activity, enabling efficient degradation of a broad range of
organic pollutants. Despite these advantages, its relatively small surface area restricts
pollutant contact with the active catalytic surface, limiting broader application. With a band gap
energy of 3.28 eV, TiO; is considered an effective semiconductor for photocatalytic processes.
Its long-term chemical stability, resistance to light-induced degradation, and high photocatalytic
activity further contribute to its utility. The efficiency of TiO» in degrading organic pollutants can
be enhanced by incorporating adsorbent materials, which increase pollutant proximity to the
active surface and accelerate degradation (Ulya et al., 2025).

An effective strategy to enhance the efficiency of TiO, involves employing a support
material with a large surface area and high adsorption capacity, such as activated carbon.
Activated carbon, a porous material with a strong affinity for organic compounds, can increase
dye adsorption before the photodegradation process (Ruliza et al., 2018). Oil palm shells are
an abundant and renewable biomass resource, making them a suitable raw material for

activated carbon production, particularly given their high availability in tropical countries such
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as Indonesia and Malaysia. Utilization of oil palm shells aligns with circular economy principles
by converting agricultural waste into value-added products. The chemical composition of oil
palm shell further supports its application as a precursor for activated carbon. Analytical data
indicate that oil palm shell contains 47.38% carbon, 5.94% hydrogen, 0.47% nitrogen, 43.54%
oxygen, and a minimal sulfur content of 0.05%. Its high fixed carbon and low ash content make
oil palm shell a promising material for producing activated carbon with high surface area and
porosity. These properties facilitate more effective interactions between pollutants and the
photocatalyst. Consequently, the use of biomass-based activated carbon not only promotes
sustainability but also improves the performance of photocatalytic systems (Yankovych et al.,
2024).

The integration of TiO2 with activated carbon (AC) derived from oil palm shells results in a
composite system that mitigates the limitations of each component. Activated carbon functions
as a support, preventing TiO. particle agglomeration, improving particle dispersion, and
increasing the overall surface area. Furthermore, activated carbon serves as an initial
adsorbent by capturing dye molecules on its surface, which increases the local concentration
of pollutants near the active sites of TiO.. According to Yankovych et al.(2024), TiO, activated
carbon photocatalysts achieved a dye degradation efficiency of 72%, with 42% attributed to
adsorption and 30% to photocatalysis for Acid Red 88 (AR88) at an initial concentration of 200
mg-L. Additionally, TiO,-AC demonstrated effective photocatalytic performance for Basic Red
13 (BR13), with 47% adsorption and 11% photocatalysis, and for Basic Red 5 (BR5), with 25%
adsorption and 16% photocatalysis. These results indicate accelerated and more efficient
photodegradation, as reactions occur at sites with a higher concentration of adsorbed
pollutants. Activated carbon also reduces the recombination rate of electron-hole pairs by
providing additional electron transfer sites, which enhances the generation of reactive radicals.
This synergy has been shown to improve photocatalytic activity significantly. Safni et al. (2024)
reported that the addition of a TiOz-activated carbon catalyst increased the degradation of
Remazol Yellow FG from 8.34% without a catalyst to 95.02% during photolysis, and from
6.86% to 52.62% during sonolysis. The reduction of the band gap from 3.2 eV to 3.10 eV after
combining with activated carbon further contributed to improved photocatalytic efficiency.
Therefore, the development of TiO,-activated carbon compaosites presents significant potential
for treating industrial wastewater containing complex dye pollutants.

Variations in photocatalyst mass and dye concentration have been shown to influence
degradation efficiency. Poluakan et al. (2015) reported that a TiOz-activated carbon
photocatalyst achieved a maximum degradation of 95% at a dye concentration of 30 ppm and
a photocatalyst mass of 0.05 g, whereas TiO»-zeolite reached only 83% at a concentration of
20 ppm with the same mass. In contrast, Safni et al. (2021) investigated photocatalyst masses
ranging from 0.05 to 0.20 g and dye concentrations from 10 to 40 ppm, finding that the optimal

mass was 0.15 g with a degradation efficiency of 91.63%, and the optimal dye concentration
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was 20 ppm with a degradation efficiency of 87.45%. These findings suggest that the optimal

mass and concentration are dependent on the specific composite and experimental conditions.

This study evaluates the effectiveness of a TiO»-activated carbon composite for the
photodegradation of Remazol Brilliant Blue R (RBBR). The synthesized composite is expected
to operate efficiently under UV light via a combined adsorption and photocatalytic mechanism.
Material characterization was performed using X-ray Diffraction (XRD) to identify crystal
structure, X-ray Fluorescence (XRF) and Energy-Dispersive X-Ray Spectroscopy (EDX) to
determine elemental composition, Attenuated Total Reflectance—Fourier Transform Infrared
(ATR-FTIR) to analyze carbon functional groups, and UV-Vis Diffuse Reflectance
Spectroscopy (UV-Vis DRS) to assess optical properties and band gap energy. The
performance of the composite was evaluated by varying both the mass of the TiO»-AC and the
initial RBBR concentration to assess their impact on degradation efficiency.

1.2 Research Questions

1. What are the characteristics of the TiO,-AC photocatalyst derived from oil palm shells as
determined by XRD, XRF, EDX, FTIR, and UV-Vis DRS characterization?

2. What is the optimum mass of the TiO,-AC photocatalyst for RBBR degradation?

3. What is the optimum concentration of RBBR in the degradation process using the TiO-

activated carbon catalyst?

1.3 Research Objectives
1. To synthesize and characterize a TiO,-AC photocatalyst derived from oil palm shells.
2. To determine the optimum photocatalyst mass for RBBR degradation.

3. To determine the optimum concentration of RBBR for degradation.

1.4 Scope and Limitations

1. The dye used in this study is Remazol Brilliant Blue R.

The synthesis method employed is impregnation.

The source of activated carbon is oil palm shell.

The independent variables are photocatalyst mass and dye concentration.
Characterization techniques include XRD, XRF, EDX, FTIR, UV-Vis DRS

a > w N

characterization, and UV-Vis spectrophotometry.

6. The degradation experiments are conducted under UV irradiation.

1.5 Significance of the Study
This research aims to offer an alternative solution for textile wastewater treatment by
employing an environmentally friendly technology that integrates adsorption and

photocatalysis. Utilizing biomass waste, specifically oil palm shells, reduces waste generation
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and adds value by converting it into activated carbon for use as a photocatalyst support.
Additionally, the study advances the development of locally sourced photocatalytic materials
derived from abundant natural resources, thereby supporting technological self-reliance and
reducing reliance on imported materials. This strategy aligns with sustainability objectives and

promotes the adoption of circular economy principles in environmental management.






CHAPTER Il
LITERATURE REVIEW

2.1 Islamic Perspective on Waste Management

Waste refers to the byproducts of industrial and household activities that are typically no
longer reusable. It can be categorized into several types, including organic waste, which is
naturally decomposable, and inorganic waste, which is resistant to or unable to be degraded
by microorganisms. Textile manufacturing primarily generates inorganic waste, often in the
form of liquid effluent from dyeing processes. The direct discharge of industrial wastewater into
the environment, particularly into water bodies, can result in environmental degradation and
pose significant threats to the sustainability of aquatic ecosystems. The accumulation of
substantial waste poses a considerable challenge, as it negatively affects both humans and
other organisms that depend on contaminated water sources for their daily needs.

Islam is regarded as a comprehensive religion that regulates not only the relationship
between humans and God but also interactions among individuals and with the environment.
Waste management and prudent resource utilization are considered integral to human
responsibility as stewards (Khalifah) of the Earth. The Qur’an offers guidance and warnings to
prevent excessive behavior and environmental destruction (Matsna Afwi Nadia & M. Riyan
Hidayat, 2023). This principle is emphasized in the Qur’an, specifically in Surah al A'raf (7:56):

O o ° ;a L w omod b . 0 8 é;,’@ Zos 8020 (. 1o “o . AT 34 W1
M\d%ﬁfx\ E O) Babd Lgx o3enls L@e—ﬁ’w!mu&)'}[\@\jw '}Ij

Translation: “And cause not corruption upon the earth after its reformation. And invoke Him in
fear and aspiration. Indeed, the mercy of Allah is near to the doers of good.” (QS. al A’raf:56)

Surah al A'raf, verse 56, prohibits causing 2. (corruption or destruction) on Earth after
Allah has made it good. Hamka explains that such destruction may manifest as b (injustice),
arrogance, or actions that disrupt the natural order. He emphasizes that if humans cannot
improve conditions, they should at least avoid damaging what is already good (Hamka, 2015).
This principle is particularly relevant to environmental pollution resulting from industrial waste,
including textile effluents that contain hazardous substances and pose risks to the
environment, water bodies, and human health.

A hadith narrated by Imam Abu Dawud further reinforces the prohibition against actions

that result in environmental harm:

oS gy s ST s 5 Jake 2T oG 25 a8 5 2l s 4 Bl BRsr Ye sy o e
J6 s o st e 83s gandy s o O s 25 B3 o505 B35 25 00 G 06 2483

o 5 gl w86 5 el oy S A ool g o g e o o O3 J.



8

Translation:

Sunan Abu Dawud 24: It was narrated to us by Ishaq bin Suwaid Ar-Ramli and ‘Umar bin Al-
Khattab Abu Hafsh, whose narration is more complete, that Sa‘id bin Al-Hakam narrated to
them, who said: Nafi‘ bin Yazid informed us, Haiwah bin Shuraih narrated to us, that Abu Sa‘id
Al-Himyari narrated to him from Mu‘adh bin Jabal, who said: The Messenger of Allah (peace
be upon him) said: “Beware of the three acts that bring curses: relieving oneself at water
sources, in the middle of the road, and in places of shade.” (HR. Abu Dawud: 24)

The hadith of the Prophet Muhammad (peace be upon him) referenced above explicitly
prohibits relieving oneself in three locations: water sources, public roads, and places of shade.
Scholars interpret this prohibition as a strict directive aimed at safeguarding public welfare.
Imam An-Nawawi explains that the term al-mala‘in refers to actions that incur both the curse
of Allah and public disapproval, as they cause widespread harm (An-Nawawi, 2014). The term
al-mawarid encompasses all sources of water, including rivers, springs, wells, and lakes,
thereby rendering the prohibition comprehensive. Imam Asy-Shaukani asserts that the
prohibition applies irrespective of the quantity of water, as the principle of caution in maintaining
water purity is paramount (Asy-Syaukani, 2006). Consequently, this hadith addresses not only
personal hygiene but also the broader prohibition of environmental degradation, particularly
the pollution of water sources.

Contemporary scholars emphasize that the prohibition against contaminating water
sources remains highly relevant to current environmental challenges. Yusuf Al-Qaradawi
asserts that Islam places significant importance on maintaining the cleanliness of water, as it
is a communal resource that must remain unpolluted. This perspective is directly applicable to
modern contexts, such as the textile industry, which frequently generates colored and toxic
liquid waste. Discharging untreated waste into rivers constitutes a violation of others’ rights to
clean water. From an Islamic standpoint, such actions are classified as dirar (harm), which is
explicitly forbidden. Accordingly, this hadith obligates all industrial sectors, including textiles,
to adopt environmentally responsible waste management practices as a matter of both moral
and religious duty (Al-Qaraddawi, 2001).

2.2 Remazol Brilliant Blue R

Dyes are chemical compounds that impart colour to various materials and are widely used
in the textile industry. As textile production and demand have increased, the use of synthetic
dyes has also risen substantially. Reactive dyes are widely used for their ability to form
covalent bonds with textile fibers, producing colors that are highly resistant to washing and
light exposure. Remazol Brilliant Blue R (RBBR), a member of the anthraquinone dye group,
exemplifies such reactive dyes and is recognized for its high color intensity (Siswanti et al.,
2023).

Remazol Brilliant Blue R (RBBR) possesses a complex chemical structure that includes
sulfonate groups (-SOsNa), which confer water solubility. The presence of chromophore

groups is responsible for its coloration, while auxochrome groups enhance its bonding with
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textile substrates. This molecular composition renders RBBR highly stable in the environment
and resistant to natural microbial degradation. RBBR has the chemical formula
C22H16N2Na>011Ss and a molecular weight of approximately 626.54 g-mol. The complete
chemical structure is presented in Figure 2.1.

Figure 2.1 Chemical Structure of Remazol Brilliant Blue R (Hidayati et al., 2024)

The presence of RBBR in textile industrial wastewater represents a significant
environmental concern. The intense blue coloration of this compound diminishes the aesthetic
quality of water bodies and disrupts aquatic ecosystems by limiting sunlight penetration.
Consequently, phytoplankton photosynthesis is impaired, resulting in reduced dissolved
oxygen levels. Furthermore, due to its non-biodegradable nature, RBBR can persist in the
environment, and its long-term accumulation may disrupt ecosystem balance (Farhan et al.,
2023).

Multiple studies have shown that prolonged exposure to reactive dye wastewater,
including RBBR, can cause skin irritation, respiratory disorders, and mutagenic or carcinogenic
effects. These adverse outcomes arise because RBBR can generate reactive, harmful
intermediates during incomplete degradation. Consequently, it is essential to develop effective
wastewater treatment methods that fully degrade this dye into simple, non-toxic compounds
such as carbon dioxide and water (Hidayati et al., 2024).

Previous research has demonstrated that RBBR wastewater can be treated using various
methods. Safni et al. (2020) reported that a TiOz-activated carbon photocatalyst achieved
optimal degradation at an initial RBBR concentration of 20 ppm with a photocatalyst mass of
0.1 g, resulting in up to 86% degradation within 120 minutes. Studies employing natural bio-
adsorbents indicated that activated dried banana peels reduced RBBR concentration by up to
78% under optimal conditions of 25 ppm and an adsorbent dose of 1 g per 100 mL of solution
(Safni et al., 2024). In addition to photocatalysis and adsorption, biological methods have also
demonstrated considerable potential. Moyo et al. (2022) found that bacterial isolates such as
Pseudomonas sp. and Bacillus subtilis degraded more than 70% of RBBR within 5 to 7 days,

depending on environmental factors such as pH and nutrient availability.
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2.3 Photodegradation of Dyes

Photodegradation is a method for treating organic waste that uses light energy to break
down complex compounds into simpler, more environmentally benign substances (Khan et al.,
2020). This approach shows significant potential for treating toxic, non-biodegradable textile
dye wastewater. Typically, the photodegradation process employs a photocatalyst, such as
titanium dioxide (TiO), which is activated by ultraviolet (UV) light to generate reactive free
radicals, including *OH and O+~. These radicals facilitate the cleavage of chemical bonds in
dye molecules, resulting in the formation of harmless compounds (Zaaboul et al., 2024).

The photodegradation mechanism generally consists of three primary stages: activation
of the photocatalyst by light, formation of electron—hole pairs (e -h*), and subsequent
degradation reactions with contaminants. When TiO: is exposed to UV light with energy equal
to or exceeding its band gap, electrons are promoted from the valence band to the conduction
band, creating holes in the valence band. These electrons and holes subsequently react with
water or dissolved oxygen to produce highly reactive free radicals (Pingmuang et al., 2017).

Figure 2.2 presents a general schematic of the photodegradation process utilizing a TiO-

photocatalyst:
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Figure 2.2 Photodegradation Mechanism by TiO» Photocatalyst (Nabi et al., 2021)

Ulya et al. (2022) utilized TiO: -natural zeolite as a photocatalyst for the degradation of
Indigosol Blue dye, achieving an optimal degradation efficiency of 58.7% at a concentration of
600 ppm, a reaction time of 30 minutes, and a photocatalyst mass of 0.02 g (Ulya et al., 2022).
Similarly, Michelle Poluakan et al. (2015) investigated TiO,-activated carbon and TiO,-zeolite
combinations, demonstrating that TiO,-activated carbon degraded Remazol Yellow dye by up
to 95% at an initial concentration of 30 ppm.

These findings suggest that photocatalytic photodegradation technology offers an
effective approach for mitigating water pollution from textile wastewater. Incorporating support
materials such as zeolite or activated carbon is recommended to enhance photocatalyst
efficiency by increasing surface area or reducing the electron—hole recombination rate.
Accordingly, this study uses a TiO-activated carbon composite photocatalyst synthesized by
the impregnation method, which is expected to significantly enhance the degradation of

Remazol Brilliant Blue R.
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2.4 TiO; as a Photocatalyst

Titanium dioxide (TiO>) is among the most extensively utilized semiconductor materials in
photocatalytic technology. Its advantages include high chemical and thermal stability, non-
toxicity, low cost, and abundance in nature. Crystallographically, TiO exists in three primary
phases: anatase, rutile, and brookite. The anatase phase demonstrates the highest
photocatalytic activity, attributed to its larger specific surface area and crystal structure that
enhances electron mobility (Rizkiana et al., 2020).

The effectiveness of TiO, tioas a photocatalyst is primarily determined by its band gap,
which is approximately 3.2 eV for the anatase phase. This band gap enables electron excitation
under ultraviolet light irradiation. When TiO2 absorbs photons with energy exceeding its band
gap, electrons are promoted from the valence band to the conduction band, resulting in the
formation of electron—hole pairs that initiate redox reactions with environmental pollutants
(Anucha et al., 2022).

Figure 2.3 presents the energy band diagram and illustrates the mechanism of electron

excitation in TiO2 semiconductors.
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Figure 2.3 a) band alignment under dark conditions (equilibrium). b) band alignment under
light irradiation (non-equilibrium), showing the mechanism of electron—hole
excitation and charge separation. (Dewasi & Mitra, 2017).

In addition to its widespread application as a white pigment in paints and cosmetics,
TiO2 is widely recognized as a leading semiconductor for photocatalysis due to its unique
properties. TiO2 occurs in three primary crystalline phases: anatase, rutile, and brookite.
Of these, anatase exhibits the highest photocatalytic activity, which is attributed to its open
crystal structure and relatively large surface area. Approaches to improve TiO;
photocatalytic performance include doping with metals and nonmetals, forming
composites with carbon-based materials, and synthesizing nanoparticles to increase
surface area. Zaleska (2008) demonstrated that reducing TiO, particle size to the
nanometer scale significantly enhances reactivity by increasing the number of available
active sites (Zaleska, 2008).

Tichapondwa et al. (2020) reported that anatase- and rutile-phase TiO,
photocatalysts efficiently degraded methylene blue, achieving 81.4% degradation after

100 minutes of UV irradiation. X-ray diffraction (XRD) and UV-Vis diffuse reflectance
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spectroscopy (DRS) analyses indicated that both the crystal phase and band gap energy

play significant roles in determining degradation efficiency. Additionally, Ulya et al. (2025)
observed that TiO, modified with natural zeolite reduced the band gap from 3.31 eV to
3.29 eV, enhanced light absorption at longer wavelengths, and increased degradation
efficiency to 99.74% for a 10 ppm methyl violet solution (Ulya et al., 2025)

Mattle and Thampi (2013) reported that synthesized TiO; outperformed TiO,—zeolite
composites, achieving up to 90% degradation of Remazol Brilliant Blue R within 40
minutes of irradiation. TiO, is widely used as a primary component in composite
photocatalysts because of its ability to generate highly reactive free radicals and its proven
effectiveness in textile wastewater treatment (Mattle & Thampi, 2013). The incorporation
of activated carbon with TiO; is expected to further increase surface area and enhance

interactions with dye molecules.

Anatase Rutile

Figure 2.4 Comparison of TiO:. Crystal Structures of Anatase, Rutile, and Brookite TiO»
Phases (Eddy et al., 2023)

Table 2.1 Comparison of Crystal Structure and Band Gap of TiO, Phases (Eddy et al., 2023)

Phase Crystal Lattice Parameters Density Band Gap
System, (g-cm?) Energy (eV)
Space Group
Brookite Ortombik, a=9.148Ab=5447Ac= 4.12 3.14-3.31
Pbca 5.145 AV = 257.38 As

Rutile Tetragonal, a=b=4594Ac=2959A 4.25 3.02-3.04
P4,-mnm V =62.45 A3

Anatase  Tetragonal, a=b=3,784Ac=9515A 3.89 3.20-3.23

14,-amd V =136.24 A3

Based on the table above, the crystal structure of TiO, comprises several primary phases,
each exhibiting distinct physical and optical properties: anatase, rutile, brookite, and TiO- (B).
These phase differences have a significant impact on photocatalytic performance. Anatase,
characterized by a tetragonal crystal system, possesses a density of 3.89 g-cm3 and a band
gap energy of approximately 3.20-3.23 eV. This phase is most frequently employed as a
photocatalyst due to its high specific surface area, low electron—hole recombination rate, and

stable phase behavior at low to moderate temperatures. The indirect band gap of anatase
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extends the lifetime of electron—hole pairs, thereby enhancing the efficiency of photocatalytic
reactions (Eddy et al., 2023).

Rutile also exhibits a tetragonal crystal system, with a higher density of 4.25 g-cm3 and a
narrower band gap of 3.02—-3.04 eV. Although the band gap of rutile is closer to the visible light
region, its smaller surface area and higher charge recombination rate generally result in lower
photocatalytic activity compared to anatase. However, rutile demonstrates greater thermal
stability and is commonly utilized in high-temperature applications or as a component in
multiphase systems. Brookite, which possesses an orthorhombic crystal system and a band
gap of 3.14-3.31 eV, is challenging to synthesize in pure form and remains stable primarily at
larger crystal sizes. The presence of structural defects, such as excess Ti** ions, can enhance
the photocatalytic activity of brookite. TiO; (B), another phase, features a monoclinic crystal
structure and a band gap of approximately 3.09-3.22 eV. Initially recognized for its application
in batteries due to its open lattice structure, recent studies have demonstrated its potential in
photocatalysis when combined with doping or specific oriented synthesis techniques (Eddy et
al., 2023). Among these phases, anatase remains the most effective for photocatalytic
applications, as its optical and structural properties facilitate efficient charge separation and

high surface reactivity.

2.5 Activated Carbon from Palm Shells

Activated carbon, a porous carbon material, is widely utlized in environmental
applications, particularly as an adsorbent in wastewater treatment. Its high specific surface
area, large pore volume, and superior adsorption capacity make it a suitable support material
for photocatalyst composites. Oil palm shells represent a promising raw material for activated
carbon production, given their abundant availability in Indonesia as a solid waste byproduct of
the palm oil industry (Hartanto & Ratnawati, 2010).

The chemical composition of oil palm shell supports its use as a raw material for activated
carbon. Ultimate analysis indicates a carbon content of 47.38%, hydrogen 5.94%, nitrogen
0.47%, oxygen 43.54%, and a very low sulfur content of 0.05%. Proximate analysis reveals a
moisture content of 9.01%, a volatile matter of 68.00%, a fixed carbon of 20.37%, and an ash
content of 2.62%. The high fixed carbon and low ash contents suggest that oil palm shell can
yield activated carbon with a favorable surface area and porosity. These properties are
significant because activated carbon is frequently used as a support material for TiO, in
photocatalytic applications (Yuliusman et al., 2017; Hendriansyah et al., 2018).

Due to its high carbon content and hard structure, oil palm shells can produce activated
carbon with a stable and durable pore structure. The production process typically involves two
main stages: carbonization and activation. Carbonization converts organic material into char
through incomplete combustion at elevated temperatures. Activation, which enlarges pore

volume and increases active surface area, can be performed physically using steam or CO,



14
gas, or chemically with activating agents such as KOH, HCI, ZnCl,, or H3PO,4 (Hartanto &
Ratnawati, 2010).

Utilizing activated carbon as a support in TiO» photocatalysts offers several advantages.
Activated carbon enhances the adsorption of pollutant molecules onto the catalyst surface,
thereby accelerating degradation. It also inhibits the recombination of electron—hole pairs in
TiO2, which increases photocatalytic efficiency. Additionally, activated carbon broadens the
light absorption spectrum and improves the dispersion of TiO; particles within the composite.
The TiO.—activated carbon combination achieves a degradation efficiency of Remazol Yellow
dye up to 95% within 60 minutes, compared to only 76% for the TiO,—zeolite combination under
similar conditions. This improvement is attributed to the higher adsorption capacity and larger
surface area of activated carbon. Furthermore, studies report that activated carbon derived
from oil palm shell can attain a surface area exceeding 1000 m2-g after chemical activation
with ZnCl,, making it highly effective as a photocatalyst support in wastewater treatment
(Yuliusman et al., 2017).

This study employs activated carbon derived from oil palm shell as a supporting material
for TiO2, due to its environmental sustainability, high availability, and demonstrated
effectiveness in enhancing photocatalytic efficiency. The resulting composite is anticipated to
provide optimal degradation of Remazol Brilliant Blue R.

Surface morphology characterization of activated carbon derived from oil palm shell using
Scanning Electron Microscopy (SEM) reveals substantial changes following chemical
activation. Before activation, SEM images indicate that the char surface remains covered by
impurities and carbonization residues, resulting in suboptimal pore development.
Consequently, the effective surface area available for adsorption is relatively low (Hartanto &
Ratnawati, 2010).
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Figure 2. 5 SEM results of palm shell activated carbon with NaOH activator, activation time 4
hours (Hartanto & Ratnawati, 2010).

Following chemical activation with NaOH for 4 hours, the morphology of the activated
carbon demonstrates significantly improved pore opening. The carbon surface is cleaner, and
the pores are widely open and uniformly distributed. This enhancement in pore openness is
crucial for increasing the specific surface area and adsorption capacity of the material. These
findings align with the iodine adsorption data, which indicate values up to 851.88 mg-g, thereby

meeting the quality standards for activated carbon as specified in SNI No. 06-3730-1995
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(Hartanto & Ratnawati, 2010). Consequently, chemical activation not only optimizes the pore
structure but also directly enhances the performance of activated carbon as an adsorbent in

photocatalytic and wastewater treatment applications.

2.6 Synthesis of TiOz-Activated Carbon by Impregnation Method

The synthesis of TiO,-activated carbon via the impregnation method is designed to
integrate the adsorption capacity of activated carbon with the photocatalytic properties of TiO2
within a single composite material. In this process, TiO2 particles are uniformly distributed on
the surface of activated carbon to maximize interfacial contact and improve pollutant
degradation efficiency.

Impregnation methods can be categorized as dry or wet. In dry impregnation, the solution
volume matches or slightly exceeds the pore volume, allowing capillary action to distribute the
solution evenly within the pores. Conversely, wet impregnation uses a significantly larger
solution volume, which leads to slower diffusion driven mass transport and less uniform
adsorption (Coronel et al., 2021).

The impregnation method has demonstrated superiority in synthesizing TiO»-activated
carbon composites by uniformly distributing TiO. particles across the carbon surface,
maintaining effective interfacial contact, and enhancing charge-transfer efficiency during
photocatalysis (Martinez et al., 2020). This approach typically yields uniform particle
distributions with crystallite sizes of 20-30 nm. However, excessive TiO: loading, specifically
above 20 wt% of the total composite weight, may result in pore blockage (Ghamarpoor et al.,
2024). The impregnation method remains widely employed for metal and oxide-based
catalysts, as it achieves precursor distribution efficiencies of 80-90% on the support surface.
Additionally, this method offers flexibility in adjusting the TiO, precursor ratio without
necessitating specific operational conditions (Munnik et al., 2015).

2.6.1 Crystal Structure Analysis using X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) is an important technique for identifying the crystal structure of
solid materials. It works by X-rays diffracting off crystal planes in a sample. When X-rays hit a
crystal lattice, some radiation is reflected by the atomic planes, forming a diffraction pattern
unigue to each crystal structure. This pattern reveals information about the crystal type, purity,
and crystallite size (Adams, 2005).

In this study, XRD was used to confirm that the crystal phase of TiO in the TiO»-activated
carbon composite remained in the anatase phase after synthesis using the impregnation
method. Identifying the crystal phase is important because the anatase phase has higher
photocatalytic activity than the rutile or brookite phases. The characteristic diffraction peak for
the anatase phase is at 26 = 25.3°, while the rutile phase appears at 206 = 27.4° (Aguilar et al.,

2023). The presence of these peaks serves as the main indicator in XRD analysis.
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The XRD technique also allows the calculation of crystallite size using the Scherrer
Equation:
I (N (I oo =31 ) TR 2.1
Where:

D = crystallite size (nm)

K = shape constant (usually 0.9)

A = X-ray wavelength (Cu Ka = 1.5406 A)

B = peak width at half maximum (FWHM) in radians

0 = diffraction angle (degrees)

This equation allows estimation of the crystallite size of TiO, dispersed in activated
carbon. A smaller crystallite size generally provides a larger specific surface area, which can
enhance photocatalytic performance by increasing the number of active sites available for
adsorption and photocatalytic reactions. In addition, smaller crystallites shorten the migration
distance of photogenerated charge carriers, thereby reducing the probability of electron—hole
recombination and improving photocatalytic efficiency. XRD analysis is also useful for
identifying the crystalline phases present in the material, such as anatase, rutile, or brookite,
as well as evaluating the crystallinity and structural changes that may occur after composite
formation. The XRD instrument commonly used is a Bragg-Brentano type powder
diffractometer equipped with a scintillation counter detector. Prior to analysis, the sample is
usually dried and finely ground to ensure homogeneity, then mounted on a sample holder and
scanned over a 28 range of 5°-80°. The resulting diffraction pattern is presented as a plot of
intensity versus diffraction angle (28), where each crystalline phase produces characteristic
diffraction peaks. These peaks are subsequently analyzed and compared with reference
databases such as the Joint Committee on Powder Diffraction Standards (JCPDS) to
determine the crystal structure, phase composition, and degree of crystallinity of the material
(Ulya et al., 2025)

Research by Simamora & Sukmawati (2020), which used XRD to characterize TiO,-
carbon composites, showed that the impregnation process did not alter the anatase phase but
caused only a slight decrease in crystallinity, which did not significantly affect photocatalytic
activity (Siswanti et al., 2023). A similar result was also reported by Marwan et al. (2022), who
found that TiO, combined with activated carbon retained the main anatase peak at 25.3°,

indicating the stability of its crystal structure after modification (Eddy et al., 2023).
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Figure 2.6 (a) XRD plot of TNZ and its comparison with commercial anatase TiO- and natural
zeolite as well as standard TiO: samples (96-900-8214-CO) and standard
mordenite zeolite (01-070-0232-ICDD); (b) Enlargement of XRD plot of anatase
TNZ and TiO: (Ulya et al., 2022)

In this study, XRD was used not only to identify the crystal phase of TiO2 but also to
determine whether the impregnation process affects crystallinity or induces any phase
transition. This information is important to ensure the resulting composite material maintains

good crystal quality and is suitable for photodegradation applications.

2.6.2 Analysis of TiO.-Activated Carbon Composition Using XRF (X-ray Fluorescence)
and EDX (Energy-Dispersive X-Ray Spectroscopy)

X-Ray Fluorescence (XRF) is a non-destructive analytical technique employed to
determine the qualitative and quantitative elemental composition of materials. In this method,
X-rays interact with atoms in the sample, producing characteristic X-rays specific to each
element. The intensity of the emitted fluorescence is directly proportional to the concentration
of the corresponding element in the material (Adams, 2005).

In this study, XRF was utilized to confirm the presence of titanium (Ti) in the TiO»-activated
carbon composite and to identify additional elements, including carbon (C) from the activated
carbon and potential metallic impurities. This analysis is essential for evaluating the
effectiveness of TiO, impregnation onto activated carbon and for assessing the purity of the
resulting composite material.

XRF instruments can also provide information on the homogeneity of elemental
distribution across the photocatalyst surface, although their spatial resolution is lower than that
of scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX). XRF
results present the weight or atomic percentages of elements detected in the sample. Previous
studies, including Handayani et al. (2020), have demonstrated that the addition of TiO, to
activated carbon is clearly detectable by XRF and is associated with enhanced photocatalytic
activity.
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Table 2. 2 XRF Analysis Shows Oxide Concentration in Charcoal (Adekunle et al., 2020)
Concentration (Wt%)

O'V)I(?é%rs Activated Sawdust Rice Husk
Carbon Charcoal Charcoal
SiO, 80.80 80.04 80.20
Al,O4 3.03 2.11 2.00
Fe,O; 0.05 0.72 0.15
TiO, 0.07 - 0.20
CaO 0.10 0.18 2.75
P,Oq 0.02 0.65 0.02
K,O 0.11 2.16 3.45
MnO 0.01 0.06 0.41
MgO 0.01 3.12 0.01
Na,O 0.02 0.44 0.14
LOI - 10.52 10.60
Ash 15.60 - -

In addition to using X-Ray Fluorescence (XRF), the elemental compaosition analysis of
materials can also be carried out using Energy-Dispersive X-ray (EDX). This instrument is
generally integrated with a Scanning Electron Microscope (SEM). It is used to identify the
elements present on the surface of a sample. The working principle of EDX is based on the
interaction between an electron beam and atoms within the sample, which produces
characteristic X-rays for each element. The emitted X-ray energy is then detected and
displayed in the form of an energy spectrum, allowing the constituent elements of the material
to be identified and their composition percentages to be determined in terms of weight percent
(wt%) or atomic percent (at%) (Skoog et al., 2016).

Table 2. 3 Elemental percentages in Activated Carbon-TiO; based on EDX analysis

Element Weight (%) Atom (%)
O 51.27 56.53
C 23.36 34.30
Ti 23.09 8.50
Zr 1.17 0.23
Cu 0.64 0.18
K 0.25 0.11

Through the EDX spectrum, the elements contained in the material can be identified
from the energy peaks that appear on the graph. For example, research conducted by Sugandi
et al. (2024) showed that the results of elemental composition analysis using EDX on TiO,—
coconut carbon composites indicated the presence of several main elements, namely oxygen
(O), carbon (C), and titanium (Ti). Based on the analysis results, the oxygen element has a
weight percentage of 51.27% with an atomic percentage of 56.53%, while carbon is 23.36%
(34.30 at%) and titanium is 23.09% (8.50 at%). In addition to these main elements, other
elements were also detected in small amounts, such as zirconium (1.17 wt%), copper (0.64
wt%), and potassium (0.25 wt%). The presence of Ti and O elements indicates the formation

of a TiO, phase in the composite material, while the C element comes from coconut fiber used



19

as a carbon matrix. In addition, Ruliza et al. (2018) showed that the TiO»-activated carbon
composite contains several main elements, such as carbon (C), oxygen (O), and titanium (Ti),
which are visible from the peaks in the EDX spectrum. The carbon element comes from
activated carbon, while titanium and oxygen come from TiO, deposited on the surface of
activated carbon. These results indicate that EDX analysis can be used to identify the

elemental composition in TiO.-AC composite materials (Ruliza et al., 2018).
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Figure 2. 7 EDX Spectrum of TiO:-Activated Carbon Composite (Ruliza et al., 2018)

2.6.3 UV-Vis DRS

UV-Visible Diffuse Reflectance Spectroscopy (UV-DRS) is used to analyze a material’s
optical properties, particularly light absorption and band gap energy. In this study, UV-DRS
assessed the TiOz-activated carbon photocatalyst’s light absorption at specific wavelengths
and its band gap value (Morozzi et al., 2021).

UV-DRS measures diffusely reflected light from a solid sample. The resulting reflectance
spectrum is converted to an absorption coefficient using the Kubelka—Munk transformation. A
Tauc Plot is then used to determine the band gap by extrapolating the linear portion of the
(F(R)hv) versus photon energy (hv) graph, where n depends on the electronic transition type
(n = 1-2 for direct transitions) (Siswanti dkk., 2023).

The band gap is a key parameter in photocatalysis, as it defines the minimum energy of
light needed to activate the photocatalyst. A smaller band gap allows the material to absorb a
broader light spectrum, including visible light. Consequently, reducing the TiO, band gap is a
common strategy in photocatalyst development (Ulya et al., 2022).

Combining TiO, with activated carbon can reduce the band gap by creating oxygen
vacancies in the TiO; crystal structure. Heating TiO, with carbon removes oxygen from the

lattice, forming vacancies that introduce localized electrons and new energy levels within the
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band gap. These levels lower the energy needed for electron excitation, narrowing the band

gap and enhancing visible light response (Guan et al., 2023).

[T]Oxygen vacancy, V,
@ oOxygen ion, 0%

1. Oxygen ion/vacancy generation
2. Bulk phase diffusion
3. Surface reaction

Figure 2. 8 Mechanism of oxygen depletion due to heating (Zheng et al., 2022)

The illustration above depicts the formation of oxygen vacancies resulting from high-
temperature heating of metal oxides. Elevated temperatures weaken the bond between
oxygen and the semiconductor metal, causing oxygen molecules to be released from the metal
oxide crystal. In the presence of carbon molecules, the liberated oxygen bonds with carbon to
form CO or CO; compounds (Zheng, Jiang, Gao, & Tong, 2022). Furthermore, oxygen
vacancies induced by heating can cause structural modifications in TiO», resulting in the
formation of Ti—-O—C. In this process, carbon atoms enter the TiO; crystal and occupy the
positions of missing oxygen atoms in the TiO; lattice, which are released by heating (Kumar et
al., 2022).

Handayani et al. (2020) demonstrated that combining TiO, with activated carbon derived
from oil palm shells reduced the band gap from 3.2 eV to approximately 2.8 eV, resulting in
enhanced photocatalytic activity under visible light. Consistent findings were reported by Ren
et al. (2007), who observed that doping TiO; with carbon materials increased light absorption
and extended the spectral response to wavelengths greater than 45 nm.

In this study, UV-Vis diffuse reflectance spectroscopy (DRS) was used to confirm that the
TiO,-activated carbon composite derived from oil palm shells had an appropriate band gap
and could absorb both UV and a portion of visible light. The band gap values obtained from
UV-Vis DRS analysis serve as a basis for evaluating the photocatalyst’s effectiveness in dye

degradation.
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Figure 2. 9 UV-DRS Curves and Tauc Plots of TiO,-Activated Carbon Photocatalysts (a) Plot
of reflectance vs. wavelength; (b) Tauc plots of TNZ and anatase TiO- plotted using
the Kubelka Munk function (Ulya et al., 2022).

2.6.4 Analysis of TiO,-Activated Carbon Functional Groups Using Attenuated Total

Reflectance—Fourier Transform Infrared (ATR-FTIR)

Attenuated Total Reflectance—Fourier Transform Infrared (ATR-FTIR) is a widely used
FTIR testing technique due to its speed and efficiency, making it widely used as the initial stage
of material analysis. The advantage of ATR-FTIR lies in its simple sample preparation,
eliminating complex processes such as KBr mixing or grinding. Furthermore, this technique
can produce a wider spectrum range and minimize the influence of differences in sample size
(Thompson et al., 2009).

The working principle of ATR-FTIR is based on the total internal reflection of IR light
reflected by ATR crystals, which then interacts with molecules on the sample surface. This
interaction then causes changes in the sample's intensity, which are monitored and then
analyzed. The crystals used in ATR-FTIR are typically zinc selenide (ZnSe) or diamond, which
have optical properties suitable for this internal reflection process (Beasley et al., 2014).

FTIR spectra are interpreted by identifying absorption peaks at specific wavenumbers
that correspond to vibrations of specific functional groups. Generally, the 4000—-400 cm™
wavenumber region is divided into several important regions: the O—H stretching region at
around 3200-3600 cm™, the C—H stretching region at 2800-3000 cm™, and the fingerprint
region below 1500 cm™, which is unique to each compound. Furthermore, metal-oxygen bond
vibrations, such as Ti—O, generally appear at lower wavenumbers, around 400-700 cm™,
Identification of these peaks provides the basis for determining the chemical composition and
interactions between components in the analyzed material (Habibullah et al., 2025).

The FTIR spectrum of TiO, generally shows a strong absorption band at wavenumbers
around 400-700 cm™, which corresponds to Ti—O-Ti bond vibrations. Meanwhile, activated
charcoal exhibits several characteristic functional groups, such as the hydroxyl group (O-H)

at around 3400 cm™, the carbonyl group (C=0) at around 1700 cm™, and the C-O group in
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the range of 1000-1300 cm™. The presence of these groups indicates that activated charcoal
has a surface rich in active sites that can play a role in the adsorption process. The differences
in spectral characteristics between inorganic TiO, and organic carbon-based activated
charcoal provide the basis for understanding the interactions that occur in composite materials

(Beasley et al., 2014).
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Figure 2.10 The FTIR spectrum of TiO. and activated carbon (Mustafidah & Ikhsan, 2022)

The FTIR spectrum of activated carbon generally indicates the presence of various
oxygen- and carbon-containing functional groups that play important roles in adsorption
processes and surface interactions. Based on previous research, activated carbon derived
from coffee grounds exhibited an absorption peak at 3674.95 cm™ corresponding to O-H
stretching vibrations, which are associated with hydroxyl groups on the carbon surface. These
hydroxyl groups can enhance the hydrophilicity of the material and provide active sites for
interactions with pollutant molecules. The absorption peak at 2934.16 cm™ is attributed to C—
H stretching vibrations originating from aliphatic carbon structures. Furthermore, the peak at
1581.75 cm™ indicates the presence of C=C bonds, reflecting the aromatic carbon framework
commonly found in activated carbon. Peaks at 1236.37 cm™ and 580.91 cm™ are assigned to
C-0 and C-C vibrations, respectively, suggesting the existence of oxygenated functional
groups and a developed carbonaceous structure. These functional groups contribute to the
adsorption capacity of activated carbon by facilitating interactions between the adsorbent
surface and dye molecules.

In contrast, pure TiO, exhibits a relatively simpler FTIR spectrum dominated by metal—
oxygen vibrations. Characteristic absorption bands at 600.94 cm™ and 493.10 cm™ are

attributed to Ti—O-Ti stretching vibrations, which confirm the formation of the titanium dioxide
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crystal framework. These bands are commonly observed in TiO,-based materials and serve
as indicators of the metal oxide structure. The distinct differences between the FTIR spectra
of activated carbon and TiO, demonstrate that activated carbon possesses a more complex
surface chemistry, whereas TiO, is characterized by an inorganic crystalline structure. The
combination of these two materials in a composite is expected to integrate the high adsorption
capacity of activated carbon with the photocatalytic activity of TiO,, thereby enhancing the

overall performance of the material in pollutant removal applications. (Mustafidah, 2022).

Table 2. 4 Identification of Vibrational Bands of TiO,-Activated Carbon (Mustafidah, 2022)

Wavenumber Functional
sample (cm™) Group
3674.95 O-H
2934.16 C-H
Activated 1581.75 Cc=C
Carbon stretching
1236.37 C-0
c-C
>80-91 stretching
i 600.94 and _ _
T 493.10 Ti-O-Ti
TiO,- 600.94 and _ _
Activated 524.64 Ti~O-Ti
Carbon 1505.63 Ti—-O-C

FTIR spectrum analysis of the TiO,-activated charcoal composite material was carried
out by comparing the spectra of each component, as shown in the FTIR spectrum image and
summarized in the functional group identification table. Based on the data in Figure 4 and
Table 2 from previous research, the TiO,-activated charcoal composite shows absorption
peaks at 600.94 cm™ and 524.64 cm™, which represent Ti—O-Ti vibrations, as well as the
emergence of a new peak at 1505.63 cm™ attributed to the Ti-O—C bond. The emergence of
the Ti—O—C group is a strong indication of a chemical interaction between TiO, and activated
charcoal, not simply a physical mixture. Furthermore, changes in the position and intensity of
the peaks compared to the starting material indicate a modification of the surface structure due
to the composite synthesis process (Mustafidah, 2022).

The presence of the Ti—-O—C bond in the TiO,-activated charcoal composite indicates
that activated carbon not only functions as a support but also interacts directly with the TiO,
particles. This is in line with research that reports that the formation of Ti-O—C bonds can
increase the stability of TiO, dispersions and expand the active area on the surface of the
material. In addition, the presence of functional groups such as O-H and C-O in activated
charcoal contributes to increasing the adsorption capacity of organic molecules through
hydrogen interactions and van der Waals forces. Thus, the combination of the adsorptive
properties of activated charcoal and the photocatalytic properties of TiO, can produce a

synergy that increases the efficiency of dye degradation.
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CHAPTER 1l
RESEARCH METHODOLOGY

3.1 Time and Place of Research
This research was conducted from October 2025 to February 2026 at the Inorganic
Chemistry Laboratory, Maulana Malik Ibrahim State Islamic University of Malang.

3.2 Tools and Materials

The tools used in this research consisted of porcelain crucibles, a furnace, an oven, an
analytical balance, beakers, measuring cylinders, glass funnels, a spatula, a mortar and pestle,
an X-ray diffractometer (XRD), X-Ray Fluorescence (XRF), Energy-Dispersive X-ray (EDX),
UV-Vis DRS spectrophotometer, Attenuated Total Reflectance—Fourier Transform Infrared
(ATR-FTIR) and UV-Vis spectrophotometer. In addition, a UV light source was used in the
photodegradation activity test.

The materials used in this research included oil palm shells, titanium dioxide (TiO>) as a
photocatalyst, and hydrochloric acid (HCI) as a chemical activator. Remazol Brilliant Blue R

(RBBR) was used as a model pollutant, and distilled water was used as a solvent.

3.3 Research Design

This laboratory experimental study evaluates the ability of a TiO»-activated carbon
photocatalyst to degrade Remazol Brilliant Blue R (RBBR) dye. The research design includes
several main stages: synthesis of activated carbon from oil palm shells, impregnation of TiO»
into the activated carbon, testing of the activated carbon, characterization of the synthesized
material, and photodegradation activity tests with variations in photocatalyst mass and dye
concentration.

The synthesized photocatalyst was characterized using three primary methods: X-ray
diffraction (XRD) to determine the crystal structure and phase of TiO,, X-ray fluorescence
(XRF) to analyze the morphology and elemental distribution on the composite surface, and
ultraviolet-diffuse reflectance spectroscopy (UV-DRS) to assess the optical properties and
band gap value. Following characterization, degradation tests were conducted by placing the
photocatalyst in RBBR solution and exposing it to ultraviolet light.

Degradation effectiveness was evaluated by measuring the reduction in RBBR
concentration using a UV-Vis spectrophotometer. The study employed variations in
photocatalyst mass (0.01, 0.02, 0.03, 0.04, and 0.05 g) and initial dye concentrations (10, 20,
30, 40, and 50 ppm) to identify the optimum degradation conditions.

25
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3.4 Research Stages

The stages of this research consist of:

1. Preparation of samples and proximate analysis of activated carbon derived from oil
palm shells, including determination of moisture content, volatile matter, ash content,
and fixed carbon.

Chemical activation of the prepared activated carbon from oil palm shells.

Synthesis of TiOz-activated carbon composites using the impregnation method.
Characterization of materials using XRD, FTIR, XRF, EDX, and UV-Vis DRS.

Photodegradation experiments of Remazol Brilliant Blue R (RBBR) were conducted

o s~ 0N

using TiO»-activated carbon, with variations in catalyst mass and dye concentration.
6. Comparative analysis of catalyst mass, RBBR concentration, and photocatalyst mass
was performed.
7. Activity tests were conducted using a UV-Vis spectrophotometer.
8. Data analysis.

3.5 Research Procedures
3.5.1 Preparation and Activation of Oil Palm Shell Carbon

Oil palm shells were cleaned of remaining fibers and pulp, then weighed (1 kg). The
cleaned shells were ground into powder and dried in an oven at 110°C for 2 hours to remove
moisture. The dried sample was then calcined in a furnace at 500°C for 3 hours to obtain
charcoal. The hot charcoal was cooled in a desiccator to prevent moisture absorption
(Babatunde et al., 2025).

Chemical activation was performed by sieving the charcoal to 200 mesh. The obtained
powder was soaked in 1 M HCI for 4 hours to open pores and remove impurities. The sample
was filtered and washed with distilled water until a neutral pH was achieved. The activated
carbon was then dried at 350°C for 1 hour to obtain activated carbon ready for use as a support

material (Hartanto & Ratnawati, 2010).

3.5.2 Moisture Content Test

One gram of the sample was placed in a pre-weighed crucible and dried at 110°C for 1
hour until a constant mass. After cooling in a desiccator, the sample was weighed. Moisture
content (KA) was calculated using:

AC= “T‘bx100% ............................................................................................................... 3.1

where a is the mass before drying and b is the mass after drying (Manurung, 2019)
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3.5.3 Volatile Matter Content

One gram of dried sample was heated in a furnace at 900°C for 15 minutes, cooled,

and weighed. The volatile matter content (KZMM) was calculated as:
KZMM= 222 X000%.orc oo 3.2

where b is the initial mass and c is the mass after heating (Manurung, 2019)

3.5.4 Ash Content
One gram of sample was ashed in a furnace at 650°C for 4 hours. After cooling, the ash
was weighed. Ash content (KAT) was calculated using:

KAT=%x100% ................................................................................................................. 3.3

where a is the mass before ashing and d is the mass after ashing (Manurung, 2019)

3.5.5 Fixed Carbon Content
Fixed carbon was calculated by:
KK=100% - (KA+KZMMHKAT) ...ttt e e a e e e e e e s st a e e e e e e e e e annnnnes 3.4

3.5.6 Synthesis of TiO,-Activated Carbon

TiO.-Activated Carbon was synthesized using the impregnation method. Activated
carbon and TiO, were weighed at a 50:50 w-w mass ratio and mixed in Aquademin solvent
until fully immersed. The mixture was stirred for 6 hours, then left to soak at room temperature
for 12 hours to achieve a homogeneous suspension. Subsequently, the mixture was filtered
and dried in an oven at 100°C for 2 hours. The dried material was then heated in a furnace at
550°C for 3 hours and cooled in a desiccator to room temperature to obtain the impregnated
TiO.-Activated Carbon material (Sugandi et al., 2024).

3.5.7 Material Characterization
3.5.7.1 Identification of the Crystal Structure of TiO,-Activated Carbon Photocatalyst

Using X-Ray Diffraction (XRD)

X-ray diffraction (XRD) was employed to determine the crystal structure and phase of
the synthesized TiO,-palm shell activated carbon material. The analysis utilized an XRD
instrument with Cu-Ka radiation (A = 1.5406 A), operating at 40 kV and 30 mA, and scanned
over a 20 range of 5-60°. The fine powder sample was mounted in a sample holder and
irradiated with X-rays to generate a diffractogram. The resulting diffraction peak patterns were
compared with JCPDS standard data to identify the crystal phases of TiO, and the activated
carbon support (A'Adawiyyah, 2022).
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3.5.7.2 Identification of the Elemental Composition of TiO»-Activated Carbon

Photocatalyst Using X-Ray Fluorescence (XRF) and Energy-Dispersive X-Ray

Spectroscopy (EDX)

Identification using X-Ray Fluorescence (XRF) aims to determine the elemental
composition of TiO:-palm shell activated carbon photocatalysts. A finely powdered sample is
placed in a sample holder and then irradiated with X-rays. The XRF instrument detects the
fluorescence emissions emitted by the atoms composing the sample. The resulting data is a
fluorescence spectrum indicating the percentage of elements in the material (A’ Adawiyyah,
2022).

Energy-Dispersive X-ray (EDX) analysis is performed to determine the elemental
composition of the sample surface. The sample is first placed on a holder and analysed using
an SEM instrument equipped with an EDX detector. The sample surface is then bombarded
with an electron beam to produce characteristic X-rays for each element. The resulting energy
spectrum is analysed to identify the type of element based on the position of the energy peak,
as well as to determine the percentage of elemental composition in the form of weight percent
(wt%) or atomic percent (at%) displayed by the EDX software (Skoog et al., 2016).

3.5.7.3 Determination of Band Gap Energy in TiO,-Palm Shell Activated Carbon

Photocatalysts via UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS)

UV-Vis DRS is employed to determine the band gap energy of TiO,-palm shell
activated carbon photocatalysts. The powder sample is placed in a sample holder, and its
reflectance is measured within the 200—800 nm wavelength range. The resulting reflectance
data are transformed using the Kubelka-Munk equation and analyzed with the Tauc plot
method, plotting [F(R)-hv]" against photon energy (hv). The band gap energy is identified at
the intersection of the linear portion of the curve with the photon energy axis. This value serves
as a parameter for evaluating the photocatalytic performance of the material (Al' Adawiyyah,
2022).

3.5.8 Degradation Test of Remazol Brilliant Blue R with Variations in TiO2-Activated

Carbon Mass and RBBR Concentration

Photodegradation experiments were conducted by preparing 25 mL of Remazol
Brilliant Blue R (RBBR) solution at an initial concentration of 20 ppm in four 100 mL beakers.
TiO2-palm shell activated carbon photocatalyst was added to each solution at concentrations
of 10 mg, 20 mg, 30 mg, 40 mg, and 50mg. The mixtures were placed in a photoreactor and
irradiated with UV light for degradation analysis, and were placed in a dark place for an
adsorption test for 120 minutes under continuous stirring. After irradiation, the degradation
solution was separated from the photocatalyst by centrifugation at 4000 rpm for 20 minutes,

followed by filtration to remove catalyst residues. The residual dye concentration was analyzed
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using a UV-Vis spectrophotometer at the maximum wavelength (Amax) of RBBR. All
experiments were conducted in triplicate to ensure data validity and reproducibility. For
evaluating the effect of initial RBBR concentration, the same procedure as in the photocatalyst
mass variation was used. RBBR solutions were prepared at different initial concentrations of
10, 20, 30, 40, and 50 ppm in 25 mL volumes. The TiO,-palm shell activated carbon
photocatalyst was added at the optimum mass obtained from the previous experiment.

The mixtures were subjected to adsorption—desorption equilibrium in dark conditions
for 120 minutes under continuous stirring, followed by UV irradiation in a photoreactor for
degradation analysis. After irradiation, the solutions were centrifuged at 4000 rpm for 20
minutes and filtered to remove photocatalyst residues. The residual dye concentration was
measured using a UV-Vis spectrophotometer at the maximum wavelength (Amax) of RBBR.

All experiments were performed in triplicate to ensure data validity and reproducibility.

3.5.9 Evaluation of Remazol Brilliant Blue R Degradation Efficiency at Varying RBBR

Concentrations and Optimal TiO2-Activated Carbon Mass

The degradation efficiency of Remazol Brilliant Blue R by TiOz-activated carbon was
evaluated by placing 25 mL of the dye solution in a 100 mL beaker. Five experimental
conditions were assessed:

a. RBBR solution exposed to UV irradiation for 120 minutes

b. RBBR solution with the optimal mass of TiO,, subjected to UV irradiation for 120
minutes

c. RBBR solution with the optimal mass of activated carbon, subjected to UV irradiation
for 120 minutes

d. RBBR solution containing both TiO,-AC at optimal concentrations, subjected to UV
irradiation for 120 minutes

e. Conditions a, b, ¢, and d were also repeated in the absence of UV irradiation (in the
dark).

3.5.10 Evaluation of Reusability Performance of TiO; and TiO,-AC Photocatalyst

The reusability test of the TiO,-AC photocatalyst was conducted under optimum
operating conditions obtained from the previous experiments (10 ppm with 30 mg Mass). After
each photocatalytic remediation process, the photocatalyst was separated from the solution
using filtration, washed several times with distilled water to remove residual dye molecules
adsorbed on the catalyst surface, and then dried at 100 °C for 2 hours. The recovered
photocatalyst was subsequently reused for the next remediation cycle under the same
experimental conditions. In each cycle, the remediation efficiency of Remazol Brilliant Blue R
(RBBR) was determined by measuring the absorbance of the solution using a UV-Vis

spectrophotometer at the maximum wavelength (Amax).
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3.5.11 Data Analysis

1.

The moisture content of palm shell activated carbon is calculated using the formula:
AC =2 X100% oo 3.1

where a = mass before drying, and b = mass after drying.
The volatile matter content of activated carbon (VAC) is calculated using the formula:

VAC= %wa% ...................................................................................................... 3.2

where b = mass of the starting material, and ¢ = mass after determining the moisture
content.

The ash content of activated carbon is calculated using the formula:
ACCZEXL00% oo 3.3

where a = mass before ashing, and d = mass after ashing.

The bound carbon content is determined using the equation:

BC = 1009% - (ACHVACHACC) ..uuiiiiiiiiee ettt e e e ettt e e e e e e e s asnnaaaeeaaaeeesaannsnnees 3.4
Bound carbon = 100% - (moisture content + volatile matter content + ash content)

X-Ray Diffraction (XRD) data is in the form of a diffractogram, which is then compared
with JCPDS TiO; standard data to determine the crystal phase (anatase, rutile, or brookite)
and its crystal structure using the Origin and Expert applications.

X-Ray Fluorescence (XRF) and Energy-Dispersive X-Ray Spectroscopy (EDX) data are
in the form of a table of the percentage of elements contained in the TiO2-AC
photocatalyst. These results are used to determine the chemical composition, the level of
TiO2 impregnation, and the presence of other elements that may play a role in
photocatalytic activity.

UV-Vis Diffuse Reflectance Spectroscopy (UV-DRS) data are in the form of a diffuse
reflectance spectrum, which is then analyzed using the Kubelka-Munk method. The data
was used to determine the band gap energy value of the TiO,-activated carbon
photocatalyst by creating a Tauc plot and comparing it with the Origin and Expert
applications.

The percentage degradation of Remazol Brilliant Blue R (RBBR) was calculated using the
absorbance values measured by the UV-Vis spectrophotometer. The absorbance values
were converted to concentration using the linear regression equation y=ax+by = ax +
by=ax+b, where the x-axis = concentration (ppm) and the y-axis = absorbance. The

percentage degradation was determined using the formula:

COC_OCtx100% ................................................................................... 35

where C, = initial concentration of RBBR, and C; = concentration after photodegradation.

% Degradation=

The following data is presented in tabular form for analysis and comparison of results:
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Table 3. 1 Effect of TiO,-AC Photocatalyst Mass Variation on RBBR Degradation

TiO,-AC .
No Photocatalyst Mass RBBR Concentration Degradation Percentage (%)
(Ppm)
(mg)
1 10 20
2 20 20
3 30 20
4 40 20
5 50 20

Table 3. 2 Effect of Initial RBBR Concentration on Degradation Percentage

RBBR Concentration

NO (ppm)

Optimum TiO,-AC
Photocatalyst Mass
(mg)

Degradation Percentage (%)

10
20
30
40
50

b wiNPkE

Table 3. 3 Comparison of RBBR Degradation Effectiveness by Various Systems

Optimum Mass and

No Concentration Irradiation Condition Degradation Percentage (%)
1 RBBR without catalyst ~ Without irradiation

2 RBBR without catalyst ~ With irradiation

3 Activated Carbon Without irradiation

4  Activated Carbon With irradiation

5 TiO, Without irradiation

6 TiO, With irradiation

7 TiO,-AC Without irradiation

8 TiO,-AC With irradiation

9. The adsorption capacity of activated carbon and TiO,-AC was calculated using the

equation:

Qe=(CO—Ce)x% ...............

Where Qe=equilibrium adsorption capacity, CO= initial concentration, Ce=remaining

adsorbate concentration, V=total solution volume, and m = adsorbent mass.

10. The degradation capacity of RBBR by the catalyst was calculated using the equation:

% Initial Degradation — % Degradation After Use)

x100% ............ 3.7

Activity reductions (%) =

Initial Degradation
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CHAPTER IV
RESULT AND DISCUSSION

4.1 Preparation and Activation of Palm Qil Shell

Palm shell activated carbon production commenced with the preparation of palm shell
waste as the raw material. The palm shell waste utilized in this study was obtained from a
company in the Hanau District, Seruyan Regency, Central Kalimantan. The carbonization
process at 500°C changes the oil palm Shell material. This is indicated by the color change
from light brown to deep black, indicating that organic components such as cellulose,
hemicellulose, and lignin have decomposed and formed a carbon structure. The use of 500°C
is also crucial because, within this temperature range, carbon formation occurs optimally,
resulting in charcoal with a higher carbon content. Physically, the carbonization product
exhibits a more brittle texture and a darker color, indicating successful carbon conversion. This
resulting material then serves as a good foundation for the next stage, particularly as a TiO-
support, where its carbon structure provides a larger active surface area (Hartanto &
Ratnawati, 2010).

Carbonizing

Drying

Acid-
Activation

Grinding

Preparation Fine Palm Shell Activated Carbon

Figure 4. 1 a) Palm shell waste before preparation. b) After grinding and oven-drying. c) After
carbonization.

Chemical activation was subsequently performed to enhance the physicochemical
properties of the carbon material. The activation process removes residual impurities and
opens previously blocked pores, thereby increasing pore volume and surface area. As a result,
more active sites become available for TiO, deposition and pollutant adsorption during
photocatalytic applications. Therefore, activated carbon derived from palm shells is expected
to serve not only as a support material for TiO, but also as an adsorbent that enhances overall
remediation performance through a synergistic mechanism of adsorption and photocatalysis
(Diaz et al., 2022).
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4.2 Proximate Analysis of Activated Carbon Derived from Oil Palm Shell

A proximate analysis of the activated carbon was performed to assess its quality.
Furthermore, proximate analysis was performed to determine the physical properties of the
activated carbon to be used as a support for TiO, photocatalysts. Parameters in this proximate
analysis include air content, volatile matter content, ash content, and bound carbon content.
The quality reference for this proximate analysis of activated carbon is SNI 06-3730-1995,
which sets minimum standards for activated carbon (Pangestuti et al., 2025). This parameter
is one of the key test standards for assessing the quality of activated carbon based on its
adsorption capacity. This ability is important for activated carbon to optimise its performance
as a supporting material for TiO, photocatalysts (Oktaviani et al., 2024).

Table 4. 1 Proximate Analysis Results of Activated Carbon
Average Result SNI 06-3730-1995

Parameter Replicate Mass (Q)

Mass (9) (%) Standard
Moisture 1 0.9497
Content 2 0.9500 0.9501 5.05 Max. 15%
3 0.9507
1 0.9370
volatile 2 0.9191 0.9238 2.77 Max. 25%
Matter 0.9153
(VM) '
Ash 1 0.0781
Content 2 0.0776 0.0811 8.10 Max. 10%
3 0.0875
Fixed : - - 84.08 Min. 65%
Carbon

Based on Table 4.1, the proximate analysis results for activated carbon from oil palm
shells meet all Indonesian National Standards stipulated in SNI 06-3730-1995. Activated
carbon from oil palm shells meets the standard parameters, with a moisture content of 5.05%,
with a maximum standard of 15%; volatile matter content of 2.77%, with a maximum standard
of 25%; ash content of 8.10%, with a maximum standard of 10%; and fixed carbon content of
84.08%, with a minimum standard of 65% according to SNI 06-3730-1995.

Activated carbon from oil palm shells has a moisture content of 5.05%, indicating low
moisture. Water content in activated carbon can reduce its performance by clogging its pores,
thereby inhibiting adsorption on its surface (Pastor et al., 2025). With its low water content,
activated carbon from palm kernel shells can have more open pores and maximize the
adsorption of RBBR dyes.

Volatile matter content (VM) is a test parameter used to assess the extent of volatile
matter resulting from non-carbon compounds adhering to the surface of activated carbon,

particularly O atoms tightly bound to C atoms as CO, and CO. In activated carbon from palm
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kernel shells, the volatile matter content was 2.77%, with a maximum of 25%. This indicates a
minimal amount of non-carbon impurities present in the pores of the activated carbon. These
non-carbon compounds can act as impurities that clog the pores of the activated carbon,
reducing its effectiveness in adsorbing contaminants in water (Masthura et al., 2018).

Proximate analysis of activated carbon from palm kernel shells showed an ash content of
8.10%. This ash content is usually caused by inorganic impurities such as calcium,
magnesium, and potassium (Pangestuti et al., 2025). The ash content of 8.10% remains
relatively low and is below the maximum limit set by the Indonesian National Standard (SNI).
The ash content of palm shell activated carbon significantly impacts the adsorption and
photocatalytic processes of RBBR. This is because the high content of inorganic materials
dispersed on the surface of the activated carbon can cover the active sites, thereby reducing
its effectiveness as a photocatalyst development material (Zulkania et al., 2020).

Fixed carbon was determined by subtracting the sum of moisture, ash, and volatile matter
from 100%. In this study, the fixed carbon yield was 84.08%, exceeding the minimum SNI limit
of 65%. This figure is considered sufficiently high, indicating high purity of the activated carbon
and its suitability for use as a support material for TiO, photocatalysts. Fixed carbon is pure
activated carbon found in palm flour activated carbon. A higher purity value of activated carbon
indicates a higher number of active sites (Pastor et al., 2025). This also increases the
adsorption efficiency of activated carbon, making it a good photocatalyst support material
(Oktaviani et al., 2024).

The favorable proximate characteristics of palm shell activated carbon indicate that it can
be a good support for TiO, photocatalysts. The low water and ash content in activated carbon
creates space within the pores, allowing more TiO: to be evenly dispersed. Furthermore, the
low volatile matter content indicates fewer inorganic impurities, creating more active sites for
the adsorption of RBBR dye and leading to a more efficient degradation process around TiO,
(Kusdarini & Budianto, 2022). High purity is also an advantage of palm-shell activated carbon.
The higher the carbon purity of activated carbon, the better it can adsorb dyes and serve as a
support for TiO, photocatalysts (Parvathiraja et al., 2022). The results obtained in this study
align with previous research, which states that good proximate content in activated carbon also
confers good properties as a supporting material, such as unclogged pores, a large number of
active sites, minimal impurities, and high carbon purity. Ali et al. (2025) reported that activated
carbon has a significant impact on the surface area and pore volumes of up to 268,789 m2-g
after activation with HCI. Zulkania et al. (2020) also reported that activated carbon meeting SNI

standards has a relatively high adsorption capacity, achieving 99.50% removal at 9,950 mg-g.

4.3 Synthesis of TiOz-Activated Carbon
The TiO,-AC composite was synthesized via wet impregnation. This method was used to

disperse TiO, onto activated carbon. Wet impregnation was selected because it is a simple,
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solvent-efficient method that is both easier and more cost-effective (Saputra, 2018).
Impregnation also shows good dispersion of TiO. during activated carbon development,
thereby maximizing TiO, surface area and improving degradation. The mass ratio between
TiO, and activated carbon used was 50:50 (wt%). This ratio was chosen to maximize the
performance of activated carbon as an adsorbent and TiO- as a catalyst in the remediation of
RBBR dye wastewater. Demineralized water was selected as the solvent to minimize mineral
and foreign ion contamination and to enhance TiO; penetration into the carbon pores without
leaving salt residues (Repecka et al., 2026).

The prolonged stirring process was intended to improve the dispersion of TiO, particles
on the activated carbon surface and enhance their penetration into the pore structure, thereby
promoting better contact between the photocatalyst and adsorbent phases. A more
homogeneous TiO, distribution is expected to increase the number of active sites and improve
the synergistic effect between adsorption and photocatalytic activity. Calcination at 550 °C also
plays an important role in strengthening the interaction between TiO, and activated carbon.
The use of a closed crucible during calcination is intended to prevent excessive oxidation of
the carbon phase by limiting oxygen exposure. Excessive oxidation can form functional groups
with excess oxygen on the carbon surface, thereby increasing the hydrophilic properties of
activated carbon. As a result, water molecules can accumulate on the carbon surface and
within the micropores, reducing the accessibility of dye molecules to adsorption sites.
Additionally, these excess oxygen functional groups can weaken the TT— interactions between
the activated carbon and aromatic dye molecules, thereby reducing the material’s adsorption
performance (Marczewska et al., 2025). The selected calcination temperature and duration
were sufficient to remove residual moisture and promote structural stabilization without

inducing phase transformation of anatase TiO; into rutile (Subagja et al., 2014).

—)

Activated Carbon TiO, TiO,/Activated Carbon

Figure 4. 2 Synthesis of TiO»-AC composite (50:50 wt%) through wet impregnation and
thermal treatment at 550 °C.

The synthesis results of TiO»-activated carbon show very significant differences
compared to before the synthesis. Before synthesis, the activated carbon was dark black with

a very soft, fine texture. Meanwhile, TiO, was a white powder that tended to agglomerate. After
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synthesis, the TiO,-AC composite exhibited different physical properties. The TiO»-AC became

light gray in color with a fine texture, and no visible macroscopic agglomeration was observed.
Although the initial composition ratio of TiO, and activated carbon is 50:50, the material
can still be classified as a composite because composites are generally defined as systems
consisting of two or more distinct constituent phases that remain identifiable in the final
structure. Therefore, composite classification is not determined by a specific composition ratio,
but rather by the coexistence and interaction of different material phases. In the TiO,-AC
system, activated carbon and TiO, remain as separate phases and do not form new crystalline
compounds. The interaction between these two components is largely physical, involving the
adhesion and dispersion of TiO, particles on the surface of activated carbon via impregnation.
Since activated carbon does not replace Ti atoms in the TiO, crystal lattice, the material cannot
be classified as carbon-doped TiO,. Instead, each constituent retains its own structural identity
and intrinsic properties. With proper separation procedures, the TiO, and activated carbon
phases can theoretically be distinguished and reisolated, a characteristic of composite
materials. Thus, TiO,-AC materials are more accurately described as composites rather than
doped semiconductor systems. In this system, activated carbon acts as a supporting
adsorption matrix, while TiO, functions as the active photocatalytic phase (Chinta, 2017).
The synthesis of the TiO,-AC composite aims to enhance interfacial reactions between
the composite and RBBR dye wastewater. The interfacial reaction between the TiO,-AC
catalyst and RBBR waste involves both adsorption and charge-transfer processes. Activated
carbon acts as an adsorbent, binding RBBR via pore filling, —T interactions, electrostatic
forces, and possible hydrogen-bond formation (Yue et al., 2024). This adsorption process
causes dye molecules to accumulate around the TiO, surface, which possesses
photocatalytically active sites, and prevents agglomeration of TiO, particles (Vargas & Nufiez,
2009). The successful formation of the TiO-activated carbon composite was further confirmed

by structural and compositional analyses, as discussed in the following section.

4.4 Characterization of TiO, -Activated Carbon
4.5.1 Crystal Structure Analysis of TiO2- Activated Carbon using X-Ray Diffraction (XRD)
The X-ray Diffraction (XRD) analysis was performed to investigate the crystalline
structure, phase composition, and crystallinity of the synthesized TiO,-Activated Carbon (TiO,-
AC) composite. This characterization is important for confirming whether the crystal structure
of TiO; is preserved after the composite synthesis process and for identifying the presence of
crystalline phases within the material. In addition, XRD analysis can provide information on
possible structural changes, phase transformations, or the formation of new phases resulting
from interactions between TiO, and activated carbon. The diffraction pattern of the sample is
presented in Figure 4.3. Measurements were carried out over a 26 range of approximately 5—
90°.
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Figure 4. 3 Diffractogram XRD from Activated Carbon, TiO,, and TiO; -AC

Based on Figure 4.3, it can be seen that in the XRD analysis results, activated carbon
exhibits a main absorption peak at 26 around 22.9, which has a broad peak characteristic. This
absorption indicates that the activated carbon in this study is amorphous and lacks a crystalline
structure, as it does not exhibit sharp, characteristic crystalline peaks. The presence of an
amorphous structure in activated carbon can serve as a good support material for TiO;
because it can inhibit the formation of the rutile phase and maintain the anatase phase (Du et
al., 2019). Furthermore, the presence of a porous, amorphous structure in activated carbon
enhances photocatalytic efficiency by enabling effective ion adsorption on its surface, thereby
optimizing the performance of active sites in the TiO2-AC photocatalyst (Xia et al., 2014).
Meanwhile, TiO; exhibits sharp dominant peaks at 26 of 25.41°, 37.92°, 48.16°, and 54.02°,
which are characteristic of the anatase phase (Ahmed et al., 2025). Furthermore, the TiO;
peaks do not show the absorption bands of rutile and are consistent with the JCPDS data for
anatase TiO; (JCPDS:00-021-1272). This indicates that the material used in this study has a
predominantly anatase crystal structure.

The XRD analysis of the TiO2 -AC synthesis shows a main peak at 26 = 25.43°. However,
the crystallinity peak in TiO2>-AC exhibits decreased intensity and a slight shift due to
interactions between TiO, and activated carbon (Shao et al., 2013a). In the TiO,-AC synthesis
results, the dominant anatase phase remains evident, with absorption at 26 around 25°. Based
on the XRD analysis results, no absorption peaks for the rutile phase of TiO, (206 = 27°) or the
brookite phase (26 = 30°) were observed (Y. Wang et al., 2015). This indicates that the TiO,-
AC synthesis successfully retained the dominant anatase crystal structure. The anatase phase
of TiO, is commonly used in photocatalytic systems. The anatase crystal structure of TiO;
offers a larger surface area and longer electron-hole lifetimes than other phases (Zerjav et al.,
2022).
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Although the TiO,-AC composite was synthesized at a 50:50 ratio, the diffraction peak
of activated carbon was not clearly observed in the composite diffractogram. This is because
activated carbon is mostly amorphous and generally produces a broad peak with low intensity
around 26 = 20-26° (Shao et al., 2013). In contrast, anatase TiO, exhibits sharp and intense
diffraction peaks due to its high crystallinity, especially near 25° (Chen et al., 2014). Previous
studies also reported that increasing TiO, loading can gradually cover the diffraction peak of
activated carbon due to the accumulation and dispersion of TiO, particles on the carbon
surface (Yue et al., 2024). Furthermore, the absence of significant peak shifts or the
appearance of new crystalline phases suggests that the crystal structure of TiO, remained
largely unchanged after composite synthesis. This observation may indicate that activated
carbon was not significantly incorporated into the TiO, crystal lattice but instead remained as
a separate amorphous phase that physically supports the TiO, particles. Therefore, the
interaction between TiO, and activated carbon is likely dominated by physical contact rather
than lattice substitution or extensive chemical incorporation. These findings are consistent with
the characteristics of TiO,-AC composites reported in previous studies, in which the anatase
structure of TiO, remained unchanged after deposition onto activated carbon surfaces.

In addition to the crystal phase, the crystallinity of TiO, photocatalysts is a key factor in
their effectiveness. The smaller the crystallinity of the composite, the larger the surface area
available for contact with the dye, thereby optimizing dye degradation. Smaller crystallite sizes
are generally associated with a higher density of exposed surface active sites, which can
enhance interactions between the photocatalyst and pollutant molecules. Moreover, the
increased surface-to-volume ratio may enhance photocatalytic performance by providing more
reaction sites for the generation of reactive oxygen species. Crystal size can be predicted from
XRD data using the Scherrer equation, where the FWHM value is inversely proportional to the
sample’s crystal size. The larger the FWHM value, the smaller the sample’s crystal size (Manh
et al., 2023).

Table 4. 2 Crystallite Size Calculation Using Scherrer and Monshi—Scherrer Equation

Crystallite Crystallite
Main Peak FWHM . Size (nm)
Sample ° Slope Intercept Size (nm) _
20 (°) (rad) (Monshi-
(Scherrer)
Scherrer)
TiO, -
Anatase 20414 000412 g.y 5511 32.8 34.28
TAC)CZ' 25432  0.00337 1.049  -5.969 40.1 54.2

Table 4.2 shows that the crystallite size of TiO,-AC is larger than that of pure anatase
TiO,, as determined by the Scherrer and Monshi—Scherrer methods. The crystallite size

calculated using the Scherrer equation increased from 32.8 nm for anatase TiO, to 40.1 nm
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for TiO,-AC. Similarly, the Monshi—Scherrer method vyields crystallite sizes of 34.28 nm and
54.2 nm for anatase TiO, and TiO,-AC, respectively.

Monshi-Scherrer of TiO,/JAC
Monshi-Scherrer T . -
' quation [ yearbx
W Y=In Plot [ V=i "
a ®) G-
. Slope 1.04956 # 0.4251
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Figure 4. 4 Monshi—Scherrer Plot a)TiO, and b)TiO,-AC

Figure 4.4 shows the analysis of the Monshi—Scherrer method using multiple diffraction
peaks, based on the relationship between In() and In(1-cos8), yielding a more representative
estimate of the crystallite size than the conventional single-peak Scherrer approach (Monshi
et al., 2012). The slope and intercept values obtained from the regression analysis indicate the
quality of the linear fit used in determining the crystallite size. The larger crystallite size and
narrower diffraction peaks observed in the TiO,-AC composite indicate an increase in
crystallinity following composite formation. This increase in crystallinity can be attributed to
interactions between TiO. and activated carbon during calcination, which promote crystal
growth and particle agglomeration (Li et al., 2007). Additionally, activated carbon can influence
TiO, crystal growth, potentially increasing TiO, particle size (Kumar et al., 2022). Despite

the increase in crystal size, the TiO,-AC composite remains within the nanocrystalline range
(<100 nm), which is beneficial for photocatalytic applications. Nanocrystalline TiO, provides a
relatively high surface area, thereby enhancing interactions between the photocatalyst and dye
molecules and improving photocatalytic degradation performance.

Even though the Monshi-Scherrer plot shows a relatively low coefficient of
determination (R?), this does not mean that the estimated crystallite size results are invalid.
Monshi et al. (2012) also reported data dispersion and deviations from the ideal linear
relationship in this method. These conditions may be caused by several factors, such as
instrument broadening, overlapping diffraction peaks, and material structural inhomogeneity.
The Monshi—Scherrer method was developed to reduce errors that may arise when crystallite
size is calculated from a single diffraction peak. Therefore, this method uses multiple diffraction
peaks, which are then analyzed via linear regression. In this method, the crystallite size is

determined based on the intercept value of the regression result, while the R2 value only
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indicates how well the data follows the linear relationship. Thus, the intercept value becomes
a more important parameter in determining the crystallite size compared to the R2 value.

The XRD analysis results in this study are consistent with previous research reporting
that TiO; has a dominant anatase phase with a main diffraction peak at approximately 25° in
the 20 angle. In a study conducted by Le et al. (2024), TiO»-activated carbon also exhibited an
anatase phase with a crystallite size of approximately 21 nm and uniform TiO; distribution on
the activated carbon surface. Furthermore, the presence of activated carbon in the composite
did not alter the TiO; crystal structure but did enhance particle dispersion. Furthermore, the
decrease in peak intensity in the TiO.-activated carbon composite indicates an interaction
between TiO, and activated carbon, as well as improved TiO, dispersion on the carbon
surface. This aligns with the study by Yue et al. (2024), which reported that TiO: is uniformly
distributed on the activated carbon, thereby increasing the number of active sites available for
photocatalysis. The crystal size obtained in this study is also in the nanometer range,
approximately 32-54 nm, which is consistent with TiO, crystal sizes reported in previous
studies, ranging from 18-50 nm. This small crystal size can increase the surface area and
photocatalytic activity (Omri & Benzina, 2019).

4.5.2 Elemental Composition Analysis of TiO»- Activated Carbon using X-Ray

Fluorescence (XRF) and Energy Dispersive X-ray Spectrometry (EDX)

The composition of the TiO2-AC material was analyzed to evaluate the success of
synthesizing TiO, on activated carbon via impregnation. The structural composition analysis
of TiO,-AC was performed using two different chemical instruments: XRF to determine the
metal oxide composition of the photocatalyst and EDX to determine the carbon and oxygen
composition of the photocatalyst. The composition of the photocatalyst plays a crucial role in

determining the catalyst’s effectiveness.

Table 4. 3 Elemental composition of samples based on XRF analysis (%)

Component Before Activation After Activation TiO,-Activated Carbon

(%) (%) (%)
SiO, 18.00 51.00 0.70
P,Os 5.20 7.90 0.30
K,O 32.60 2.50 0.13
CaO 22.80 9.61 0.21
TiO, 0.35 0.58 97.22
Fe,0; 17.40 10.40 0.23

Based on Table 4.3, the XRF characterization results for activated carbon before and
after acid activation show a very significant decrease in the amount of metal oxides. The levels
of potassium oxide, calcium oxide, and iron(ll) oxide decreased drastically. K,O in the carbon
before activation showed a percentage of 32.60%, while CaO and Fe,O; decreased from
22.80% and 17.40%, respectively, to only 9.61% and 10.40%. Meanwhile, the P,O5 and TiO,
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compounds showed a slight increase due to changes in the total amount of oxides, which in
turn altered their percentages. The decrease in K,O and CaO contents after HCI activation
indicates the removal of inorganic mineral impurities via acid washing and leaching. Previous
studies have reported that alkali and alkaline earth metal ions, such as potassium and calcium,
can be removed via ion exchange with H* ions from HCI. During activation, potassium- and
calcium-containing compounds are converted into water-soluble chloride salts, allowing them
to dissolve and be removed during the washing process. Therefore, potassium and calcium
are suggested to be dissolved in the form of KCl and CaCl,, resulting in the significant reduction
of K,O and CaO composition after activation (Wang et al., 2022).

The SiO, content increased drastically from 18% to 51%. This increase occurred
because silica has low solubility in common acids such as HCI; therefore, when activated with
HCI, the activated carbon still contains a significant amount of silica (Tsaousi et al., 2023).
These results demonstrate the success of activating oil palm shell-derived activated carbon in
removing inorganic impurities. With a reduction in inorganic impurities that can clog the pores
of the activated carbon, the total number of active sites on the activated carbon will also
increase, thereby enhancing the photocatalyst's degradation efficiency (Zulkania et al., 2020).

The results of the compositional characterization of TiO,-AC indicate that TiO, is highly
dominant, accounting for 97.22%. This figure is quite high and makes TiO, the dominant metal
oxide in the TiO,-AC system. This indicates the successful synthesis of TiO, with palm shell
activated carbon, resulting in the TiO,-AC composite. The dominance of TiO, and the minimal
impurities in the activated carbon will enhance photocatalytic degradation efficiency because
it possesses more active sites that are not blocked by impurities. However, XRF testing has a
limitation: it can only determine the composition of metal oxides in the sample and cannot
identify the composition of other compounds within the TiO,-AC catalyst. Therefore, additional
supporting instruments such as EDX are required to determine the composition of carbon and

other compounds.

Table 4.4 Elemental compaosition of TiO,-activated carbon based on EDX analysis

Element E(T(ir\%y Mass (%)
C 0.277 67.73
0] 0.525 8.81
Ti 4.508 23.45
Total 100.00

The results of compositional analysis using an EDX instrument show that the surface
of the catalyst material is dominated by carbon at 67.73%, followed by Ti at 23.45% and O at
8.81%. The dominant carbon content indicates that activated carbon still governs the
composite's surface characteristics and serves as the supporting matrix for TiO, particles. This

condition suggests that TiO, particles are dispersed on the carbon framework rather than



43

completely covering the activated carbon surface. The porous structure and high surface area
of activated carbon provide adsorption sites for dye molecules as well as attachment sites for
TiO,, allowing the photocatalytic reaction to occur near the active sites of TiO,. Furthermore,
the relatively low Ti content may indicate partial agglomeration of TiO, patrticles, resulting in
non-uniform dispersion on the carbon surface. Similar findings were reported by El-Salamony
etal. (2017), who observed that TiO, particles were distributed throughout the activated carbon
framework even in 50TiO,—AC composites, confirming the role of activated carbon as the
support material.

The EDX analysis showed that carbon was the dominant element in the TiO,-AC
composite, with a mass percentage of 67.73%, while Ti was detected at 23.45%. These results
differ considerably from the XRF analysis, which indicated a TiO, content of 97.22% and a
substantially lower carbon composition. The discrepancy between the two techniques can be
attributed to their different analytical principles and detection areas. According to Gavenda and
Gedeon (2022), XRF provides bulk compositional analysis by examining a larger volume of
material and is therefore representative of the overall composition of the sample. In contrast,
EDX primarily analyzes a localized region near the sample surface and is highly dependent on
the selected observation area during SEM characterization.

The high carbon content detected by EDX suggests that activated carbon
predominantly covers the analyzed surface region of the composite. This observation is
consistent with the porous structure and high specific surface area of activated carbon, which
tends to occupy a large proportion of the exposed surface. During SEM-EDX measurements,
the electron beam interacts mainly with the outer layer of the material; consequently, the
detected elemental composition reflects surface characteristics rather than the overall bulk
composition. Therefore, the lower Ti content observed in the EDX spectrum does not indicate
a low TiO, loading in the composite but rather demonstrates that TiO, particles are distributed
within and on the activated carbon matrix, while the analyzed surface area remains dominated
by carbon.(Gavenda, 2022).

4.5.3 Band Gap Energy Determination of TiO;- Activated Carbon Using UV-Vis Diffuse

Reflectance Spectroscopy (UV-DRS)

Characterization of TiO,-AC using UV-Vis DRS was performed to evaluate the optical
properties of the composite. In particular, the photocatalyst’s ability to absorb light and
determine the bandgap energy plays a crucial role in photocatalytic systems. These optical
properties play a vital role in the photocatalysis process because only photons with energy
equal to or greater than the bandgap can excite electrons from the valence band to the
conduction band, thereby generating electron-hole pairs (e™-h*) that subsequently participate

in the degradation reaction of dyes (Zaaboul et al., 2024).
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determination.

Figure 4.5 illustrates the optical properties of TiO,. The graph on the right shows the
relationship between % reflectance and wavelength, indicating that TiO, and TiO,-AC
materials exhibit different light absorption characteristics in the 200—800 nm range. Pure
anatase TiO, exhibits low reflectance absorption at wavelengths below 400 nm, then begins
to rise sharply at 326.99 nm. This indicates that the optimal absorption edge for electron
excitation in TiO;, lies below 326.99 nm, with decreasing effectiveness at longer wavelengths.
In TiO,-AC, the absorption edge shifts slightly to 325.340 nm. This shift is not very significant
and remains within the same range as that of anatase TiO,. Both TiO, and TiO,-AC exhibit the
same absorption range, namely 200—-400 nm, indicating that electron excitation occurs within
the UV spectrum. Thus, the TiO,-AC photocatalyst will be active under UV irradiation.

The band gap energy was determined using the Kubelka-Munk equation, which relates
the reflectance function to the photon energy. By plotting the Tauc and Kubelka-Munk
equations to determine the band gap values, a band gap curve was obtained as shown in
Figure 4.4 b. The figure shows a decrease in the band gap of TiO, before and after it was
supported by activated carbon. TiO, before synthesis has a band gap of 3.217 eV, whereas
TiO, supported by activated carbon has a band gap of 2.966 eV. This decrease in the band
gap indicates that the energy required to excite electrons from the valence band to the
conduction band is lower, so TiO,-AC has a better ability to absorb light in the lower energy
region and requires less energy to generate electron-hole pairs. The reduction in band gap
may be attributed to the interaction between TiO, and activated carbon, which can modify the
electronic structure of the composite and facilitate charge transfer at the interface. As a result,
the TiO,-AC composite is expected to exhibit enhanced photocatalytic activity due to improved
light absorption and more efficient generation of reactive species during the photocatalytic

process.
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Figure 4. 6 Schematic illustration of oxygen vacancy formation and Ti—O-C interfacial

interaction in TiO,-AC composite

Figure 4.6 illustrates the reduction in the TiO,-AC band gap before and after synthesis,
which can occur due to the formation of oxygen vacancies during the heating process, where
TiO, reacts with the activated carbon surface. When heated, the Ti-O bonds weaken and break
(Guan et al., 2023). Under these conditions, some oxygen atoms in the TiO, structure can be
released and react with carbon to form CO or CO,, creating crystal defects in the form of
oxygen vacancies in the crystal lattice. The presence of these oxygen vacancies can create
new energy levels within the band gap, thereby reducing the energy required to excite
electrons from the valence band to the conduction band. Additionally, the interaction between
TiO, and activated carbon enables the formation of Ti-O—C bonds and surface interactions,
which can also influence changes in the energy band structure (Zheng et al., 2022). This
enhances visible-light absorption by lowering the excitation energy required for the electron
transition. Furthermore, incorporating activated carbon can improve the dispersion of TiO,
particles on the composite surface, thereby promoting more uniform light exposure. The
porous structure of activated carbon may also enhance light harvesting by providing a larger
interfacial area between the photocatalyst and the surrounding medium. These characteristics

are commonly reported as beneficial factors in TiO,-based composite photocatalysts.

45 Analysis of TiOz-Activated Carbon Functional Groups Using Attenuated Total

Reflectance—Fourier Transform Infrared (ATR-FTIR)

The analysis of composites using ATR-FTIR is intended to identify and evaluate the
functional groups present in activated carbon, TiO,, and TiO,-AC. Additionally, the ATR-FTIR
instrument is used to investigate the stretching-bending interactions at the surface of each
sample. This analysis is important for understanding the interactions and changes in functional

groups on the composite surface following impregnation synthesis.
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Figure 4. 7 ATR-FTIR spectra of activated carbon, TiO,, and TiO»-activated carbon composite.

Figure 4.7 shows a comparison of the absorption spectra of activated carbon, TiO2 and
TiO,-AC. In these spectra, the activated carbon absorption shows several peaks at 3163,
1697, 1577, and 1155. Meanwhile, in TiO,, absorption was detected only at 425, whereas in
TiO,-AC, two absorption peaks were observed at 1588 and 420. The FTIR analysis results
indicate that several absorption peaks persist in the TiO,-AC composite after synthesis,
namely the C=C absorption band around 3337 cm™ and the Ti-O fingerprint band around 400
cm™.

The FTIR spectrum of the TiO,-AC composite does not show all the characteristic
absorption bands of activated carbon and TiO, with the same intensity, even though the initial
composition ratio was 1:1. This may occur because FTIR analysis reflects the vibrational
behavior and chemical environment around functional groups, rather than the actual mass
composition of the material. TiO, remains highly intense after composite formation, indicating
that Ti—O vibrations still dominate in the TiO,-AC system (Shaban et al., 2018). Metal oxide
modification can cause shifts and changes in FTIR peak intensity due to interactions at the
material interface (Lestari et al., 2026). A’srai et al. (2023) also explain that the decrease in
peak intensity in composite photocatalysts can be attributed to chemical interactions occurring
during nanocomposite synthesis. Therefore, the weakening or disappearance of some
activated carbon absorption bands in this study suggest related to thermal treatment and
interfacial interactions between TiO, and activated carbon during the composite formation

process.
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Table 4. 5 ATR-FTIR band assignments of activated carbon, TiO,, and TiO,-activated carbon.

Sample \(/(\:/ranv_?)number (F;l:cr)]l(jgonal Vibration Type
3163 O-H Stretching
1697 C=0 Stretching
Activated 1577 C=C (aromatic)  Stretching
Carbon (KA) 1155 c-O Stretching
875 C—H (aromatic)  Bending
745 C-H (aromatic)  Bending
TiO 3337 O-H Stretching
2 420 Ti-O Stretching
TiO,-KA 1588 C=C (aromatic)  Stretching
Composite 427 Ti—O Stretching

Table 4.5 compares functional groups and their interactions in activated carbon, TiO,,
and TiO2-AC. In activated carbon, numerous distinct absorption peaks are observed, primarily
those indicating interactions between carbon, oxygen, and hydrogen. The 3163 cm™
absorption peak in activated carbon represents the stretching interaction of the O-H group on
the activated carbon surface the 1697 cm™ peak indicates C=0O stretching, while the 1577
cm™ peak reflects C=C stretching in aromatic groups, and the 1157 cm™ peak corresponds to
C-0O stretching. Additionally, several carbon-hydrogen interactions were detected at the 875
and 745 cm™ absorption peaks, which correspond to the C—H bending region. The FTIR data
show C-0O and O—H absorption bands in the activated carbon material, indicating that it can
adsorb polar compounds such as RBBR in water (Mendame et al., 2021).

The presence of oxygen-containing functional groups on the activated carbon surface
is important because these groups contribute to the surface chemistry and adsorption
properties of the material. Hydroxyl, carbonyl, and ether groups can act as active sites for
interactions with pollutant molecules through hydrogen bonding, electrostatic attraction, or
other surface interactions. Furthermore, these functional groups may facilitate the anchoring
of TiO, particles during composite synthesis, promoting better contact between activated
carbon and TiO,. Such interactions are advantageous for photocatalytic applications, as they
can enhance pollutant adsorption and improve the accessibility of contaminants to the
photocatalytically active sites.

FTIR analysis revealed the presence of aromatic C=C vibrations, indicating that
activated carbon forms aromatic and graphite-like carbon structures during the carbonization
and activation processes. The decrease in FTIR absorption peaks following carbonization
indicates the formation of aromatic compounds in activated carbon (Handika et al., 2018)).
Aromatic C=C vibrations are also associated with a basic graphite structure consisting of a
conjugated hexagonal carbon layer (Elina et al., 2023). Therefore, the activated carbon
produced in this study has an amorphous carbon structure containing aromatic carbon

domains. Additionally, O—H and C-O functional groups can result in a more polar carbon
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surface (Wibowo et al., 2011). Surface groups containing oxygen also contribute to adsorption
through hydrogen bonding and electrostatic interactions with organic molecules (Muhsinun &
Hidayat, 2025). Therefore, the O—H and C-O functional groups on the activated carbon surface
help adsorb RBBR molecules through surface interactions in aqueous solution.

The FTIR spectrum of TiO, shows a dominant absorption peak at 3337 cm™, which
corresponds to the O—H group stretching vibration on the TiO, surface. This absorption may
occur because TiO, has hydrophilic and hygroscopic properties, allowing it to absorb water
vapor or alcohol from the surrounding environment onto its surface (Parvathiraja et al., 2022).
Besides, TiO, is known to have a high affinity for water molecules due to its high surface
energy, which facilitates interactions between TiO, and water vapor, whether in its pure form
or as a composite (Bermeo et al., 2020). Consequently, hydroxyl groups can form on the TiO,
surface and appear as O—H stretching vibrations in the FTIR spectrum. Furthermore, the Ti—
O fingerprint region is typically observed in the 400-800 cm™ absorption range. In this study,
a weak absorption peak was detected around 420 cm™. cm™, which is associated with the Ti—
O stretching vibration. However, the peak intensity is relatively weak and difficult to detect
clearly by FTIR. This may be related to the limitations of ATR-FTIR in detecting vibrations of
metal oxide semiconductors such as TiO,, as this material has low infrared absorption
characteristics and lacks strong covalent bonds that interact effectively with infrared radiation.
ATR-FTIR also has limitations in analyzing absorption bands near the lower detection range
around 400 cm™ (Komalasari & Sunendar, 2013).

The FTIR results for the synthesized TiO,-AC composite in this study show two distinct,
sharp absorption peaks. The ATR-FTIR spectrum reveals a combination of the C=C absorption
from activated carbon at 1588 cm™ and the fingerprint absorption from the stretching
interaction of the Ti—O bond at the 427 cm™ absorption band, which also serves as the
fingerprint of TiO,. These results indicate that the synthesis of the TiO,-AC composite was
successful because the TiO,-AC spectrum retains the C=C absorption of the activated carbon
while still exhibiting the fingerprint absorption of TiO2 in the 400-500 cm™ region, which
corresponds to the oxygen-metal-oxygen bond (Parvathiraja et al., 2022). The simultaneous
presence of these characteristic absorptions confirms that both TiO, and activated carbon
coexist within the synthesized material. Furthermore, the preservation of the characteristic
bands of each component suggests that the interaction between TiO, and activated carbon is
primarily physical in nature, allowing both materials to maintain their fundamental structural
features after the synthesis process. In addition, no significant shift in the major absorption
bands was observed after compaosite formation, indicating that the crystal structure of TiO, and

the carbon framework remained relatively stable during the synthesis process. .
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4.6 Photocatalytic Degradation Performance of Remazol Brilliant Blue R (RBBR) using
UV-Vis Spectrophotometry
4.6.1 Determination of Wavelength and The RBBR Standard Curve
The wavelength was determined by m
easuring the maximum wavelength of a 10 ppm RBBR solution, which was then analyzed
using a UV-Vis spectrophotometer to identify the maximum wavelength of RBBR. Following

the analysis, the wavelength of RBBR was found to be 591 nm.

591.0, 1.607
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Figure 4. 8 Waveleght of RBBR

Figure 4.8 shows that the maximum wavelength of RBBR is 591 nm. This is consistent
with the theory that the wavelength of RBBR lies between 590 and 595 nm (Mattle & Thampi,
2013). Next, a standard curve was prepared for RBBR to determine the R value in the RBBR
sample. The standard curve was prepared by measuring RBBR at concentrations of 20, 40,
60, 80, 100, and 120 ppm.
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Figure 4. 9 The RBBR Standard Curve

Figure 4.9 shows the standard curve for RBBR, with an excellent R value of 0.999. The

closer the R value is to 1, the more valid the data.
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4.6.2 Remediation Test of Remazol Brilliant Blue R with Variations in TiOz-Palm Shell

Activated Carbon Mass

The performance of TiO,-AC photocatalysts for wastewater remediation involves more
than just photocatalytic activity. A 50:50 mixture of TiO, and activated carbon derived from
coconut shells provides adsorption capacity within the TiO,-AC photocatalytic system. In this
study, the reduction in RBBR concentration was attributed to adsorption and photocatalytic
degradation mechanisms under dark and UV-irradiated conditions. Under dark conditions,
TiO, is not activated due to the absence of photon energy. Therefore, the reduction in RBBR
concentration is attributed to adsorption on the activated carbon and the catalyst surface.
Meanwhile, under UV irradiation, the decrease in dye concentration is attributed to the
combined effects of adsorption and photocatalytic degradation on the catalyst surface. Thus,
the contribution of degradation is determined by the difference between total remediation under
UV irradiation and adsorption under dark conditions. Therefore, remediation efficiency
represents the total removal of the dye, comprising both adsorption and photocatalytic
degradation mechanisms. Additionally, the photocatalyst mass ratio is used to assess the
increase in active sites and to optimize photocatalytic performance. The optimum photocatalyst
dose was determined by varying the catalyst mass to 10, 20, 30, 40, and 50 mg in 25 mL of
RBBR solution.
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Figure 4. 10

The effect of variations in the mass of TiO,-activated carbon photocatalyst on
the adsorption efficiency, photodegradation, and visual changes of Remazol

Brilliant Blue R solution.

Figure 4.10 illustrates the different adsorption and photodegradation mechanisms in the
TiO,-AC system, indicating that catalyst loading significantly influences the dominant
degradation pathway. The improvement in adsorption performance at higher TiO,-AC mass

ratios is primarily due to the increased availability of active adsorption sites on the activated
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carbon. The porous structure of activated carbon promotes the accumulation of RBBR
molecules near the photocatalytic surface, thereby enhancing the interaction between the dye
molecules and the active sites of TiO,. This behavior indicates that activated carbon functions
not only as an adsorbent but also as a support material that facilitates the transfer of pollutants
to the photocatalytic center. Similar findings were reported by Foroutan et al. (2021), in which
an increased adsorbent dose enhanced dye absorption due to a larger surface area and a
greater number of active binding sites. On the other hand, the photodegradation mechanism
indicates an optimal catalyst loading of 30 mg. At lower catalyst dosages, an increase in the
TiO,-AC mass enhances photon absorption and promotes the formation of electron-hole pairs
and reactive oxidative species under UV irradiation. Furthermore, the synergistic interaction
between adsorption and photocatalysis contributes to more efficient degradation because the
adsorbed dye molecules are positioned closer to the reactive sites of TiO, (Alghamdi et al.,
2022).

However, catalyst overloading reduces photocatalytic efficiency due to particle
agglomeration and limited light penetration in the suspension. At higher catalyst
concentrations, TiO,-AC particles tend to overlap and shield one another, thereby reducing the
amount of UV light reaching the active sites. This shielding effect inhibits the formation of
electron-hole pairs and reduces the generation of reactive oxidative species responsible for
dye degradation. Furthermore, overloading catalyst concentration increases turbidity and
promotes light scattering, causing a portion of the incident UV irradiation to be reflected rather
than absorbed by the photocatalyst surface (Safni et al., 2024). Consequently, photocatalytic
activity decreases at catalyst doses above the optimal conditions.

The combined adsorption and photodegradation mechanism of the TiO,-AC
photocatalyst demonstrates effective remediation performance for RBBR wastewater. Under
optimal conditions of 30 mg of catalyst in 25 mL of solution (1.2 g-L), the system achieves the
highest overall remediation efficiency, indicating a balanced contribution between adsorption

capacity and photocatalytic activity.

4.6.3 Evaluation of Remazol Brilliant Blue R Degradation Efficiency at Varying RBBR

Concentrations and Optimal TiO,-Activated Carbon Mass

A variation test of the initial concentration of RBBR dye was conducted to evaluate the
degradation performance of the TiO,-AC photocatalyst at progressively increasing dye
concentrations and to determine the optimum concentration for the degradation system. In this
study, the decrease in RBBR concentration was evaluated under dark and UV irradiated
conditions. Under dark conditions, the reduction in concentration suggested a contribution from
adsorption, whereas under UV irradiation, the decrease indicated the combined effects of
adsorption and photocatalytic degradation. Therefore, remediation efficiency represents the

total dye removal, whereas the degradation contribution was determined from the difference
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between total remediation and adsorption. The evaluation was performed using the optimum
TiO,-AC mass of 30 mg with initial RBBR concentrations of 10, 20, 30, 40, and 50 ppm.
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Figure 4.11 The Effect of Initial Remazol Brilliant Blue R Concentration on Adsorption
Efficiency, Photodegradation, and Remediation Using TiO,-Activated Carbon
Photocatalysts.

Figure 4.11 illustrates contrasting behavior between the adsorption and
photodegradation mechanisms as the initial RBBR concentration increases. Adsorption
performance increases with increasing dye concentration, indicating that a higher
concentration gradient enhances mass transfer from the solution to the activated carbon
surface. This condition increases the probability of interaction between RBBR molecules and
available adsorption sites on the porous TiO,-AC structure. Similar behavior has been reported
in activated carbon adsorption systems, where higher adsorbate concentrations provide a
stronger driving force for adsorption until the surface is saturated (R4p6 & Tonk, 2021).

In contrast, photocatalytic degradation efficiency decreases significantly with
increasing initial dye concentration, dropping from approximately 90% at 10 ppm to below 50%
at 50 ppm. This behavior indicates that excessive dye concentration limits UV penetration into
the solution, as suggested by the increasingly intense color of the RBBR solution. The resulting
decrease in the number of photons reaching the TiO, surface reduces photoactivation and
inhibits the formation of electron-hole pairs (e™-h*) capable of generating reactive oxidative
species. Additionally, the accumulation of dye molecules on the catalyst surface can block
active sites on TiO,-AC and reduce photocatalytic performance. This phenomenon is generally
referred to as the shielding effect, in which high concentrations of the dye solution absorb or

scatter incoming UV light before it reaches the catalyst surface (Bekele & Alamnie, 2025).
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4.7 Comparison of RBBR Removal Efficiency Using TiO», Activated Carbon, and TiO,-
Activated Carbon at Optimum Conditions under Light and Dark Conditions

A comparison of dye degradation by RBBR, TiO,, activated carbon, and TiO,-AC was
conducted to evaluate the performance and effectiveness of each system under dark and UV
conditions. This treatment was performed to distinguish the contributions of adsorption and
photodegradation mechanisms in the removal of Remazol Brilliant Blue R dye. For the TiO,-
AC composite, the evaluation was conducted under optimal conditions obtained from previous
experiments, namely a catalyst mass of 30 mg and an initial RBBR concentration of 10 ppm.
In this study, adsorption efficiency refers to the decrease in RBBR concentration under dark
conditions (non-irradiation), whereas remediation efficiency represents the total removal of the
dye under UV irradiation, including contributions from adsorption and photocatalytic
degradation. Meanwhile, degradation efficiency represents the photocatalytic process's
contribution under UV light. All efficiencies were calculated separately from triplicate

experimental data for each treatment condition.
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Figure 4. 12 Comparison of RBBR Degradation Effectiveness by Various Systems

Figure 4.12 illustrates a significant difference among the four samples under both
irradiated and non-irradiated conditions. The TiO,-AC composite exhibits superior
effectiveness compared to the other samples. The enhanced performance of TiO,-AC is
attributed to the synergistic interaction between adsorption and photocatalytic degradation,
whereby the porous active sites of activated carbon facilitate the accumulation of RBBR
molecules around TiO, active sites, thereby improving photocatalytic efficiency (Alghamdi et
al., 2022). In addition to the role of activated carbon, the relatively high SiO, content detected

after activation also indirectly suggests an effect on the remediation performance of the TiO,-
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AC composite. Silica containing materials are known to influence the textural properties and
surface characteristics of supported TiO, photocatalysts, potentially enhancing particle
dispersion and pollutant interactions on the catalyst surface (L6pez-Mufioz et al., 2005).
However, despite its possible contribution to surface and adsorption properties, SiO, is not
considered the primary active phase in the photocatalytic process due to its low concentration
in TiO.-AC, as indicated by the XRF analysis results in Table 4.3, since the degradation
mechanism is predominantly governed by TiO, through electron—hole generation and reactive
oxidative species formation. Although TiO,-AC contains adsorption active sites from activated
carbon, its adsorption capacity remained lower than that of pure activated carbon due to partial
pore blockage by TiO, particles, thereby reducing its adsorption effectiveness (Ghamarpoor et
al., 2024).

In addition, analyses of adsorption and degradation capacities are necessary to
determine the effectiveness and dominant mechanisms of RBBR remediation using the TiO,-
AC catalyst. The adsorption capacity of the TiO,-AC composite catalyst is relatively low, at
approximately 0.430 mg-g, indicating that adsorption’'s contribution to dye removal is not
particularly significant. This is consistent with the partial blocking of the pores of activated
carbon by TiO, particles, which reduces the number of available adsorption sites.
Nevertheless, a low adsorption capacity does not necessarily indicate suboptimal system
performance; in this system, adsorption primarily serves as an initial step, facilitating the
accumulation of RBBR molecules around the photocatalyst’'s active sites.

Another aspect observed in Figure 4.12 is the comparison between the TiO,-AC
composite and pure TiO, at proportional catalyst masses. Since the TiO,-AC composite was
synthesized using a 1:1 mass ratio, the optimum dosage of 30 mg TiO,-AC theoretically
contains approximately 15 mg TiO, and 15 mg activated carbon. Therefore, comparison with
15 mg pure TiO, is necessary to evaluate whether the enhanced remediation performance
was solely related to TiO, content or influenced by composite interactions. The TiO,-AC
composite exhibited higher remediation efficiency than 15 mg pure TiO,, although containing
a comparable TiO, fraction, indicating that activated carbon contributed not only as a support
material but also as a component that enhanced photocatalytic performance.

This increase in activity indicates that the addition of activated carbon has enhanced
TiO, efficiency in the composite system. A similar behavior was reported by Mondol et al.
(2021), where AC-TiO, nanohybrids exhibited higher photocatalytic performance compared to
pure TiO, due to synergistic interactions between adsorption and photocatalysis. Furthermore,
Yue et al. (2024) reported that activated carbon can increase the local concentration of dye
molecules around the TiO, surface, thereby promoting more effective photocatalytic
degradation. These findings suggest that the superior performance of TiO,-AC is not only due
to the amount of catalyst but also to the enhanced interfacial interactions provided by the

composite structure.
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On the other hand, the degradation capacity (q deg) is much higher, at approximately

7.730 mg-g, indicating that the photocatalytic process is the primary mechanism for dye
removal. Under irradiation conditions, TiO, is capable of generating electron hole pairs (e™-h"),
which subsequently form reactive species such as hydroxyl radicals (*OH) that play a role in
degrading dye molecules. Overall, the remediation capacity of TiO,-AC is approximately 8.160,
based on the combined adsorption and degradation capabilities. A significant difference
between the g (ads) and q (deg) values confirms that the process occurring is not merely
adsorption but is dominated by degradation reactions that proceed continuously on the
photocatalyst surface (Alghamdi et al., 2022).

4.8 Reusability Performance of TiO2 and TiO,-AC Photocatalyst

The reusability of TiO,-AC and TiO, photocatalysts was evaluated under optimal operating
conditions to assess their stability during repeated use. Reusability testing was conducted to
determine the practical applications and operational sustainability of photocatalytic materials
for wastewater treatment. After each cycle, the photocatalysts were separated, washed, dried,
and reused for the subsequent remediation process. The remediation efficiency achieved in

each reuse cycle is shown in Figure 4.13.
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Figure 4.13 Reusability Performance of TiO,-AC Photocatalyst

Figure 4.13 illustrates that the TiO,-AC photocatalyst exhibits a decline in remediation
efficiency during successive reuse cycles, indicating a partial loss of photocatalytic activity after
prolonged operation. The decline in performance becomes more significant after the second
cycle, indicating that progressive catalyst deactivation affects the remediation process during
consecutive reuse. However, the photocatalyst still retains measurable remediation capacity
after the fourth cycle, indicating that the TiO,-AC composite remains partially active under

repeated operational conditions.
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Figure 4.14 Reusability Performance of TiO, Photocatalyst

Figure 4.14 illustrates a significant decrease in the photocatalytic activity of pure TiO, after
the first reuse cycle. This decrease is suggested to be related to the loss of a significant portion
of the photocatalyst during the recovery process. Due to their fine particle size and high
dispersibility in agueous media, some TiO- particles were likely lost during the separation and
washing steps, despite repeated centrifugation to recover the catalyst from the RBBR solution.
The resulting reduction in catalyst mass decreased the number of active sites available for
photocatalytic reactions, leading to a drastic drop in degradation efficiency during the second
cycle. A similar phenomenon was reported by Mukonza et al. (2022), who observed that the
degradation efficiency of pure TiO, decreased from 64.6% in the first cycle to 31.2%, which
they attributed to a 39.2% loss of photocatalyst mass during recovery. They stated that pure
TiO, exhibits low recovery capability due to its high dispersibility in agueous solutions. This
observation is also supported by Usman et al. (2026), who reported that the large-scale
application of conventional TiO, nanoparticles is often hindered by poor and limited recovery
capability. Aggregation, surface contamination, dissolution of active species, and structural
degradation during repeated use can contribute to the progressive loss of photocatalytic
performance. Due to the severe decline in activity observed during the second cycle and the
insufficient amount of recovered catalyst for further applications, the reusability test of pure
TiO, was terminated after the second cycle.

Based on Figure 4.13 and Figure 4.14, it can be seen that the reusability performance of
TiO,-AC is far superior to that of pure TiO,. Based on the results obtained, TiO,-AC retained
approximately 83.4% of its initial activity after the second cycle, whereas pure TiO, retained
only about 6.9% of its initial efficiency after reuse. Even after four cycles, the TiO,-AC
composite retained approximately 37.7% of its original activity, demonstrating significantly
greater durability than pure TiO,. The smaller loss of activity observed in TiO,-AC indicates

that incorporating activated carbon significantly helps maintain photocatalytic function during
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repeated use. Similar improvements in stability for TiO,-carbon-based composites have been
reported in previous studies, where carbon supports were found to enhance the catalyst’s
resistance to deactivation and photocorrosion during cyclic operation

The decrease in remediation efficiency following repeated use indicates the gradual
deactivation of the photocatalyst during prolonged operation. The observed decrease in activity
suggest be related to the accumulation of degradation intermediates on the catalyst surface,
which can block active sites and reduce photocatalytic activity. Additionally, repeated recovery
and washing processes may lead to partial catalyst loss and particle agglomeration, thereby
reducing the effective surface area exposed to UV radiation. A similar decline in recycling
performance has been reported for TiO, based composite photocatalysts due to catalyst
fouling, surface deactivation, and reduced light accessibility after repeated usage cycles.
Farghaly et al. (2024) also reported that repeated photocatalytic cycles can reduce degradation
efficiency due to the gradual deactivation of TiO, active sites and limited regeneration.

Another factor contributing to the TiO,-AC composite’s superior reusability is the role of

activated carbon as a support. The presence of activated carbon helps disperse TiO, particles
more effectively, thereby reducing particle agglomeration and minimizing catalyst loss during
the separation process following the reaction. Compared to pure TiO, nanopatrticles, which are
extremely small and difficult to separate from solution, as shown by the XRD results in Table
4.2, the TiO, -AC composite has a larger particle size, making it easier to recover via standard

filtration or sedimentation. This separation offers a significant advantage in wastewater
treatment by reducing material loss, simplifying operational processes, and lowering treatment
costs. Furthermore, the use of activated carbon derived from oil palm shells offers economic

value and environmental benefits by utilizing biomass waste as the raw material.

4.9 Islamic Value Foundations in the Development of Environmental Technology

The development of TiO,-activated carbon photocatalyst technology for wastewater
remediation is a significant step toward protecting the environment, particularly aquatic
ecosystems such as rivers, lakes, and oceans. Persistent dye wastes like RBBR, which are
resistant to natural degradation, pose a substantial threat by contaminating water bodies and
disrupting aquatic ecosystems, thereby endangering nearby plants, animals, and human
populations. Within Islamic teachings, causing environmental harm is explicitly prohibited, as
articulated in Surah al Qasas [28]:77.
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Meaning: “And seek, through what Allah has given you, the home of the Hereafter; but do not

forget your share of the world. And do good as Allah has done good to you, and do not cause
corruption on the earth. Indeed, Allah does not like those who cause corruption.”
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According to Tafsir Ibnu Katsir, this verse underscores the prohibition against causing
harm on earth, encompassing both social and environmental destruction. lbnu Katsir interprets
'‘damage' as actions that harm others, including injustice, oppression, and environmental
degradation (Ramadhan, 2019). The consequences of dye waste pollution extend beyond
water quality deterioration, threatening the sustainability of organisms within the ecosystem.

Consistent with this perspective, Surah al Bagarah [2]:205 further addresses this issue:
sl E4 YV i gaadiy S SUEs s Al o & e 15 15l

Meaning: “When he turns away, he strives throughout the land to cause corruption therein and
destroy crops and livestock. Allah does not like corruption.”

Ibnu Katsir explains in his book Tafsir Ibnu Katsir, volume 2, that corruption on earth is a
result of human actions themselves (in Hatami, 2025). The hypocrites in this verse are those
who continuously commit destructive acts on earth and deliberately destroy crops. This
includes fields, fruits, and livestock, which are essential for human life.

The phrase (Stwﬂ\ & Y ) 5) means that Allah does not like those who cause destruction,
especially those who impact society. Based on its impact, it is clear that people who
intentionally dispose of waste without proper treatment, such as dye waste that can pollute
aquatic ecosystems and kill aquatic organisms, fall into the category of those who cause
destruction. In addition to the Qur'an, the principle of maintaining water quality is also
emphasised in the hadith of the Prophet Muhammad. Hadith Shahih Muslim No. 282 - Kitab
Thaharah
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Meaning: “Shahih Muslim No. 282: Zuhair bin Harb narrated to me; Jarir informed us, from
Hisham, from Ibn Sirin, from Abu Hurairah reported: The Messenger said: ‘None of you should
urinate in stagnant water and then bathe in it.”

Based on the hadith above, it can be understood that the Prophet forbade his people from
urinating in still water, including ponds and bathing places. This indicates that humans must
maintain the quality and cleanliness of water. For a Muslim, water is not only a necessity for
consumption but also a means for purification when performing worship. 'Ma' (+\) is singular,
with plural forms 'amwah' (s! /) and 'miyah’' (s), which mean 'water' and 'liquid substances'.
In the Qur'an, this word appears only in the singular form and not in its plural forms. It is
mentioned 63 times in 41 surahs. If the giyas paradigm is applied in understanding this verse,
it can be concluded that urinating carelessly is prohibited because it can damage or pollute
water, therefore by using giyas awlawi (a ruling in a new case is considered stronger or more

deserving to be equated with the original ruling because the ‘illat is more evident), water
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pollution caused by waste, industrial discharge, marine pollution due to oil spills, and other
pollutants that can damage the environment and water quality would certainly have a stronger
prohibition (Muchlis, 2019).

This principle serves as the foundation of this study, in which dye waste such as RBBR
indicates contamination that must be treated before the water can be reused. This is reinforced
by the views of Islamic scholars regarding Islamic eco-theology, in which the environment is
considered a vital aspect that must be collectively safeguarded and treated with full
responsibility. In a broader context, these values can be understood through an eco-theological
approach, a theological framework that integrates the relationship between God, humanity,
and nature into a unified whole.

Ecotheology in Islam has emerged as a response to the global environmental crisis, which
is viewed not merely as a technical issue but also as a moral and spiritual crisis in humanity’s
perception of nature (Ruswanda, 2025). From this perspective, humans are not positioned as
rulers over nature but rather as stewards entrusted with the responsibility to maintain
environmental balance and sustainability. The concept of eco-theology emphasizes that the
relationship between humans and nature must be grounded in the value of compassion
(rahmabh), and rejects the anthropocentric paradigm that tends to be exploitative toward the
environment. According to Nasaruddin Umar, the relationship between humans and nature
(hablum min al-‘alam) is one in which humans, as stewards, have the duty to maintain the
balance of this relationship. Nasaruddin Umar also asserts that protecting the environment and
preserving nature are part of worship and should be viewed as a divine trust, not merely as
social activities (Ruswanda, 2025). Furthermore, in contemporary Islamic eco-theological
studies, the 2023 MUI fatwa on eco-theology affirms that environmental stewardship is viewed
as part of worship and a manifestation of faith, one that is not merely normative but must be
realized through concrete actions, such as the wise management of resources and the
adoption of sustainable lifestyles (Igbal, 2025). Thus, eco-theology functions not only as a
theological foundation but also as an ethical and practical framework for promoting solutions
to environmental problems.

This view is further strengthened by the opinions of modern scholars regarding pollution
and environmental preservation. In the modern context, water pollution does not only come
from simple impurities but also from industrial waste, which has more complex and widespread
impacts. Therefore, contemporary scholars provide more specific legal rulings on
environmental pollution practices. As stated in the MUI fatwa (latest at the 11th National
Conference in 2025), disposing of waste, especially plastic and hazardous waste, into rivers,
lakes, and seas is haram. This action is considered to damage ecosystems and betray the
mandate of stewardship in preserving the earth (Nuh & Husni, 2025).

Based on the explanation above, the development of photocatalytic technology in this

study not only has scientific value in reducing water pollution levels but is also in line with the
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objectives of Islamic law (maqé&sid al-syari‘ah). The treatment of dye waste, such as Remazol
Brilliant Blue R (RBBR), contributes to preserving life (hifz al-nafs) because it can prevent
diseases and health impacts due to polluted environments. In addition, proper waste
management also supports preserving wealth (hifz al-mal) through the conservation of water
resources and the prevention of economic losses due to environmental damage. This effort is
also related to preserving lineage (hifz al-nasl), namely by ensuring that future generations can
still enjoy a clean and liveable environment. Thus, the application of photocatalytic technology
is not only a technical solution in environmental chemistry but also a form of implementation

of Islamic values in maintaining the sustainability of life (Ramadhan, 2019).



CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
Based on the results and discussion of this study, the following conclusions can be drawn as
follows:

1. The TiO,-activated carbon photocatalyst derived from oil palm shells was successfully
synthesized and characterized. XRD analysis confirmed the presence of the anatase
phase, with a main peak at 20 = 25.43°, and no evidence of rutile or brookite phases.
XRF analysis indicated a TiO, content of 97.22%, while EDX revealed the presence of
C (67.73%), Ti (23.45%), and O (8.81%), confirming the successful formation of the
composite. FTIR spectra identified aromatic C=C groups at 1588 cm™ and Ti—O bonds
at 427 cm™, indicating the coexistence of adsorption and photocatalytic functionalities.
UV-Vis DRS analysis showed a reduction in band gap energy from 3.19 eV to 2.89 eV,
demonstrating enhanced light absorption and electron excitation capability.

2. The optimum mass of the TiO,-activated carbon photocatalyst was found to be 30 mg
in 25 mL of solution, achieving a degradation efficiency of 86.07% and a total
remediation efficiency of 87.524%.

3. The optimum initial concentration of RBBR was 10 ppm, which resulted in the highest
degradation efficiency of 91.47%.

5.2 Recommendations

Further research is recommended to conduct a more detailed evaluation of the
adsorption isotherms and reaction kinetics in the photocatalytic system, as well as to
comprehensively compare them with the performance of activated carbon as a single
adsorbent. Additionally, the use of more effective synthesis methods, such as sonication,
should be considered to improve the dispersion of TiO, particles on the surface of activated
carbon, thereby ensuring a more uniform distribution of the active phase. Further analysis
using instruments such as LC-MS is also necessary to identify degradation products and
confirm that the molecular structure of the dye has been broken down into simpler compounds.

Further material development can be achieved through the optimization of the activated
carbon activation process using a combination of acid and base activation to improve impurity
removal, particularly silica, which is less soluble under acidic conditions. Additionally,
modifying the photocatalyst through the use of a bimetallic system is recommended to evaluate
the potential for increased photocatalytic activity compared to a monometallic TiO, system,

thereby yielding a material with more optimal performance.
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Appendix 1 Research Design

Preparation and activation of oil palm shell carbon

Test of carbon content bound to palm shell activated carbon (KATKS)

Synthesis of TiO,-Activated Carbon

Characterization of TiO,-KATKS with XRD, XRF and UV-DRs

Determination of the maximum wavelength of Remazol Brilliant
Blue R (RBBR)

Preparation of the standard curve for Remazol Brilliant Blue R

Making Remazol Brilliant Blue R (RBBR) stock solution

RBBR photodegradation activity test

Determination of the optimum Determination of the optimum

concentration of TiO, in TiO,- mass of TiO,-AC for RBBR
AC for RBBR photodegradation
photodegradation

RBBR photodegradation
effectiveness test
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Appendix 2 Research Flowchart

L.2.1 Preparation and Activation of Carbon from Palm Qil Shells

Palm oil shell

— Clean the oil palm shells of any remaining fibers and pulp.
— Weigh 1 kg.

— Grind the oil palm shells.

— Heat in an oven at 110°C for 1 hour.

— Calcined at 500°C in a crucible for 3 hours.

— Cool the hot carbon in a desiccator.

— Sifted to a patrticle size of 200 mesh.

— Soaked in 1M HCI chemical activator for 4 hours.

— Separated from the activator solution by filtering.

Sediment Filtrat

— Washed with distilled water
— Dried by heating at 350°C for 1 hour

Results

L.2.2 Palm Shell Activated Carbon Water Content Test

Palm shell activated carbon

-Weigh1lg
— Place in a crucible of known mass
— Dry in an oven at 110°C until a constant mass is obtained

— Cool in a desiccator to room temperature

— Weigh the mass of the crucible and the palm shell activated carbon

Results
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L.2.3 Test for Volatile Substance Contents of Palm Shell Activated Carbon

Palm shell activated carbon

— Weigh the palm shell activated carbon that has been tested for moisture content
— Heat it in a 900°C furnace for 15 minutes

— Cool it in a desiccator to room temperature

— Weigh the mass of the crucible and the palm shell activated carbon

Results

L.2.4 Palm Oil Shell Activated Carbon Ash Content Test

Palm shell activated carbon

— Weigh the palm shell activated carbon that has been tested for moisture and volatile
matter content.

— Incinerate in a furnace at 900°C for 4 hours.

— Cool in a desiccator to room temperature.

— Weigh the mass of the crucible and the ash of the palm shell activated carbon formed.

Results

L.2. 5 Test of Bound Carbon Content of Palm Oil Shell Activated Carbon

Palm shell activated carbon

— Calculate the difference between the results of the process of reducing water content,

volatile matter content, and total ash content.

Results
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L.2.6 Synthesis of TiO2-Palm Shell Activated Carbon Using the Impregnation Method

TiO2 and Palm shell activated carbon

— Weighed palm shell activated carbon and TiO, with a mass ratio of 50:50 (w-w).

— Mixed both ingredients in a solvent mixture of distilled water and 96% ethanol (2:1).
— Stirred using a stirrer for 2 hours until a homogeneous suspension formed.

— Disshaken at 200 rpm for 24 hours at room temperature.

— Filtered the stirred mixture to separate the solids from the solvent.

Sediment Filtrat

— Placed in an oven at 90°C for 4 hours
— Heated in a furnace at 300°C for 3 hours

— Cooled in a desiccator to room temperature

Results= TiO,-Activated Carbon (TiO2-AC)

L.2.7 Identification of the Crystal Structure of TiO2 Photocatalyst-Palm Shell Activated
Carbon Using X-Ray Diffraction (XRD)

TiO2- AC

- The sample to be characterized is ground into a fine powder
- Placed on a slide

- Placed in a sample holder

- Irradiated with X-rays

- Compare the diffractogram results obtained with the standard for TiO;

Results
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L.2.8 Identification of the Elemental Composition of TiO, Photocatalyst-Palm Shell

Activated Carbon Using X-Ray Fluorescence (XRF)

TiO2-AC

— A photocatalyst sample was prepared in the form of a fine powder.

— The powder sample was placed in the sample holder of the XRF instrument.

— The sample was irradiated with X-rays to strike the electrons of the constituent atomic
nuclei.

— The fluorescence emission emitted by the atoms in the sample was detected.

— The sample was tested with a 1200-volt voltage source using Cu radiation at a voltage
of 40 kV and a current of 25 mA.

— The fluorescence spectrum was obtained, which was analyzed to determine the

percentage of the constituent elements of the material.

Results

L.2.9 Identification of the Elemental Composition of TiO,-Palm Shell Activated Carbon
Photocatalyst Using UV-Vis DRS

TiO2-AC

— Prepare a photocatalyst sample in the form of a fine powder

— Place the sample in the sample holder of the UV-Vis DRS instrument

— Measure the reflectance of the sample in the wavelength range of 200—800 nm

— Transform the reflectance data using the Kubelka-Munk equation

— Plot the transformed data onto a Tauc plot [F(R)-hv]n[F(R)-hv]*n[F(R)-hv]n against the
photon energy (hv)

— Determine the band gap energy value from the intersection of the linear curve with

the photon energy axis

Results
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L.2.10 Photodegradation of Remazol Brilliant Blue R with Variations in Remazol Brilliant

Blue R Solution Concentration

Remazol Brilliant Blue R Solution

— Remazol Brilliant Blue R solution was taken with varying initial concentrations of 10,
20, 30, 40, and 50 ppm into a test tube.

— TiO,-AC photocatalyst with an optimum mass of 0.1 g was added.

— The solution mixture was placed in a photoreactor and irradiated with UV light for 120

minutes.

— The degradation solution was filtered and centrifuged for 20 minutes.

Filtrat Supernatan

— The absorbance was measured using a UV-Vis Spectrophotometer at its maximum

wavelength

— Performed in triplicate

Results

L.2.10 Photodegradation of Remazol Brilliant Blue R with Variation of TiO2-Activated
Carbon Mass

TiO2-AC

— Take 25 mL of Remazol Brilliant Blue R 10 ppm solution

— Place in 5 different test tubes

— Add TiO»-AC photocatalyst with varying masses of 0.05g,0.1g,0.29,0.3g,and 0.4 g
— Place the solution mixture into a photoreactor and irradiate it with UV light for 120
minutes

— Filter and centrifuge the degradation solution for 20 minutes

Filtrat Supernatan

— The absorbance was measured using a UV-Vis Spectrophotometer at its maximum
wavelength

- Performed in triplicate

Results
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L.2.11 Effectiveness Test Against Degradation of Remazol Brilliant Blue R with
Optimum Composition and Mass

TiO2-AC, RBBR, TiO,, Activated Carbon

O

O

beaker.

— A 25 mL solution of Remazol Brilliant Blue R 10 ppm was taken into a 100 mL glass

— The effectiveness was tested with 5 variations of sample conditions, namely:

The RBBR solution was irradiated with UV light for 120 minutes (control)

The RBBR solution was supplemented with TiO: (optimum mass 0.1 g) and
irradiated with UV light for 120 minutes

The RBBR solution was supplemented with activated carbon (0.1 g) and
irradiated with UV light for 120 minutes

The RBBR solution was supplemented with TiO>-AC photocatalyst (optimum
mass 0.03 g; optimum concentration 10 ppm) and irradiated with UV light for 120

minutes

— Place all beakers into the photoreactor
— Irradiate with UV light according to the treatment variations for 120 minutes

— Filter and centrifuge the photodegradation solution for 20 minutes

Filtrat

Supernatan

— The absorbance was measured using a UV-Vis Spectrophotometer at the maximum
wavelength (Amax) of RBBR
— Performed in triplicate to obtain valid results

— Performed in triplicate

Results
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Appendix 3 Calculation of Raw Material Solution Preparation

L.3.1 Preparation of 1 M HCI Solution.

The commercial HCI concentration is known to be 37% w-w
Molecular Weight of HCI: 36.46 g-mol

p HCI: 1,18 g-ml

M .10 x % konsentration x density

Molecular Weight

. 10x37%x 1,18 g—ml

M :
Berat 36,46 g—mol

=12M

Preparation of 100 ml of 1 M HCI

Given:

M1=12 M2=1
V1=? V2=100 ml
M1.V1=M2.V2

12.X=1.100

X= 1x100 _ 8.3 ml

12

L.3.2 Preparation of RBBR Stock Solution (100 ppm, 250 mL)
Given:

Concentration of RBBR = 100 ppm = 100 mg-L

Volume (V) =250 mL =0.25 L

Using the formula:

Concentration = Mass - Volume (mg-L)

Mass = Concentration x Volume

Mass = 100 mg-L x 0.25 L

Mass =25 m

L.3.3 Preparation of RBBR Standard Solutions (10, 20, 30, 40, and 50 ppm)
L.3.3.1 Standard Solution 10 ppm

M;V: = M,yV,

100 ppm x V; =10 ppm x 100 mL

V;=10mL

L.3.3.2 Standard Solution 20 ppm
M;V: =MV,

100 ppm x V; = 20 ppm x 100 mL
V,:=20mL



L.3.3.3 Standard Solution 30 ppm
M;Vi = MV,

100 ppm x V; = 30 ppm x 100 mL
V;=30mL

L.3.3.4 Standard Solution 40 ppm
M;Vi = MV,

100 ppm x V1 =40 ppm x 100 mL
V,; =40 mL

L.3.3.5 Standard Solution 50 ppm
M;Vi = MV,

100 ppm x V; =50 ppm x 100 mL
V,; =50 mL

L.3.4 Preparation of RBBR Solution (10 ppm, 100 mL)

M1V1 = Msz
100 ppm x V; =10 ppm x 100 mL
V; =10 mL

81
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Appendix 4 Raw Research Data

L.4.1 XRD

A. XRD Karbon Aktif

Peak List

General information

Anzly=is date 2028001022 233528
Sample name

File name Karbon Akdif ras
Cornment

Measurament dats 202601/22 23:21:51
Dparator adminiztrator

Peak list

Mo.  Z-thets{degl  d{sng.) Height{zp=)} Int licps d=g)  Int. Wideg) Asym. factor
i 22.80(8) 2.881(11) 1501{112) 10.01(8) 17117} 11.3(8) 1.23(3)

2 41.8(3) 2.181(15) BO(2E) 2.11(5) 208138) H3) 1108

3 45.6(6) 1.88(2) 1 0630} BA(10) 1621{158) 156} 0.60(15)

Measurement profile

Mhoas. dafakarbon MEl —

BG dakakarkeon Ak —

A00- i, daftaForteor ARE 0 —

Eror —_

[FRies chal —
w
B
-
H
£
w
[=%
A
]
]
E




B. XRD TiO;

Peak List

Analysis date 2026/01/22 23:18:41

Sample name Measurement date 2026/01/22 22:45:15
File name Ti0O2 anatase.ras Operator administrator
Comment

Mo. 2-theta(deg)  d(ang.) Height(cps EWHNdeg) Int. lcps deg)  Int Wideg) Asym. facter
1 25.414(4) 3.5019(8) 6659(238) 0.236(3) 1989(18) 0.299(13) 1.43011)
2 37.018(6) 2. 4265(4) 523(66) 0AT(3) 136(10) 0.26(5) 0.6(5)

3 37.918(13) 2.3709(8) 1595(115) 0.230{10) 4B7(15) 0.29(3) 1.5(4)

4 38.65(3) 2.3276018) 470(63) 0.23(3) 146(11) 0.31(7) 0.9(5)

5 48.161(9) 1.8579(3) 2440(143) 0.215(8) 708(10) 0.29(2) 1.6(3)

5 54.023(10) 1.6961(3) 1508(112) 0.225{11) 453(9) 0.30(3) 1.5(4)
7 55.192({10) 1.8629(3) 1519(113) 0.225(11) 451(9) 0.30(3) 1.7(3)
[ 62.234(10) 1.4905(2) 310(51) 0.16(2) 70(6) 0.23(6) 1.4(3)

9 62.812(9) 1.47821{19) 1228(101) 0.210{13) 370(9) 0.30(3) 1.4(3)
10 68.851(16) 1.36200(3) 550(63) 0.23(2) 181(6) 0.33(5) 1.5(5)
11 70.405(13) 1.3362(2) 599(71) 0.225(15) 170(6) 0.25(4) 1.3(3)
12 T5.167(11) 1.26295(16)  &77(85) 0.221{12) 283(7) 0.3004) 1.6(4)
13 76.138(18) 1.2492(3) 312(51) 0.13(3) B8(4) 0.22({5) 1.4{10)
14 B80.891(13) 1.16740{15) 65(23) 0.17(5) 12(3) 0.15(12) 58)

15 82.27(2) 1.171003) 7725) 0.20(8) 21(6) 0.25(18) 1.7(10)
16 82.791(15) 1.16490{17)  414(59) 0.23(2) 131(9) 0.32(7) 1.7(10)
17 83.269(18) 1.15943(19)  200{41) 0.22{4) B1(3) 0.31{10) 1.7(10)
18 B87.88(5) 1.1101(5) 38(18) 0.12{9) 7(2) 0.19{15) 5(15)

Measurement profile

Moo=, data-TiD2 anatase —

1.0e+0044
BG data Ti02 anatase —
Calc. data Ti02 anatase —
¥ — —
8.0e+003+ Residual —
B
— B.0e+D03
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@
c
£
—  40e+0034
_ o =)
= 5 7
- =2 = =
20e+003 = T =
== =

E—
-
B
?

0.0e+000

1000

Intensity { cps)
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:
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-10004

T T T T
20 40 i) a0

2 theta {deg)



84

C. XRD TiO>-AC

Peak List

Anabysis dale 20260122 25:18:02

Eampls ramea bsasurament dajes 202600122 F2:55:44
Fila name= Ti2_Kéhoras Operator administralor
Comment

Peak list

1 254335 3 40044 EY BER3 28] 018044, 22318 0257100 2.3(3)

2 3700513 2 4754, G071 015418, 13219} 0234, 0.8(2)

3 A7 .COE Y 2.AMEE 22T13E] O TES 100 525112) 0.24(2) 1.4(3)

4 30 EEE 12 235N TEREDY 0.144{18) 18118} 0.2703) 1.315]

5 48 1495 1 BEARA 18] ARIH 1T [T TE5{10) OMET 133148,
[3] 53,800 188e0219)  2063131) OB 4959) 0.24(2) 1112}

7 55174460 1HELBEE] 2203 135) 018N FETER 0217 1.58(3)

] E2. 20445 1. 458020014 345(54) 018815, THE| 0235} 0.8E{18)
E] G2 VRO 1 ATEEA] 14 1584115 [ FE2E) 02342, 0.85{14)
10 BE.BI21E) 13627 STRIE3) OB 1E) 1588} 0274} 1014}
11 W, B 100 1.3366116)  FA2TH) 01740100 1838 0.233) 1.113)
12 74, 16{4) 127755 [ETExT 0.1EE) 154 02415, 212

13 TEAZTE 1 2635213 1102098) 01774 28918} 0.24(3) 082
14 T8 1517 1.24800 3 A5HI55) 0. 14E(1E) THE 02105} 27019
15 B0.E34) 1. 1BES ) LT 0.239) 144 0.3(2) 12

18 H2.233) 117023 THI2G) 01548} 2T 026017 187}
17 H2. 77414 TAEEI0IT)  4TH(ED) OIET(1E) 123112 0258} 1.8(7)
18 EEIPSTEN] 1160003, 155(38) 0.3119) G514} 043148, 1 8(7)

easuremagt profile

1 =00

ety o

raarEiy o

PMenra chal s N0 MR
(= e
Dl chal TS MR
Emx

Pl chosal

[

..
—

'E'-'I.?""r-
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L.4.2 XRF
Sample ident
XRF 36
S O O O O O N
Application | <Standardless>
Sequence | 1 of 1
Measurement time | 27-jan-2026 10:08:29
Position | 3
Compound | SiO2 | P205 K20 Ca0o TiO2 | Cr203 | MnO | Fe203 | NiO CuO ZnO | Yb203
Conc 51 7.9 25 9,61 0,58 0,56 0,44 20,4 0,6 2,0 0,3 1
Unit % % % % % % % % % % % %
Compound | Re207
Conc 3

Unit

%

85
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27-jan-2026 10:58:41

Sample results Page 1
Sample ident
XRF 35
T R RN —— ‘ — ‘ 7 7
Application | <Standardless>
Sequence | 10f1
Measurement time | 27-jan-2026 10:06:28
Position | 2
Compound | Si02 | P205 | K20 Ca0 TiO2 | Cr203 | MnO | Fe203 | NiO CuO | Yb203 | Au
Conc 18 52 32,6 22,8 0,35 0,39 0,61 17,4 0,3 0,89 0,6 1.1
Unit % % % % % % % % % % % %




27-jan-2026 10:58:28

Sample results

Sample ident
XRF 34
T g — ‘ 7 g ‘ —F
Application | <Standardless>
Sequence | 10of1
Measurement time | 27-jan-2026 09:56:23
Position | 12
Compound | Si02 | P205 | K20 Ca0O TiO2 | Fe203 | Ta205 | WO3 | OsO4 | PtO2
Conc 0,7 0,30 0,13 0,21 9722 | 0,23 0,1 0,26 0,75 0,1
Unit % % % % % % % % % %

87

Page 1



cps/channel
1088 1208 1460 1660 188 28MA 2268 2488 2680 2888 3099

88

{Standardless> result spectra 27-jan-2026 16:48:48

2?-jan-2826 @9:56:23 HAF 34
0 Standardless 20,88 kU 27 uf <none> Air 68 sec. 42395,5 cps

Ti KA

668

Pt LAL

Pt (A20s LB2

Os LA] Os LBL 0s LG
Ta LB1 | |Pt LB2
Ta LB2|Pt LBL
Fe KA wea| uwez2| e
Fe KBTa LA | W (B1 |Ta LG Pt LG

: | NN |

6,8 72 84 9,6 10,8 12,8 13,2 14,4 156 16,8 18,8 19,2 28,4 21,6 22,8 24,8 252 26,4
kel

488

208
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Sample ident

XRF 34
L BT, A A A T ‘ T g — F
Application | <Standardless>
Sequence | 10of1
Measurement time | 27-jan-2026 09:56:23
Position | 12
Compound Si P K Ca Ti Fe Ta w Os Pt
Conc 04 | 018 | 015 | 0,22 19699 | 0,29 | 0,2 0,38 1,0 0,2
Unit % % % % % % % % % %
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cps/channel
S 7S 188 125 158 175 28@ 225 258 275 3@@ 325 358 375

25

<{Standardless® result spectra

2?-jan-2826 10:49:22

2?-jan-2826 10:86:28 HAF 35
O Standardless 20,08 kU

Ca KA

81 uA <none>

Fe KR

Mn KB

Fe KB

RAir 6@ sec.

Cu KA Au LA2
Yo LB3 Yh LG
Ni KB Au (Al

Ni_KA|Yh LB2

% LA || Cu KB

Yo LBL

42223,9 cps

rlflll’l’l{[f{

1,2 2,4 3,6 4.8

kel

9,6 14,8 12,8 13,2 14,4 15,6 16,8 18,8 19,2 28,4 21,6 22,9 24,8 25,2 26,4




27-jan-2026 10:48:56

Sample results

Sample ident
XRF 35
L BT, A A A T T g — F
Application | <Standardless>
Sequence | 10of1
Measurement time | 27-jan-2026 10:06:28
Position | 2
Compound | Si P K Ca Ti Cr | Mn | Fe Ni Cu | Yb | Au
Conc 10 | 29 |379/|245|0;31/040|0,73|190| 03 |11 |09 |16
Unit % % % % % % % % % % % %

91

Page 1
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cps/channel
68 99 1280 158 180 218 248 278 3@@ 338 366 399 428 456

38

<{Standardless® result spectra

27-jan-2626 1@:58:82

27-jan-2826 168:88:29 HAF 36
85 uA <none>

O Standardless 20,08 kU

Fe Kn
Cu KA
Re LA
M KB Zn KR
Ni KA|Yo LB2
| Yo (B3 W LG
"t L Gt K2 _
M KA Zn KA
Ni KH| HRe LBL
Yo LBL  |Re LB2

Air 6@ sec. 41892,8 cps

Re LG

:lr:rr151!ll£ill$l!llltlllr\

6,8 72 8,4 9,6 10,8 12,8

kel

13,2 14,4 15,6 16,8 18,8 19,2 28,4 21.6 22,8 24,8 25,2 26,4



27-jan-2026 10:49:44

Sample results

Sample ident

XRF 36
L BT, A A A T ‘ T g ‘ F
Application | <Standardless>
Sequence | 10of1
Measurement time | 27-jan-2026 10:08:29
Position | 3
Compound | Si P K Ca Ti Cr | Mn | Fe Ni Cu | Zn Yb | Re
Conc 36 | 57|36 123 /065|0,72/068 (285 |10 | 33 | 0,7 2 4
Unit % % % % % % % % % % % % %

93

Page 1
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L.4.3 UV-DRS

UIN MAULANA MALIK IBRAHIM MALANG

Settings information

‘ Item Value

Workbook file D:\UV PADAT\2026\26-01-2026 sampel Hanik\26.iwbk

Accessories Accessory: ISA-220 Integrating Sphere Accessory
Accessory: ISA-220 Integrating Sphere Accessory

Software INSIGHT: 2.1.175

Firmware 3.0.0.109

Application Scan - Scan

Method Description |sampel Ika

Data Format %Reflectance

Smooth Level None

Derivative Order ~ |None

Start Wavelength  (800.00 nm

Stop Wavelength  1200.00 nm

Scan Speed 120.00 nm/min

Data Interval 0.50 nm

Integration Time  |0.250 sec

Bandwidth 1 nm

Baseline Correction 100 %T

Result Type Peak Pick

#|Sample ID|User Name |

Date and Time |

1 |sampel TiO |ASUS

1/26/2026 9:43:08 AM

Peaks:
| nm | %R |
326.993 |22.428
™ _sampeITiO g » RSN AR NAT Ll e e
60
8 40
s
o
g 20 g
. N
£
20 4 =
3
©
-40 | S
200 250 300 350 400 450 500 550 600 650 700 750
Wavelength (nm)
INSIGHT Software Page 1



UIN MAULANA MALIK IBRAHIM MALANG

Settings information

Item Value
Workbook file D:\UV PADAT\2026\26-01-2026 sampel Hanik\26.iwbk
Accessories Accessory: ISA-220 Integrating Sphere Accessory
Accessory: ISA-220 Integrating Sphere Accessory
Software INSIGHT: 2.1.175
Firmware 3.0.0.109
Application Scan - Scan
Method Description |sampel Ika
Data Format %Reflectance
Smooth Level None
Derivative Order ~ |None
Start Wavelength  (800.00 nm
Stop Wavelength  1200.00 nm
Scan Speed 120.00 nm/min
Data Interval 0.50 nm
Integration Time  |0.250 sec
Bandwidth 1nm
Baseline Correction 100 %T
Result Type Peak Pick
#| SampleID |User Name Dateand Time |

2 |sampel TiO KATKS |ASUS

Peaks:

nm | %R |
325.340 |21.516

|1/26/2026 9:52:19 AM

UIN MAULANA MALIK IBRAHIM MALANG

40

%R

sampel TiO

400 600
Wavelength (nm)

95
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L.4.4 FTIR

FTIR Model  : IRSpirit- T G sSHIMADZU

12/02/2026 15:09:13

100_#\_ | [ [ A [KA —
0,
%T | gg
I3}
75— ©
4 ™
50—
25—
L0 L A A Ly Ly Ly L B S
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
KA cm-1
Item Value
Acquired Date&Time 12/02/2026 15:04:22
Filename G:\FILES 2025\S-3\Erwan\12 feb\KA.ispd
Measure Parameter File
Report Template
Spectrum name KA
Sample name KA
Sample ID KA
Option
Comment KA
No. of Scans 10
Resolution 4 [cm-1]
Apodization Happ-Genzel
Peak Intensity Corr. Intensity Base (H) Base (L) Area Corr. Area Comment
1 745.91 47.16 2.71 852.87 725.94 5997.811 167.956
2 |875.69 59.45 1.79 929.89 858.58 2738.184 51.861
3 [1155.23 55.64 0.79 1349.20 1145.25 7858.060 246.009
4 |1577.39 68.90 0.04 1580.24 1575.96 132.956 0.135
5 1697.19 85.28 1.23 1758.52 1691.49 679.720 31.778
6 [3163.34 90.57 0.18 3170.47 3149.08 199.241 1.567




FTIR Model  : IRSpirit-T G sSHIMADZU

12/02/2026 15:12:37

[[Tio2 —

100 —

%T |

75—

3337.34

L e L B B ey e e Ry B B B B

0
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

TiO2 cm-1
Item Value

Acquired Date&Time 12/02/2026 14:57:30

Filename G:\FILES 2025\S-3\Erwan\12 feb\TiO2.ispd

Measure Parameter File

Report Template

Spectrum name TiO2

Sample name TiO2

Sample ID TiO2

Option

Comment Tio2

No. of Scans 10

Resolution 4 [cm-1]

Apodization Happ-Genzel
[ Peak | Intensity | Corr.Intensity| Base(H) | Base(L) | Area | Corr.Area | Comment |
[1 ]3337.34 19451 [0.01 |3338.76 3323.07 | 85.461 0.037

17
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FTIR Model  : IRSpirit-T G sHIMADZU

12/02/2026 15:10:18

100 ’ ' . A TiIO2_KA —

. ]
4000 3500 3000 2500

2000

L e L S s B B e Sy B B S

T .
1750 1500 1250 1000 750 500

TiO2_KA cm-1
Item Value
Acquired Date&Time 12/02/2026 15:01:40
Filename G:\FILES 2025\S-3\Erwan\12 feb\TiO2_KA.ispd
Measure Parameter File
Report Template
Spectrum name TiO2_KA
Sample name TiO2_KA
Sample ID TiO2_KA
Option
Comment TiO2_KA
No. of Scans 10
Resolution 4 [cm-1]
Apodization Happ-Genzel
Peak Intensity Corr. Intensity Base (H) Base (L) Area Corr. Area Comment
1 |427.86 10.67 0.92 937.02 422.16 26357.240 339.780
2 |1588.80 90.93 0.24 1655.83 1585.95 498.307 34.959

171



L.4.4 EDX
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Inat=ament = SEL0 L&)
Talt . 15_00 ®F

il
AN Acgulaitiom FacaTstes
& -
-K Ingtoament = SEL0O LA
50 —
o o alteme 150 KV
1) - Probi Cucrant- 100000 i
g L0 o FER mode = T3
& T
B Rmal Tima - 31.3% sac
750 P
&l
450
300
5i)
g T = 1 T T T
dod Lod 200 A0 400 0 K00 &0 T &00 G400 [dod
kx=
EF Matkod Staimda-dlgsg Quantitati--o Anzlyain
Lttiny Copffoatpmi— 0_234%
Lamant —fkeV] Masa® Ercoc®  Atomk  Compoond  Mass®  Cabisg E
2K 0.277 87.73 o.0% Ed_ 4z SE_334T
1K 0.52% B.B1 0.43 B.25 1.7303
L E 4.50= Z3_4% 0.32& 733 Z5_5244
atxl 100._00 10000

Appendix 5 Data Calculation Results
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Calibration Curve Equation

Y = 0.0072 + 0.00833x
x = (Y - 0.0072) - 0.00833

A. MASS VARIATION

A. MASS VARIATION
NAME ABSORBANTIFJN = CONSENTRATIC?N, = % ADSORBTION | % DEGRADATION | % REMEDIATION | AVERAGE STDV %RSD
Dark/control | Iridiation Gelap Iridiasi
mass 10 mg 0.1722 19.80792317
A 0.1704 0.1260| 19.59183673 14.26170468 1.090909091 27.20588235 28 0.4720534| 0.017270246
B 0.1693 0.1276| 19.45978391 14.45378151 1.757575758 25.7248612 27.03030303| 27.3333333
C 0.1688 0.1277 19.3997599 14.46578631 2.060606061 25.43316832 26.96969697
mass 20 mg 0.1791 20.6362545
A 0.1661 0.0958| 19.07563025 10.6362545 7.562536358 44.24166142 48.45840605 0.3887907| 0.008042494
B 0.1624 0.0953| 18.63145258 10.57623049|  9.714950553 43.23453608 48.74927283| 48.3420593
C 0.1629 0.0969| 18.69147659 10.76830732 9.42408377 42.38921002 47.81849913

mass 40 mg 0.1605 18.40336134

A 0.1333 0.0811| 15.13805522 8.871548619 17.74298761 41.39571768 51.79386823 1.3861602| 0.025935521
B 0.1366 0.0759| 15.53421369 8.24729892 18.95321174 46.90880989 55.18590998| 53.4464014

C 0.1452 0.0787| 16.56662665 8.583433373 11.82380216 48.1884058 53.35942596

50 mg 0.1685 19.3637455

A 0.1358 0.1048| 15.43817527 11.71668667 15.31308122 24.10575428 36.33398565 0.3853021| 0.010516347
B 0.1306 0.1047| 14.81392557 11.70468187 23.2503888 20.98865478 36.39921722| 36.6383997

C 0.139 0.1035| 15.82232893 11.56062425 17.42301459 26.93474962 37.18199609

1. Mass 10 mg

CO = (0.1722 - 0.0072) - 0.00833 = 0.1650 - 0.00833 = 19.8079 ppm
Ct1 = (0.1260 - 0.0072) - 0.00833 = 14.2617 ppm

Ct2 = (0.1276 - 0.0072) - 0.00833 = 14.4538 ppm

Ct3 = (0.1277 - 0.0072) - 0.00833 = 14.4658 ppm

%R1 = ((19.8079 - 14.2617) - 19.8079) x100% = 28.00%

%R2 = ((19.8079 - 14.4538) - 19.8079) x100% = 27.03%

%R3 = ((19.8079 - 14.4658) - 19.8079) x100% = 26.97%

5 =27.33%

2. Mass 20 mg

C0=(0.1791 - 0.0072) - 0.00833 = 0.1719 - 0.00833 = 20.6363 ppm
Ctl = (0.0924 - 0.0072) - 0.00833 = 10.2281 ppm

Ct2 = (0.0949 - 0.0072) - 0.00833 = 10.5282 ppm

Ct3 = (0.0929 - 0.0072) - 0.00833 = 10.2881 ppm

%R1 = ((20.6363 - 10.2281) - 20.6363) x100% = 50.44%

%R2 = ((20.6363 - 10.5282) - 20.6363) x100% = 48.99%

%R3 = ((20.6363 - 10.2881) - 20.6363) x100% = 50.15%

2 =49.86%



3. Mass 30 mg

C0 =(0.1684 - 0.0072) - 0.00833 = 0.1612 - 0.00833 = 19.3517 ppm
Ctl = (0.0351 - 0.0072) - 0.00833 = 3.3493 ppm

Ct2 = (0.0353 - 0.0072) - 0.00833 = 3.3733 ppm

Ct3 = (0.0307 - 0.0072) - 0.00833 = 2.8211 ppm

%R1 = ((19.3517 - 3.3493) - 19.3517) x100% = 82.69%

%R2 = ((19.3517 - 3.3733) - 19.3517) x100% = 82.57%

%R3 = ((19.3517 - 2.8211) - 19.3517) x100% = 85.42%

2 =83.56%

4. Mass 40 mg

CO0 = (0.1605 - 0.0072) - 0.00833 = 0.1533 - 0.00833 = 18.4034 ppm
Ctl = (0.0811 - 0.0072) - 0.00833 = 8.8715 ppm

Ct2 = (0.0759 - 0.0072) - 0.00833 = 8.2473 ppm

Ct3 = (0.0787 - 0.0072) - 0.00833 = 8.5834 ppm

%R1 = ((18.4034 - 8.8715) - 18.4034) x100% = 51.79%

%R2 = ((18.4034 - 8.2473) - 18.4034) x100% = 55.18%

%R3 = ((18.4034 - 8.5834) - 18.4034) x100% = 53.36%

2 =53.44%

5. Mass 50 mg

C0 =(0.1685 - 0.0072) - 0.00833 = 0.1613 - 0.00833 = 19.3637 ppm
Ctl = (0.1048 - 0.0072) - 0.00833 = 11.7167 ppm

Ct2 = (0.1047 - 0.0072) - 0.00833 = 11.7047 ppm

Ct3 = (0.1035 - 0.0072) - 0.00833 = 11.5606 ppm

%R1 = ((19.3637 - 11.7167) - 19.3637) x100% = 39.49%

%R2 = ((19.3637 - 11.7047) - 19.3637) x100% = 39.55%

%R3 = ((19.3637 - 11.5606) - 19.3637) x100% = 40.29%

2 =39.78%
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B. CONCENTRATION VARIATION

CONCENTRATION VARIATIONi
ABSORBANTION CONSENTRATION
NAME — — % ADSORBTION | % DEGRADATION | % REMEDIATION [ AVERAGE STDV %RSD
Dark/control | Iridiation Gelap Iridiasi
10 pm 0.0977 10.86434574|  10.86434574
A 0.0924 0.0157| 10.22809124|  1.020408163|  5.856353591 90.02347418 90.60773481 1.1774856|  0.01306446
B 0.0949 0.0151| 10.52821128| 0.948379352|  3.093922652 90.99201824 91.27071823| 90.1289134
€ 0.0929 0.0176| 10.28811525 1.2484994 5.303867403 87.86464411 88.50828729
30 ppm 0.2467 28.7515006 28.7515006 0
A 0.2142 0.0674| 24.84993998 7.226890756 13.56993737 70.9178744 74.86430063 1.6701461| 0.021822149
b 0.2187 0.0594| 25.39015606 6.266506603 11.69102296 75.31914894 78.2045929| 76.5344468
c 0.223 0.0515| 25.90636255 5.318127251 9.895615866 79.47173309 81.50313152
40 ppm 0.3670 43.19327731 43.19327731 0
A 0.2899 0.1658| 33.93757503 19.03961585 21.42857143 43.89812522 55.91995553 1.8348203| 0.032036638
B 0.2804 0.1516| 32.79711885 17.33493397 24.06892718 47.14494876 59.86659255| 57.2725588
C 0.2815 0.1654| 32.92917167 18.99159664 23.76320178 42.32592052 56.0311284
50 ppm 0.3933 46.35054022|  46.35054022 0
A 0.2687 0.1959| 31.39255702|  22.65306122| 32.27143227 27.83938815 51.12665113 1.1074259| 0.022343345
B 0.2716 0.2053| 31.74069628 23.78151261 31.52033152 25.07564297 48.69204869| 49.5640162
C 0.2943 0.2046| 34.46578631 23.69747899 25.64102564 31.24346917 48.87334887
1.10 ppm

CO = (0.0977 - 0.0072) - 0.00833 = 0.0905 - 0.00833 = 10.8643 ppm
Ctl = (0.0157 - 0.0072) - 0.00833 = 1.0204 ppm
Ct2 = (0.0151 - 0.0072) - 0.00833 = 0.9484 ppm
Ct3 = (0.0176 - 0.0072) - 0.00833 = 1.2485 ppm
%R1 = ((10.8643 - 1.0204) - 10.8643) x100% = 90.61%
9%R2 = ((10.8643 - 0.9484) - 10.8643) x100% = 91.27%
%R3 = ((10.8643 - 1.2485) - 10.8643) x100% = 88.51%

2 =90.13%

2.20 ppm

CO = (0.1684 - 0.0072) - 0.00833 = 0.1612 - 0.00833 = 19.3517 ppm
Ct1 = (0.0351 - 0.0072) - 0.00833 = 3.3493 ppm
Ct2 = (0.0353 - 0.0072) - 0.00833 = 3.3733 ppm
Ct3 = (0.0307 - 0.0072) - 0.00833 = 2.8211 ppm
%R1 = ((19.3517 - 3.3493) - 19.3517) x100% = 82.69%
%R2 = ((19.3517 - 3.3733) - 19.3517) x100% = 82.57%
%R3 = ((19.3517 - 2.8211) - 19.3517) x100% = 85.42%

Z = 83.56%

3. 30 ppm

CO = (0.2467 - 0.0072) - 0.00833 = 0.2395 - 0.00833 = 28.7515 ppm
Ctl = (0.0674 - 0.0072) - 0.00833 = 7.2269 ppm
Ct2 = (0.0594 - 0.0072) - 0.00833 = 6.2665 ppm



Ct3 = (0.0515 - 0.0072) - 0.00833 = 5.3181 ppm

%R1 = ((28.7515 - 7.2269) - 28.7515) x100% = 74.86%
%R2 = ((28.7515 - 6.2665) - 28.7515) x100% = 78.20%
%R3 = ((28.7515 - 5.3181) - 28.7515) x100% = 81.50%
5 =78.19%

4. 40 ppm

C0 =(0.3670 - 0.0072) - 0.00833 = 0.3598 - 0.00833 = 43.1933 ppm
Ctl = (0.1658 - 0.0072) - 0.00833 = 19.0396 ppm

Ct2 = (0.1516 - 0.0072) - 0.00833 = 17.3349 ppm

Ct3 = (0.1654 - 0.0072) - 0.00833 = 18.9916 ppm

%R1 = ((43.1933 - 19.0396) - 43.1933) x100% = 55.92%

%R2 = ((43.1933 - 17.3349) - 43.1933) x100% = 59.87%

%R3 = ((43.1933 - 18.9916) - 43.1933) x100% = 56.03%

> =57.27%

5.50 ppm

C0 =(0.3933 - 0.0072) - 0.00833 = 0.3861 - 0.00833 = 46.3505 ppm
Ctl = (0.1959 - 0.0072) - 0.00833 = 22.6531 ppm

Ct2 = (0.2053 - 0.0072) - 0.00833 = 23.7815 ppm

Ct3 = (0.2046 - 0.0072) - 0.00833 = 23.6975 ppm

%R1 = ((46.3505 - 22.6531) - 46.3505) x100% = 51.13%

%R2 = ((46.3505 - 23.7815) - 46.3505) x100% = 48.69%

%R3 = ((46.3505 - 23.6975) - 46.3505) x100% = 48.87%

2 =49.56%

C. EFFECTIVENESS TEST
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C. EFFECTIVENESS TEST

NAME ABSORBANTIPN. CONSENTRATIQN = % ADSORBTION | % DEGRADATION | % REMEDIATION | AVERAGE STDV %RSD
Dark/control | Iridiation Gelap Iridiasi
Ti02 0.0786 8.571428571
A 0.0777 0.0307| 8.463385354 2.821128451 1.260504202 66.66666667 67.08683473 68.1605976 1.4206465| 0.020842636
B 0.0764 0.0285| 8.307322929 2.557022809 3.081232493 69.21965318 70.16806723
C 0.0783 0.0306| 8.535414166| 2.809123649| 0.420168067 67.08860759 67.22689076
AC 0.0953 10.57623049
A 0.0739 0.073| 8.007202881 7.899159664 24.29057889 1.349325337 25.31214529 27.9606508 1.875068| 0.067060956
B 0.0736 0.0694| 7.971188475 7.466986795 24.63110102 6.325301205 29.3984109
C 0.0719 0.0696| 7.767106843 7.490996399 26.56072645 3.554868624 29.17139614
Ti02/AC 0.0977 10.86434574 10.86434574
A 0.0924 0.0157| 10.22809124 1.020408163 5.856353591 90.02347418 90.60773481 1.1774856 0.01306446
B 0.0949 0.0151| 10.52821128 0.948379352 3.093922652 90.99201824 91.27071823| 90.1289134
e 0.0929 0.0176| 10.28811525 1.2484994 5.303867403 87.86464411 88.50828729
RBBR 0.1034 11.54861945
A 0.1021 0.0977| 11.39255702 10.86434574 1.351351351 4.636459431 5.925155925 0.4491158| 0.070827767
B 0.1023 0.0967| 11.41656663 10.74429772 1.143451143 5.888538381 6.964656965| 6.34095634
C 0.1022 0.0975| 11.40456182 10.84033613 1.247401247 4.947368421 6.133056133
1. T|02

CO = (0.0977 - 0.0072) - 0.00833 = 0.0905 - 0.00833 = 10.8643 ppm
Ctl = (0.0307 - 0.0072) - 0.00833 = 2.8211 ppm
Ct2 = (0.0285 - 0.0072) - 0.00833 = 2.5570 ppm
Ct3 = (0.0306 - 0.0072) - 0.00833 = 2.8091 ppm
%R1 = ((10.8643 - 2.8211) - 10.8643) x100% = 74.03%
%R2 = ((10.8643 - 2.5570) - 10.8643) x100% = 76.46%
%R3 = ((10.8643 - 2.8091) - 10.8643) x100% = 74.14%
S =74.88%

2.AC

CO = (0.0977 - 0.0072) - 0.00833 = 0.0905 - 0.00833 = 10.8643 ppm
Ct1 = (0.0371 - 0.0072) - 0.00833 = 3.5894 ppm
Ct2 = (0.0353 - 0.0072) - 0.00833 = 3.3733 ppm
Ct3 = (0.0354 - 0.0072) - 0.00833 = 3.3854 ppm
%R1 = ((10.8643 - 3.5894) - 10.8643) x100% = 66.96%
%R2 = ((10.8643 - 3.3733) - 10.8643) x100% = 68.95%
%R3 = ((10.8643 - 3.3854) - 10.8643) x100% = 68.84%
5 =68.25%

3. TiOz-AC
CO = (0.0977 - 0.0072) - 0.00833 = 0.0905 - 0.00833 = 10.8643 ppm
Ctl = (0.0157 - 0.0072) - 0.00833 = 1.0204 ppm
Ct2 = (0.0151 - 0.0072) - 0.00833 = 0.9484 ppm
Ct3 = (0.0176 - 0.0072) - 0.00833 = 1.2485 ppm
%R1 = ((10.8643 - 1.0204) - 10.8643) x100% = 90.61%
%R2 = ((10.8643 - 0.9484) - 10.8643) x100% = 91.27%




%R3 = ((10.8643 - 1.2485) - 10.8643) x100% = 88.51%

2 =90.

4. RBB

13%

R

C0 =(0.1034 - 0.0072) - 0.00833 = 0.0962 - 0.00833 = 11.5486 ppm

Ctl
Ct2
Ct3
%R1
%R2
%R3

2 =6.34%

(0.0977 - 0.0072) - 0.00833
(0.0967 - 0.0072) - 0.00833
(0.0975 - 0.0072) - 0.00833
((11.5486 - 10.8643) - 11.5486) x100%
((11.5486 - 10.7443) - 11.5486) x100%
((11.5486 - 10.8403) - 11.5486) x100%

D. Crystallite Size Calculation

TiO2

10.8643 ppm
10.7443 ppm
10.8403 ppm
=5.93%
=6.96%

6.13%
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260 (°) FWHM (°) &) Rad 1/B cos 6 In(B) In(sec B) sinB 4sinB Bcos6
26/2 B2*PI()/180 |1/D2 COS(RADIANS(C2)) |LN(D2)  [LN(SEC(RADIANS(C2))) [SIN(RADIANS(C2)) D2*COS(RADIANS(C2))
25.414 0.236 12.707| 0.004118977| 242.7787268 0.975507677| -5.49215 0.024797249 0.219965387 0.879861547 0.004018094
37.018 0.17 18.509| 0.00296706| 337.0339971 0.948273801| -5.82018 0.053111998 0.317453615 1.269814459 0.002813585
37.918 0.23 18.959| 0.004014257| 249.1120848 0.945751305| -5.5179 0.055775635 0.324891472 1.299565889 0.003796489
38.65 0.23 19.325| 0.004014257| 249.1120848 0.943656648| -5.5179 0.0579929 0.330926172 1.323704688 0.003788081
48.161 0.215 24.0805| 0.003752458| 266.4919977 0.912973095| -5.58534 0.091048867 0.408019763 1.632079054 0.003425893
54.023 0.225 27.0115| 0.003926991| 254.6479089 0.890915385| -5.53988 0.115505823 0.454169327 1.816677308 0.003498617
55.192 0.225 27.596| 0.003926991| 254.6479089 0.886235921| -5.53988 0.120772087 0.463234165 1.852936661 0.00348024
62.234 0.16 31.117| 0.002792527| 358.098622 0.856113788| -5.88081 0.155351981 0.516787366 2.067149463 0.002390721
62.812 0.21 31.406| 0.003665191| 272.8370453 0.853496233| -5.60887 0.158414151 0.521099013 2.08439605 0.003128227
68.881 0.23 34.4405| 0.004014257| 249.1120848 0.824713941| -5.5179 0.192718692 0.565550101 2.262200402 0.003310614
70.405 0.228 35.2025| 0.003979351| 251.2972786 0.817119746| -5.52664 0.201969627 0.57646797 2.305871881 0.003251606
75.167 0.221 37.5835| 0.003857178| 259.2569209 0.79246532| -5.55782 0.232606535 0.609916976 2.439667902 0.00305668
76.138 0.13 38.069| 0.002268928| 440.7367655 0.787268755| -6.08845 0.239185595 0.616610012 2.466440048 0.001786256
80.891 0.17 40.4455| 0.00296706( 337.0339971 0.761023379| -5.82018 0.2730912 0.648724453 2.594897812 0.002258002
82.27 0.2 41.135| 0.003490659| 286.4788976 0.753161684| -5.65766 0.283475354 0.657835449 2.631341795 0.00262903
82.791 0.23 41.3955| 0.004014257( 249.1120848 0.750163007| -5.5179 0.287464754 0.66125295 2.645011799 0.003011347
83.269 0.22 41.6345| 0.003839724| 260.4353614 0.747398179| -5.56235 0.291157198 0.66437637 2.657505481 0.002869803
87.88 0.12 43.94| 0.002094395| 477.4648293 0.72006685| -6.16849 0.328411224 0.693904699 2.775618795 0.001508104
TiO2-AC
26 (°) FWHM (°) ] Rad (B) 1/B cos 6 In(B) In(sec 8) sin@ 4sinB BcosB
20/2 B2*PI()/180 [1/D2 COS(RADIANS(C2)) |LN(D2) LN(SEC(RADIANS(C2))) [SIN(RADIANS(C2)) D2*COS(RADIANS(C2))
25.432 0.193 12.716| 0.003368485| 296.8693239 0.975473113| -5.693292055 0.024832681 0.220118616 0.880474466 0.003285867
37.035 0.154 18.5175| 0.002687807| 372.0505163 0.948226696| -5.919029642 0.053161675 0.317594291 1.270377162 0.00254865
37.908 0.169 18.954| 0.002949606| 339.0282811 0.945779654| -5.826083529 0.055745661 0.324808939 1.299235755 0.002789678
38.668 0.144 19.334| 0.002513274| 397.8873577 0.943604654 | -5.986168944 0.058047999 0.331074397 1.324297589 0.002371537
48.149 0.152 24.0745 0.0026529| 376.9459178 0.913015818| -5.932101723 0.091002073 0.407924155 1.63169662 0.00242214
53.993 0.165 26.9965| 0.002879793| 347.2471486 0.891034255| -5.85003677 0.115372406 0.45393607 1.815744282 0.002565994
55.174 0.153 27.587| 0.002670354| 374.482219 0.886308675| -5.925544323 0.120689997 0.46309495 1.8523798 0.002366758
62.204 0.158 31.102| 0.00275762| 362.6315159 0.856249054 -5.893387211 0.155193995 0.516563218 2.066252872 0.00236121
62.78 0.166 31.39| 0.002897247| 345.1552983 0.853641718| -5.843994456 0.158243708 0.520860651 2.083442605 0.002473211
68.842 0.184 34.421| 0.003211406| 311.390106 0.824906372| -5.741046486 0.192485388 0.565269385 2.261077541 0.002649109
70.383 0.174 35.1915| 0.003036873| 329.2860892 0.817230405( -5.796926945 0.201834211 0.576311084 2.305244336 0.002481825
74.16 0.16 37.08| 0.002792527| 358.098622 0.79779444| -5.880808429 0.225904309 0.602929542 2.411718167 0.002227862
75.127 0.177 37.5635| 0.003089233| 323.704969 0.792678173| -5.779832511 0.232337975 0.609640316 2.438561263 0.002448767
76.155 0.148 38.0775| 0.002583087| 387.1336454 0.787177271| -5.95876997 0.239301807 0.616726799 2.466907196 0.002033348
80.82 0.22 40.41| 0.003839724| 260.4353614 0.761425178| -5.562354698 0.272563368 0.648252805 2.593011219 0.002923663
82.33 0.19 41.165| 0.003316126| 301.5567343 0.752817139( -5.708958172 0.283932924 0.658229713 2.632918853 0.002496436
82.774 0.187 41.387| 0.003263766| 306.3945429 0.750261097| -5.724873627 0.287334003 0.661141653 2.644566614 0.002448676
83.21 0.31 41.605| 0.005410521| 184.8250952 0.747740149| -5.219409947 0.290699756 0.663991468 2.655965871 0.004045664

The crystallite size was calculated using

the Scherrer equation:

KA

_B cos

Where:

0

D = crystallite size (nm)

K = Scherrer constant (0.9)
A= X-ray wavelength (Cu Ka = 0.15406

nm)

B = Full Width at Half Maximum (FWHM)

in radians

0 = diffraction angle (degrees)
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A. TiO, Anatase
Given:

26 = 25.414°

0 =12.707°
FWHM = 0.236°

Conversion of FWHM to radians
B =0.236 x 1-180
B =0.00412 rad

Calculation of cos 6

cos(12.707°) = 0.9755

Substitution into the Scherrer equation
D = (0.9 x 0.15406)-(0.00412 x 0.9755)
D = 0.138654 - 0.00402

D =34.48 nm=34.5nm

B. TiO,-AC Composite

Given:

20 = 25.432°

0 =12.716°

FWHM = 0.193°

Conversion of FWHM to radians
B =0.193 x 11-180

B =0.00337 rad

Calculation of cos 6

c0s(12.716°) = 0.9754

Substitution into the Scherrer equation
D = (0.9 x 0.15406)-(0.00337 x 0.9754)
D = 0.138654 - 0.00329

D=4213nm=42.1 nm

2. Monshi=Scherrer Calculation
Monshi—Scherrer equation:

In(B) = In(KA-D) + In(sec 6)

A. TiO, Anatase

Intercept = -5.82018

Step 1. Exponential calculation
e”(-5.82018) = 0.00296

Step 2. Crystallite size calculation
D = (0.9 x 0.15406)-0.00296

D =46.8 nm

B. TiO,-AC Composite

Intercept = -5.53988

Step 1. Exponential calculation
e”(-5.53988) = 0.00393

Step 2. Crystallite size calculation
D = (0.9 x 0.15406)-0.00393

D =35.3nm



Final Results

Result of TiO2 Cristalinity Size
Scherrer Monshi-Scherrer
D=KA\/B cos 6 |InB=In(cos®1)+In(DKA)

32.8377751 34.28734523

Result of TiO2/AC Cristalinity Size
Scherrer Monshi-Scherrer
D=KA/B cos 6 |InB=In(cosO1)+In(DKA)

40.1525406 54.26211808

E. ADSORPTION CAPACITY OF TiO,-
AC

Equation:

ge=((CO-Ce)xV)-m

Data:

C0=10.8643 mg-L

Cel =10.2281 mg-L

Ce2 =10.5282 mg-L

Ce3 =10.2881 mg-L

V=0.025L

m=0.03¢g

gel = ((10.8643 - 10.2281) x 0.025) - 0.03
= (0.6362 x 0.025) - 0.03 = 0.0159 - 0.03 =
0.5302 mg-g

ge2 = ((10.8643 - 10.5282) x 0.025) - 0.03
= (0.3361 x 0.025) - 0.03 = 0.0084 - 0.03 =
0.2801 mg-g

ge3 = ((10.8643 - 10.2881) x 0.025) - 0.03
= (0.5762 x 0.025) - 0.03 = 0.0144 - 0.03 =
0.4802 mg-g

Average adsorption capacity = >qe =
(0.5302 + 0.2801 + 0.4802) - 3 =1.2905 -
3 =0.4302 mg-g

F. DEGRADATION CAPACITY OF TiO,-
AC

Equation:

gt=((Ce-Ct) xV)-m

Data:
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Cel =10.2281 mg-L

Ce2 =10.5282 mg-L

Ce3 =10.2881 mg-L

Ctl =1.0204 mg-L

Ct2 = 0.9484 mg-L

Ct3 =1.2485 mg-L

V=0.025L

m =0.03 g

gtl = ((10.2281 - 1.0204) x 0.025) - 0.03 =
(9.2077 x 0.025) - 0.03 = 0.2302 - 0.03 =
7.6731 mg-g

gt2 = ((10.5282 - 0.9484) x 0.025) - 0.03 =
(9.5798 x 0.025) - 0.03 = 0.2395 - 0.03 =
7.9832 mg-g

gt3 = ((10.2881 - 1.2485) x 0.025) - 0.03 =
(9.0396 x 0.025) - 0.03 = 0.2260 - 0.03 =
7.5330 mg-g

Average degradation capacity = 2qt =
(7.6731 + 7.9832 + 7.5330) - 3 =23.1893 -
3 =7.7298 mg-g

G. REMEDIATION CAPACITY OF TiO,-
AC

Equation:

gr=((CoO-Ct) xV)-m

Data:

C0 = 10.8643 mg-L

Ctl = 1.0204 mg-L

Ct2 = 0.9484 mg-L

Ct3 = 1.2485 mg-L

V=0.025L

m =0.03 g

grl = ((10.8643 - 1.0204) x 0.025) - 0.03 =
(9.8439 x 0.025) - 0.03 =0.2461 - 0.03 =
8.2033 mg-g

gr2 = ((10.8643 - 0.9484) x 0.025) - 0.03 =
(9.9159 x 0.025) - 0.03 =0.2479 - 0.03 =
8.2633 mg-g
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gr3 = ((10.8643 - 1.2485) x 0.025) - 0.03 = (9.6158 x 0.025) - 0.03 = 0.2404 - 0.03 = 8.0132
mg-g

Average remediation capacity =
>qgr = (8.2033 + 8.2633 + 8.0132) - 3=24.4798 - 3 = 8.1599 mg-g



Appendix 6 Documentation

Palm Shell Activated Carbon

Ground and oven-dried at
100°C for 3 hours

Palm shells Cleaned from fibers

) ‘

G Eo
v .Y YV

Calcined at 500°C for 3 Calcined at 500°C for 3 Sieved at 200 mesh

hours hours

» \ ]
_

W
- 2 p :

- e
Soaked in 1 M HCl solution  Neutralized to normal pH Dried in the oven
for 4 hours

&

Final activated carbon from
palm shells

109
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Synthesis of TiO,-Activated Carbon

- -
TiO, Added Filtered
powder distilled
and water
activated and
carbon stirred
for 6
hours
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Oven-dried at 100°C Calcined at 300°C for 3 Final TiO,-AC composite
hours



Activity Test

Maximum wavelength

1000 ppm of RBBR Standard curve solution S >
determination solution
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Photodegradation process After photodegradation
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RBBR + TiO,-AC
before degradation

Degradation results
Centrifuged Filtered based on mass
variation

&
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Degradation results
based on
Concentration
variation

Effectiveness test results
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