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TWO-STEP HYDROTHERMAL SYNTHESIS OF MANGANESE OXIDE
IMPREGNATED FRUIT WASTE DERIVED ADSORBENT FOR CATIONIC
DYE REMOVAL
ABSTRACT
The global production of biomass waste is significant, with an estimated 180 billion
tonnes generated yearly. In recent years, research has increasingly focused on resource
recovery from non-toxic biomass waste due to its high carbon content, renewability, and
abundant availability. Therefore, considering the notable characteristics of agricultural
waste biomass, this study aims to develop a low-cost fruit-waste-based adsorbent to
remove the cationic dye from aqueous solutions. Unlike conventional biomass-based
adsorbents, this study introduces a novel hybrid synthesis combining avocado seeds and
banana peels, chemically modified to optimize adsorption performance. These
inexpensive, carbon-rich biomass materials have mesoporous surfaces and contain
oxygenated functional groups, which are crucial for dye removal. Furthermore,
hydrothermal carbonization is an innovative and energy-efficient thermochemical process
that enhances the yield of adsorbent materials. To further enhance its performance, the
adsorbent underwent phosphoric acid activation and manganese oxide impregnation.
Chemical activation enhances the physicochemical characteristics of the biomass
materials, while manganese oxide impregnation reduces agglomeration and facilitates
electrostatic attractions for removing cationic dyes. The physicochemical analysis
revealed the metal-impregnated adsorbent (HA/Mn) and acid-activated adsorbent (HA)
from avocado seed and banana peel (RA) demonstrated a significant increment in surface
area (666 m?/g) compared to activated HA (535 m?/g) and unmodified RA (1.19 m?/g).
The functional group analysis indicates that HA/Mn is an efficient adsorbent as the
modification introduces additional hydroxyl, carboxyl, carbonyl, phosphate, and

manganese functional groups. Adsorption study also revealed that HA/Mn completely

il



removed the colour, which is 37% to 33% higher than that of the raw avocado seed (63%)
and raw banana peel (67%), respectively. HA/Mn also shows 29 % increase in adsorption
capacity (199 mg/g) compared to the raw adsorbent banana peel (112 mg/g) and 18 %
higher than raw avocado seed (181 mg/g). The validation study demonstrated that HA/Mn
is the most efficient with a COD removal of 85 % with 18 % more colour removal and
23 % increased adsorption capacity compared to RA. Besides, kinetic and isotherm
studies confirmed that HA/Mn fitted well with the pseudo-second-order kinetic model
and the Redlich-Peterson isotherm model with a B value of 0.9412, suggesting a
dominantly homogenous chemisorption process. This study also integrated machine
learning in biomass-based dye removal, significantly improving large-scale predictability
and efficiency. The Random Forest Regression Model demonstrated high accuracy in
predicting dye removal efficiency, both at the laboratory and large-scale application
levels, enhancing the scalability of this approach. The reusability study revealed that
HA/Mn has a 48 % higher regeneration capacity, leading to an over 80 % reduction in
adsorption costs, making it a highly economical alternative to commercial adsorbents.
Additionally, HA/Mn has a higher removal colour efficiency of 6-18 % in industrial
wastewater than in commercial AC with a surface area of >100 m?/g. In summary, these
findings advance adsorption science by introducing a novel, scalable, and economically
viable hybrid adsorbent, reinforcing the role of biomass-based solutions in sustainable

dye wastewater treatment and circular economy initiatives.

Keywords: Avocado Seed; Banana Peel; Hybrid Adsorbent; Adsorption Process;

Optimization
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SINTESIS ADSORBEN BERASASKAN SISA BUAH-BUAHAN MELALUI
PROSES HIDROTERMAL DUA LANGKAH YANG DIIMPREGNASIKAN
DENGAN MANGAN OKSIDA BAGI PENYINGKIRAN PEWARNA KATIONIK
DARI LARUTAN AKUEUS.

ABSTRAK

Pengeluaran sisa biojisim global sangat besar, dengan anggaran 180 bilion tan dihasilkan
setiap tahun. Dalam beberapa tahun kebelakangan ini, penyelidikan menumpukan pada
pemulihan sumber daripada sisa biojisim tidak toksik disebabkan kandungan karbonnya
yang tinggi, kebolehbaharuan, dan ketersediaan melimpah. Oleh itu, dengan
mempertimbangkan ciri-ciri penting sisa biojisim pertanian, kajian ini bertujuan
membangunkan adsorben berasaskan sisa buah berkos rendah bagi menyingkirkan
pewarna kationik daripada larutan akueus. Berbeza dengan adsorben biojisim
konvensional, kajian ini memperkenalkan sintesis hibrid baharu yang menggabungkan
biji avokado dan kulit pisang diubah suai secara kimia untuk mengoptimumkan prestasi
penjerapan. Bahan biojisim ini murah dan kaya karbon mempunyai permukaan mesopori
serta kumpulan berfungsi beroksigen yang penting untuk penyingkiran pewarna. Selain
itu, karbonisasi hidrotermal merupakan proses termokimia inovatif dan cekap tenaga
yang meningkatkan hasil bahan adsorben. Bagi meningkatkan prestasi, adsorben ini
menjalani pengaktifan asid fosforik dan pemendapan mangan oksida. Pengaktifan kimia
meningkatkan ciri fizikokimia bahan biojisim, manakala pemendapan mangan oksida
mengurangkan penggumpalan serta memudahkan daya tarikan elektrostatik bagi
menyingkirkan pewarna kationik. Analisis fizikokimia menunjukkan adsorben yang
diubah suai dengan logam (HA/Mn) dan adsorben diaktifkan dengan asid (HA) daripada
biji avokado dan kulit pisang (RA) menunjukkan peningkatan luas permukaan (666m?/g)
berbanding HA (535m?/g) dan RA yang tidak diubah suai (1.19m?/g). Analisis kumpulan
berfungsi menunjukkan HA/Mn adalah adsorben berkesan kerana pengubahsuaian ini
memperkenalkan kumpulan hidroksil, karboksil, karbonil, fosfat, dan mangan. Selain itu,

kajian penjerapan juga menunjukkan HA/Mn berjaya menyingkirkan warna sepenuhnya,
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1aitu 37% hingga 33% lebih tinggi daripada biji avokado mentah (63%) dan kulit pisang
mentah (67%). HA/Mn juga menunjukkan peningkatan kapasiti penjerapan sebanyak
29% (199mg/g) berbanding kulit pisang mentah (112mg/g) dan 18% lebih tinggi daripada
biji avokado mentah (181mg/g). Kajian pengesahan menunjukkan HA/Mn adalah
adsorben hibrid paling cekap dengan penyingkiran COD sebanyak 85%, serta 18% lebih
tinggi dalam penyingkiran warna dan peningkatan 23% dalam kapasiti penjerapan
berbanding RA. Selain itu, kajian kinetik dan isoterm mengesahkan HA/Mn sesuai
dengan model kinetik pseudo-tersusun kedua dan model isoterm Redlich-Peterson
dengan nilai B sebanyak 0.9412, menunjukkan proses kemisorpsi dominan dan homogen.
Kajian ini juga mengintegrasikan pembelajaran mesin dalam penyingkiran pewarna
berasaskan biojisim, meningkatkan kebolehramalan dan kecekapan dalam skala besar.
Model Random Forest Regression menunjukkan ketepatan tinggi dalam meramalkan
kecekapan penyingkiran pewarna, baik pada peringkat makmal mahupun aplikasi
berskala besar, sekali gus meningkatkan kebolehskalaan pendekatan ini. Kajian
kebolehgunaan semula menunjukkan HA/Mn mempunyai kapasiti regenerasi 48% lebih
tinggi, membawa kepada lebih daripada 80% pengurangan kos penjerapan,
menjadikannya alternatif menjimatkan berbanding adsorben komersial. Selain itu,
HA/Mn juga menunjukkan kecekapan penyingkiran warna 6-18% lebih tinggi dalam air
sisa industri berbanding arang aktif komersial (AC) dengan luas permukaan melebihi
100m?*/g. Kesimpulannya, penemuan ini memajukan bidang sains penjerapan dengan
memperkenalkan adsorben hibrid baharu yang berskala, berdaya ekonomi, dan cekap,
mengukuhkan peranan penyelesaian biojisim dalam rawatan air sisa berwarna serta

ekonomi kitaran.

Kata kunci: Biji Avokado; Kulit Pisang; Adsorben Hibrid;, Proses Penjerapan;

Pengoptimuman
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CHAPTER 1: INTRODUCTION

1.1 Background

The rapid global population growth has significantly increased the generation of
agricultural waste, with approximately 180 billion tonnes of global biomass waste
produced annually (Mujtaba et al., 2023). In Malaysia alone, 1.2 million tonnes of
agricultural waste are disposed of in landfills each year. Despite the agricultural sector
contributing 7.4 % to the GDP of Malaysia in 2020 and an export value of RM 115.5
billion in 2019, managing agricultural waste remains challenging. Thus, agricultural
waste can be converted into valuable resources like compost, biosorbents, and biofuels
through microbial transformation, offering both economic and environmental benefits
and aligning with the principles of a circular economy (Pocha et al., 2022). Among
various types of agricultural waste, fruit waste such as orange bagasse (de Miranda Ramos
Soares et al., 2020), papaya bark (Nipa et al., 2023), banana peel (Muhamad et al., 2023)
and avocado seed (Haki et al., 2022) have shown potential for dye removal from aqueous
solutions. Fruit wastes, in particular, are economically attractive, non-toxic, and
sustainable, making them promising adsorbents due to their significant availability, ease

of handling, and low-cost nature (Sivaranjanee et al., 2024).

Annually, 2.4 million tonnes of avocado waste and over 57.6 million tonnes of banana
waste are generated globally (Chen et al., 2023; Nyakang'i et al., 2023). Both avocado
seeds and banana peels are low-cost precursors with mesoporous surfaces and high carbon
content. Besides, avocado seeds and banana peels contain oxygenated functional groups,
which are crucial for pollutant removal. Furthermore, avocado seeds contain phenol
groups, while banana peel has amine functional groups, both of which are highly effective
for dye adsorption (Avalos-Viveros et al., 2023; Maheshwari et al., 2023). However,
unmodified raw avocado seed and banana peel often exhibit insufficient adsorption

capacity and low colour removal efficiency due to their hydrophilic properties, lignin



content, and organic sticky compounds (Kumar et al., 2024; Watwe et al., 2023).
Furthermore, unmodified adsorbents tend to agglomerate in the adsorption process,

decreasing the adsorption performance (W. Zhang et al., 2020).

Modifying these biomass-based adsorbents through processes such as carbonization
and activation can significantly enhance their adsorption efficacy by improving surface
porosity, increasing carbon content, and enhancing oxygenated functional groups
(Waghmare et al., 2023). In addition, functionalization with metal impregnations can
enhance the porosity while reducing the agglomeration (Jiao et al., 2021; Li et al., 2017).
Recent literature primarily focuses on individual biosorbent studies but lacks research on
adsorbents derived from mixed waste materials for dye removal. Mixing two fruit wastes
can enhance the physicochemical properties of the hybrid adsorbent while improving the

adsorption performance and reducing waste generation.

In this study, a low-cost hybrid adsorbent was synthesized from mixed fruit wastes,
avocado seeds, and banana peels through two-step hydrothermal carbonization for
methylene blue dye removal. Hydrothermal carbonization enhances surface area,
structural porosity, and higher carbon yield while reducing energy consumption and
increasing the production yield (Sivaranjanee et al., 2024). Manganese oxide was
impregnated into the phosphoric acid-activated hybrid adsorbent to improve porosity,
increase active binding sites, and improve agglomeration, thereby enhancing cationic dye
adsorption (Liu et al., 2021). Moreover, the Design of the Experiment and a machine
learning algorithm, the Random Forest Regression Model, were used for more precise
predictions for dye removal. The study compares the adsorption performance and
regeneration of the developed hybrid adsorbent with a commercially available adsorbent.
Additionally, an economic analysis for hybrid adsorbent production is conducted to

determine the feasibility of using fruit wastes as adsorbents.



1.2 Problem statement

The usage of carbon-rich porous materials in the adsorption process, like activated
carbon, entails substantial investment costs for large-scale operations (Shahrokhi-
Shahraki et al., 2021). Commercially available adsorbents synthesized from slow
pyrolysis consume more energy in production and have poor regeneration quality,
resulting in overall cost escalation (Abdulhameed et al., 2021). Hence, recent studies have
focused on finding alternative carbonization methods, such as hydrothermal
carbonization (HTC), to minimize adsorbent production costs and energy consumption

(Mahalaxmi & Kumar, 2024).

Also, researchers are additionally focused on developing an environmentally friendly
and affordable adsorbent from a variety of waste materials. This has led to a growing need
for alternative adsorbents derived from low-cost waste materials, such as fruit waste, to
provide cost-effective, sustainable solutions for the adsorption process (Yusuff et al.,
2022). Fruit waste holds potential as an adsorbent due to significant availability, ease of
handling, and the low-cost nature of underutilized waste materials (Sivaranjanee et al.,
2024). However, the use of raw biomass waste materials for adsorption has its limitations,
such as low adsorption capacity due to the limited surface area, which restricts the active
binding sites (Kumar et al., 2024; Watwe et al., 2023). Combining different waste
materials to produce a green adsorbent can enhance the physicochemical properties,
improve the efficiency of the adsorbent, and reduce the environmental impacts from waste
generation. Moreover, the modification of the adsorbents derived from fruit waste
improves the surface porosity, increases the carbon content, and improves the oxygenated

functional group, resulting in enhanced adsorption performance (Waghmare et al., 2023).

Additionally, achieving optimal efficiency in the adsorption process relies on

identifying the best-performing adsorbent for different pollutants at optimal operational



conditions (Watwe et al.,, 2023). The traditional methods used for optimizing the
adsorption process require extensive experimentation and are time-consuming (Yusuff et
al., 2021). Statistics and predictive tools such as Design of Experiment (DOE) and
Machine Learning (ML) can efficiently optimize and predict the adsorption performance
(Ecer & Yilmaz, 2024; Fetimi et al., 2021; Oluwasina et al., 2020). DOE is a statistical
tool used to reduce the number of experiments and minimize the use of chemicals and
analysis, thereby lowering the overall cost of the adsorption process. Furthermore,
Response Surface Methodology- Central Composite Design (RSM-CCD) is an advanced
statistical technique using DOE to design and optimize the adsorption process and
understand the effect of the parameters on the adsorption process (Tharayil & Chinnaiyan,
2024). However, when dealing with a greater number of process parameters or variables,
more experimental data and processing are required for higher accuracy. Integrating ML
algorithms into statistical optimization methods offers a promising solution for mitigating
process variability and resource demands (de Miranda Ramos Soares et al., 2020; Rosly
et al., 2022). Using ML algorithms to predict adsorption efficiency simplifies
experimental intricacies by reducing their number and duration while establishing

nonlinear connections between input and output variables (Wang & Yao, 2023).

1.3 Research questions

The relevant research questions that are going to be addressed in this study are as follows:

1. Could efficient adsorbent be developed by mixing different types of fruit waste
through two-step HTC with MnO impregnation, and how does it affect the
physicochemical properties of developed adsorbent?

2. How do contact time, adsorbent dosage, initial pH of solution, and initial dye
concentration influence the adsorption efficiency of unmodified and modified

hybrid adsorbents?



3. Which kinetic and isotherm models best characterize the adsorption behaviour of
a hybrid adsorbent for dye removal from aqueous solutions, and what are the dye
removal mechanisms of the hybrid adsorbent?

4. Does integrating RSM-CCD with a machine learning algorithm improve
prediction efficiency for dye removal performance?

5. What are the feasibility and cost implications of producing hybrid adsorbent to

commercial carbon-based adsorbent?

1.4 Aim and objectives
The present study aims to synthesize a low-cost hybrid adsorbent from fruit wastes to
remove recalcitrant contaminants from aqueous solutions. Thus, the objectives of this

study are:

1. To synthesise and characterise hybrid adsorbent from fruit wastes, specifically
banana peel and avocado seed, via two-step hydrothermal carbonization.

2. To optimize the adsorption performance of synthesized adsorbents by assessing
the effects of contact time, adsorbent dosage, initial solution pH, and initial dye
concentration on colour removal, adsorption capacity, and COD removal.

3. To study the adsorption kinetics and isotherm and kinetic of the methylene blue
dye from aqueous solution using hybrid adsorbent.

4. To predict the adsorption performance of the hybrid adsorbent using Response
Surface Methodology - Central Composite Design and a machine learning
algorithm.

5. To evaluate the economic feasibility of hybrid adsorbent for industrial

wastewater application.



1.5 Scope of the study

In this study, avocado seeds and banana peels were selected as precursors for developing
hybrid adsorbent through a two-step hydrothermal carbonization process for dye removal
in aqueous solutions. The physicochemical properties of the hybrid adsorbents, including
their chemical functional groups, elemental composition, surface area, surface
morphology, and point of zero charges, were analysed. Methylene blue, a cationic dye,
was selected as a model dye to evaluate the performance of the adsorbents and evaluate
the effect of operational parameters, including the initial pH of the solution, adsorbent
dosage, initial dye concentration, and contact time. The adsorption process was designed
and optimized using Design-Expert and Response Surface Methodology (RSM), while a
machine learning algorithm, Random Forest (RF) regression model, was used to enhance
the predictability and accuracy of dye removal. Adsorption kinetics and isotherms were
also studied to understand the behaviour between the adsorbent and adsorbate. Finally, a
regeneration study and economic analysis were performed to determine the feasibility and

commercial viability of the newly developed hybrid adsorbent.

1.6 Thesis outline

The thesis is structured to comprehensively present the study on biomass-based
adsorbents for dye removal from wastewater. It begins with an abstract, followed by an
introduction, a detailed methodology, an analysis and discussion of results, and a
conclusion summarizing key findings. Supporting information, including references and

appendices, is provided to reinforce the research.

Chapter 1: Introduction

The introduction chapter includes background information on fruit wastes and water
pollution from dye wastewater, as well as a brief outlook on developing adsorbents from

banana peels and avocado seeds to remove dye from wastewater. Additionally, Chapter



1 includes the problem statement, research questions, aim, and objectives of the study,
along with the scope and significance of the research. The thesis outline is also included

in this section.

Chapter 2: Literature review

This chapter provides a comprehensive literature review of recently published studies on
biomass waste-derived adsorbents for wastewater treatment, especially for removing dyes
and recalcitrant pollutants through the adsorption process. This chapter explores various
types of adsorbents derived from biomass-base, which was utilized for dye removal,
addressing the limitations and challenges associated with the conventional commercial
adsorbents used for dye removal. Furthermore, Chapter 2 discusses optimization tools
utilized to improve the performance and accuracy of the adsorption process using fruit-
waste-derived adsorbents for dye removal while considering the effects of operational

parameters.

Chapter 3: Methodology

This chapter describes the methodology of the research activities used to achieve the
objectives of this study. Chapter 3 includes the materials, methods, development of
adsorbents, and characterization methods of the adsorbents. Furthermore, this chapter
covers the evaluation and validation of the adsorbents for methylene blue dye removal,
along with analysis techniques and optimization tools for the adsorption process. Lastly,

this chapter also includes safety precautions.



Chapter 4: Results and discussion

The Results and Discussion chapter presents the results of preliminary experiments for
raw avocado seed and raw banana peel adsorbent followed by the results of the adsorbent
synthesis process. Chapter 4 also includes a physiochemical analysis of hybrid adsorbents
BET, FTIR, SEM-EDX, and pH,... The chapter reports on the adsorption performance
and comparison of hybrid adsorbents: RA (raw adsorbent from avocado seed and banana
peel), acid-activated adsorbent (HA), and metal-impregnated adsorbent (HA/Mn).
Moreover, it covers optimized adsorption processes using the design of experiments and
machine learning techniques. Finally, economic analysis, along with a regeneration study,

is included in this chapter for interpretation.

Chapter 5: Conclusion and Recommendations

This chapter summarizes the key research findings, including the modification of the
adsorbents through hydrothermal carbonization, acid activation, and functionalization
using metal oxide impregnation. It also includes a summary of the optimization of the dye
removal process for the newly developed hybrid adsorbent and its potential for industrial
applications. This chapter also provides future research recommendations and the

knowledge contributions from this study.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter outlines the use of biomass waste materials to produce promising adsorbents
for dye wastewater treatment. Besides, this chapter also includes different biomass-based
adsorbents and their limitations in removing pollutants. Furthermore, the chapter
discusses adsorbent synthesis methods, modification techniques, and the characteristics
of adsorbents. Additionally, the effects of different operational parameters on adsorption
performance are included, and the chapter concludes with a summary of the literature

review highlighting the research gaps.

2.2 Conventional treatment methods for dye wastewater treatment

The uncontrolled discharge of wastewater is a major global environmental concern.
Wastewater treatment plays a crucial role in protecting public health and the environment
by removing or neutralizing pollutants before water re-enters the natural cycle. Industrial
wastewater contains a variety of contaminants, including organic matter, heavy metals,
and various pathogens. Among these, industrial dye wastewater is a significant

environmental concern due to its complex, toxic, and non-biodegradable nature.

The extensive use of synthetic dyes in industries is driven by their high solubility,
stability against photodegradation, and resistance to microbial breakdown. Since the early
20th century, synthetic dyes have largely replaced natural dyes, with over 100,000
commercial variants and a global production exceeding 700,000 tons annually. Of this,
approximately 150,000-200,000 tons enter industrial wastewater streams(Singh, 2017;
Subbaiah Munagapati et al., 2021; Xue et al., 2022). The major contributors to dye
wastewater, as illustrated in Figure 2.1, include the textile, printing, paper, food
processing, and tannery industries, with the textile sector alone responsible for 54% of

total dye discharge (Solayman et al., 2023).



Figure 2.1 : Sector-wise dye wastewater contributing industries
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Textile processes such as dyeing, printing, and finishing generate vast amounts of dye-
contaminated effluents, often discharged untreated, leading to the accumulation of dyes,
dye by-products, and heavy metals in water bodies (Batool & Valiyaveettil, 2021; Rezk
et al., 2019). Concentrations in textile effluents can reach up to 800 mg/L, contributing
over 280,000 tons of dyestuff annually (Solayman et al., 2023; Sridhar et al., 2022).Table
2.1 outlines the conventional dye removal technologies, highlighting their advantages and
limitations. These traditional methods include physical, chemical, and biological
processes, each with its own set of strengths and challenges in effectively treating dye-

contaminated wastewater (Tuli et al., 2020a).

Chemical dye removal methods offer simplicity and effectiveness but often result in
secondary waste or by-products, such as sludge or aromatic amines (Tchobanoglous et
al., 2003). Biological methods, while capable of degrading dyes using enzymes or
microorganisms, are hindered by unreliable enzyme production and inefficiency in

metabolizing certain dyes, such as azo dyes (Henze et al., 2008).

Physical treatments, including ion exchange and coagulation, are generally cost-
effective but may not be suitable for all dyes and can generate sludge. Among these, the
adsorption process stands out as the most promising method for dye removal due to its
high efficiency, versatility in removing a wide variety of dyes, and minimal waste
generation, despite challenges such as the high cost of activated carbon. Besides, within
the complex wastewater treatment system, due to the presence of a variety of solid and
chemical pollutants in the aqueous solution, adsorption has garnered increasing attention

as a versatile and high-efficiency treatment method (Tharayil & Chinnaiyan, 2024).
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Table 2.1 : Dye removal treatment methods

Methods Advantages Disadvantages
Chemical | Oxidative Simplicity of application | Activating agent required
treatment | process
Fenton’s Fenton’s reagent is a Sludge generation
reagent suitable chemical means
Photochemical | No sludge and foul Formation of by-products
odours are produced
Sodium Increases azo bond Release aromatic amines
hypochlorite creation
Ozonation No increase for Short half-life (20mins)
wastewater and sludge
volume
Electrochemical | No usage of chemicals Flow rates cause a direct
destruction and no sludge build-up decrease in dye removal
Biological | Decolourization | Able to degrade dyes Enzyme production was
treatment | (white rot using enzymes unreliable
fungi)
Mixed bacterial | Decolourized in 24-30 h | Azo dyes are not readily
metabolized
Dye Azo dyes can be Yields methane and
bioremediation | decolourized hydrogen sulphide
Physical | Adsorption Efficient removal of a Activated carbon is
treatment wide variety of dyes expensive

Ion exchange

Higher regeneration

Not effective for all dyes

Membrane Efficiently removes a High energy

separation variety of inorganic and | consumption, expensive.
organic matter

Coagulation Simple to operate and Sludge generation and

cheap. Preferred for vat
or sulphur dyes

not suitable for acidic or
azo dyes.
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The adsorption process is a successful approach among the preceding methods due to
its high efficiency, operational simplicity, low starting cost, reusability, resistance to
contaminants, and minimal waste generation (Kaewtrakulchai et al., 2024). The
effectiveness of adsorption is primarily influenced by the specific characteristics of both
the adsorbent and the adsorbate (Crini & Lichtfouse, 2019). For instance, efficient
adsorption of perfluorooctanoic phosphonate occurs at mesoporous structure between 29-
109 nm, whereas for dye molecules such as methylene blue, adsorbent with a pore size of

more than 2 nm is preferred.

In summary, adsorption is the most effective method for dye removal due to its high
efficiency and minimal waste production among the conventional treatment methods for
dye wastewater. However, commercial adsorbents remain expensive and have limited
regeneration capacity. Therefore, developing low-cost alternative adsorbents is essential

to enhance the economic feasibility of adsorption-based treatment systems.

2.2.1 Dye adsorption from aqueous solution

Most synthetic dyes contain organic and inorganic chemicals, cyclic compounds, and
high molar mass molecules, making them highly resistant to degradation (Ay et al., 2012).
An estimated 10-50% of globally produced dyes ultimately end up in aquatic ecosystems,
where they pose a severe threat to marine life and water quality. Dyes reduce sunlight
penetration, disrupting photosynthesis and decreasing dissolved oxygen levels, which in
turn increases chemical oxygen demand (COD) (Alorabi et al., 2020; Kabiru Bello et al.,
2018; C. Liu et al., 2012; Rainert et al., 2021; Tuli et al., 2020a). Additionally, prolonged
human exposure to synthetic dyes has been linked to skin diseases, respiratory
complications, cardiovascular disorders, diabetes, and even carcinogenic and mutagenic

effects due to the presence of benzidines and naphthalene derivatives (Kabiru Bello et al.,
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2018). Therefore, the long-term effects of synthetic dyes may lead to genetic mutations

in living organisms (Liu et al., 2021).

Cationic (basic) dyes, commonly used for dyeing acrylic, wool, nylon, and silk, are
among the most problematic dyes in wastewater due to their bright, intense colours and
resistance to degradation (Zafar et al., 2022). These dyes contain positively charged ions
and include cationic azo dyes, anthraquinone dyes, and phthalocyanine dyes. Cationic
dyes are water-soluble, carrying a positive charge and yielding coloured cations in
solution, as summarized in Table 2.2. They include cationic azo dyes, di- and tri-
arylcarbenium, phthalocyanine dyes, methane dyes, anthraquinone, and various solvent
and polycarbocyclic dyes. Basic dyes are known for their high visibility, brilliance, and
intensity of colours, making them extensively used as models in dye adsorption studies,
including dyes like Crystal Violet (Ismail et al., 2024), Methylene Blue (Vinayagam et
al., 2024), Basic Blue 41(Zafar et al., 2022), and Rhodamine B (Vasconcelos et al., 2023).
These dyes are toxic and can cause harmful effects such as allergic dermatitis, skin
irritation, difficulty breathing, nausea, vomiting, excessive perspiration, mutations,
cancer, mental disorientation, and methemoglobinemia (Zayed et al., 2023). The stability
of these dyes against light, heat, and biological breakdown makes them highly
challenging to remove from water, posing risks to both ecosystems and human health

(Mehmandost et al., 2023).

Among cationic dyes, Methylene Blue (MB) is one of the most commonly detected
pollutants in industrial wastewater due to its extensive use in textiles, plastics, paper,
leather, and food industries (Munonde et al., 2023). MB, a thiazine-based dye with the
chemical formula CisHisNsCIS, exhibits a maximum absorbance wavelength of 663 nm.
Its high-water solubility and chemical stability make MB a preferred dye for various

applications, particularly in textile industries processing wool, silk, and cotton (Oladoye
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et al., 2022; Xue et al., 2022). Several studies have documented MB concentrations in
industrial effluents, with reported values ranging from 2.34 mg/L to 86.5 mg/L in textile
wastewater (Fito et al., 2020; Munonde et al., 2023). Due to its stability and widespread
use, MB is often chosen as a model dye in adsorption studies to evaluate the effectiveness
of adsorbents derived from biomass (Jiang et al., 2022; Ramutshatsha-Makhwedzha et

al., 2022; M. C. Silva et al., 2021).

Although MB is not classified as a highly toxic dye, it can still cause significant health
issues upon prolonged exposure, including skin irritation, nausea, vomiting, respiratory
distress, and even neurological disorders (Amela et al., 2012). Therefore, efficient
removal of MB from industrial wastewater is crucial to minimizing its environmental and

health impacts.

In summary, the discharge of synthetic dyes, particularly cationic dyes like MB, into
aquatic environments poses severe ecological and health risks. These dyes persist due to
their resistance to natural degradation processes, leading to reduced light penetration,
disrupted aquatic ecosystems, and increased COD. Moreover, prolonged exposure to MB
can have adverse effects on human health. Given its widespread industrial use and
frequent presence in wastewater, the effective removal of MB is essential for reducing
water pollution and ensuring environmental sustainability. Adsorption has emerged as a
promising method for MB removal due to its cost-effectiveness, efficiency, and

environmental friendliness.
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Table 2.2 : Types of dyes used in industries

Type of dye Properties Applications Toxic effects Ref.
Acid dye: Acid yellow 36, Water-soluble anionic Textile, leather, and Vomiting, nausea, (dos Santos Escobar et al.,
Acid orange 7, Acid blue 83, compounds pharmaceutical diarrhoea, carcinogenic 2021; Shirzad-Siboni et

Acid blue 7

and mutagenic effects

al., 2014)

Basic dye: Methylene blue,

Water-soluble, applied in

Paper, nylons, and

Toxic to aquatic life; affect

(Rima et al., 2022; salah

Basic red 1 or rhodamine 6G, weakly acidic dyebaths; | modified polyester, respiratory and mental omer et al., 2022; Xue et
Basic yellow 2 bright dyes textile health, and carcinogenic al., 2022)
Direct dye: Congo red, Direct | Water-soluble, can be Rayon, cotton, leather, Toxic to aquatic (Edokpayi & Makete,

red 28, Direct black 38

applied directly without
mordants

paper

organisms, carcinogenic,
mutagenic, and dermatitis

2021; Farghali et al., 2022)

Reactive dye: C.I. reactive red
120, C.I. reactive red 147, C.I.
reactive blue 19

Water-soluble, anionic
compounds; largest dye
class

Cotton, cellulose, nylon,
silk and wool

Allergic reaction in eyes,
skin, and the upper
respiratory tract

(Aragaw & Alene, 2022)

Dispersive dye: Disperse red
9, Disperse violet 1, Disperse
red 60

Not water-soluble

Polyester, nylon,
synthetic fibres, cellulose
acetate, and acrylic fibres

Mutagenic; carcinogenic;
causes soil and water
pollution

(Sridhar et al., 2022)

Azo dye: Direct Black 22,
Disperse Yellow 7, Methyl red,
Methyl orange, Trypan blue

Water-soluble

printing, cosmetics,
leather, textiles paper,
food process

Carcinogenic. Irritates the
eye and skin and affects
aquatic life

(Seyyedi & Jahromi, 2014;
Shirzad-Siboni et al.,
2014; Zayed et al., 2023)

Vat dye: Vat blue 1, Vat acid
blue 74

Water-insoluble; oldest
dyes; more chemically
complex

Natural fibres and
cellulosic material

Dermatitis, allergic
conjunctivitis, rhinitis,

(Sridhar et al., 2022)

Sulphur dye: Sulphur brilliant
green, Sulphur blue, Sulphur
Black 1, Leuco Sulphur Black
1, Phthalic anhydride

Organic compounds
containing sulphur or
sodium sulphide

Cellulosic materials or
blends, cotton, silk,
paper, leather

Skin irritation; blocked
noses; sneezing and sore
eyes; carcinogenic

(Sridhar et al., 2022)




2.3 Commercial adsorbents utilised in dye wastewater treatment

There are various types of adsorbents utilised in dye wastewater treatment due to their
capability to effectively remove a broad spectrum of pollutants, including synthetic dyes
that are often toxic, non-biodegradable, and resistant to conventional treatment methods.
Adsorbents in commercial applications in dye removal are summarized in Table 2.3,
which includes activated carbon (Shahrokhi-Shahraki et al., 2021), zeolites (Inglezakis et
al., 2023), ion exchange resins (Zagklis et al., 2015), chitosan (Shukla et al., 2024), carbon
nanotubes, graphene-based materials (Zourou et al., 2022), silica-based
materials(Ramalingam et al., 2024), iron oxide-based adsorbents, modified clays (Ecer et

al., 2023), and biochar (Imad Rabichi et al., 2025)

However, some materials have limited commercial applications due to various
imitations and challenges. For instance, adsorbents derived from chitosan have significant
adsorption performance due to the abundance of amino and hydroxyl groups, allowing it
to form hydrogen bonds with a wide spectrum of molecules, including dyes (Shukla et
al., 2024). Nonetheless, they are used in pilot scale application and not widely
commercialized due to their extensive modification and low durability (Roy et al., 2023).
Carbon nanotubes and graphene oxide are highly effective in dye removal, but they have
some challenges as their expensive nature limits feasibility in industrial applications
(Ullah et al., 2024). Biochar, particularly derived from coconut shells or palm kernel
shells, is an emerging low-cost alternative to more expensive adsorbents (Kiani Ghaleh
sardi et al., 2021). While biochar holds promise for sustainable dye removal, it is not yet
widely used in commercial dye wastewater treatment due to variability in its adsorption

efficiency and the need for further modification and optimization (Iwar et al., 2021).
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Table 2.3: Types of commercial adsorbents used in dye wastewater treatment.

Adsorbent

Application in dye removal

Remarks

Activated carbon

Removal of synthetic dyes,
organic compounds, taste, odour,
and some inorganic
contaminants from aqueous
solutions

High adsorption capacity due
to high surface area and
porosity. Widely used but
expensive due to poor
regeneration

Zeolites

Removal of cationic dyes, heavy
metals, ammonia, and some
organic contaminants through
iron exchange.

well-defined porous structure
for targeted dyes such as
cationic dyes.

Ion exchange

removal of anionic dyes,

Contains specific functional

organic contaminants.

resins cationic dyes, and heavy metals. | groups and better selectivity
for targeted dye removal
Modified clays Removal of reactive dyes, basic | Cost-effective and significant
dyes, organic pollutants, and adsorption capacity
heavy metals
Chitosan Removal of reactive dyes and Biodegradable, high

adsorption capacity for
anionic dyes and organic
contaminants.

Carbon nanotubes

Removal of azo dyes, organic
dyes, and heavy metals.

High surface area and strong
adsorption properties,
expensive production

Biochar (coconut

Removal of organic dyes

High reusability, high surface

shell and palm area, low-cost alternative.
kernel shell)

Graphene-based | Removal of synthetic dyes and Adsorption capabilities for
materials heavy metals. various contaminants.

Activated carbon is the most widely used commercial adsorbent for dye wastewater
treatment due to its high porosity, large surface area, and strong adsorption affinity for
organic pollutants (Asfaram et al., 2014; Sivaranjanee et al., 2024). A recent study by
Umeh et. al. (2023) compared the efficiency of activated carbon and surface-modified
organoclay and reported that activated carbon has a 30 % higher efficiency in removal.
This finding can be supported by a study conducted by Ahmadi et. al. (2022), which
compared the performance of activated carbon with hyperbranched polymer. However,

synthetic polymers are also expensive, have energy-intensive production, and have
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limited usage time. Therefore, activated carbon is the most widely used and readily
available for dye wastewater treatment due to its cost-effectiveness, high porosity, and

adsorption efficiency.

However, despite its high adsorption capacity, activated carbon is typically derived
from non-renewable sources such as lignite, bituminous coal, and petroleum coke,
making it expensive and less environmentally sustainable (Sulaiman et al., 2018). The
global market for activated carbon was valued at USD 4.4 billion in 2023 and is projected
to reach USD 7.0 billion by 2028, with a growth rate of 9.5% (marketsandmarkets, 2023).
Additionally, about 45% of the global activated carbon production is used for industrial

and municipal wastewater treatment (Reyes Molina et al., 2023).

Despite the high demand for activated carbon, they have several limitations and
challenges, including lower environmental friendliness due to the use of non-renewable
raw materials, limited regeneration, high manufacturing costs and energy requirements,
poor stability, and low selectivity (Khan et al., 2023b). As a result, researchers are actively
exploring alternative and cost-effective adsorbents derived from natural materials and
agro-industrial by-products (Ying et al., 2016). Agricultural biomass-derived biosorbents
offer cost-effectiveness, biodegradability, and reusability, making them a promising
alternative for dye removal (Hameed, 2009; Sivaranjanee et al., 2024). Additionally,
biosorbents contribute to environmental and economic sustainability by utilizing waste
materials for pollutant removal while potentially generating energy (Ramalingam et al.,

2024).

In summary, activated carbon is widely used for dye wastewater treatment due to its
high adsorption efficiency, but it faces challenges such as high costs, energy-intensive
production, limited regeneration, and low selectivity. While activated carbon can be

sourced from both renewable and non-renewable materials, industrial applications still
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primarily rely on non-renewable sources. As a low-cost, renewable alternative, biochar
derived from coconut and palm kernel shells shows promise for dye removal, though its
adsorption efficiency varies and requires further optimization for large-scale applications.
To enhance sustainability, biomass-based adsorbents from agro-industrial waste are
gaining attention as cost-effective, biodegradable, and reusable alternatives, offering
excellent adsorption properties while promoting waste valorisation in dye wastewater

treatment.

24 Biomass-based adsorbent

General food waste among solid waste has emerged as a useful resource primarily due to
its large availability and low cost. Most of the food waste is contributed by fruits and
vegetables (42 %) followed by dairy products, grains, and cereals (Sridhar et al., 2022).
Hence, researchers have explored the use of agricultural waste resources to create low-
cost, effective adsorbents with higher regeneration quality. To be an effective biosorbent,
these materials must have excellent physicochemical characteristics, including high
surface area and porosity to provide accessible binding sites for pollutants, as well as
selectivity, stability, and appropriate chemical composition with functional groups for
effective chemical interactions with pollutants (Shelke et al., 2022). Thus, biomass-based
adsorbents can be considered an effective material for environmental applications,
especially for removing highly soluble dyes from aqueous solutions, due to their excellent

physicochemical characteristics (Thomas et al., 2023).

Various agro-industrial wastes such as almond leaves, avocado seed (Haki et al.,
2022), banana peel (Hu et al., 2021), cassava stem (Obele et al., 2021), chitosan (Chen et
al., 2020), rice husk (Nwabanne et al., 2022), crops (Hong & Yang, 2017), egg waste
(Pakalapati et al., 2020) coconut shell, spent coffee grounds, eucalyptus, (Correia et al.,

2018) and corn cob (Iheanacho et al., 2021) have been successfully used in previous
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studies to synthesize adsorbents for the treatment of dyes, as summarized in Table 2.4.
The optimum conditions of biomass waste material achieving the highest colour removal
and adsorption capacity can be seen in this table. Furthermore, the modified and
unmodified adsorbents are used in dye removal, though modified adsorbent show higher

removal efficiencies.

Common biomass wastes such as fruit and vegetable peels are usually disposed of,
which makes them economically attractive, environment-friendly, and inexpensive
materials to be used in the development of low-cost adsorbents. Biomass-based
adsorbents are becoming increasingly popular in wastewater treatment methods due to
their ease of production, operational convenience, performance effectiveness, and cost-
effectiveness in eliminating harmful contaminants from wastewater (Zhu et al., 2017).
Lignocellulose biomass-based adsorbents are advantageous in adsorption due to their

easy availability, physicochemical characteristics, chemical stability, and feasibility.

The use of adsorbents derived from biomass waste for wastewater treatment is in line
with some of the Sustainable Development Goals (SDG) (Kumar et al., 2024).
Specifically, it contributes to SDG 3, Good Health and Well-being, by minimizing
exposure to pollutants, and SDG 6, Clean Water and Sanitation, through the effective
removal of dyes from wastewater. Additionally, the application of biomass-based
adsorbents supports SDG 7 in Affordable and Clean Energy, SDG 11 in Sustainable Cities
and Communities, and SDG 12 for Responsible Consumption and Production. It
promotes renewable energy goals, effective waste management and pollution
remediation, and responsible consumption by recycling biomass waste to reduce solid

waste generation.

In summary, different types of biomass waste materials can be converted into carbo-

rich adsorbent as shown in Figure 2.2. Most biomass-based adsorbents are effective for
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pollutant removal and can be used in both unmodified and modified forms. However,
unmodified biomass-based adsorbents often require larger dosages to achieve high
adsorption performance, simultaneously increasing the overall treatment cost. In contrast,
modified adsorbents offer improved adsorption efficiency, requiring lower dosage,
reaching equilibrium faster, and demonstrating greater adsorption capacity and colour
removal percentage. Additionally, wastewater treatment using biomass-based adsorbents
supports the circular economy and aligns with several sustainable development goals,

providing a more sustainable approach to environmental management.

Figure 2.2 : Biomass-based adsorbents
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Table 2.4: Biomass-based adsorbents for dye wastewater treatment

Adsorbent Pollutants Operational parameters | Adsorption capacity | Removal efficiency | Ref.
Wattle bark biochar | Anionic dye: Methyl | Dosage: 5 g/L 12.26 mg/g 95% (Cuong
orange pH: 2-7 Nguyen et
Time: 120 min al., 2021)
Conc: 20 mg/L
Mimosa plant biochar| Anionic dye: Methyl | Dosage: 5 g/L 12.33 mg/g 96% (Cuong
orange pH: 2-7 Nguyen et
Time: 120 min al., 2021)
Conc: 20 mg/L
Coffee husk biochar | Anionic dye: Methyl | Dosage: 5 g/L 12.34 mg/g 80% (Cuong
orange pH: 2-7 Nguyen et
Time: 120 min al., 2021)
Conc: 20 mg/L
Sodium chloride Anionic dye: Methyl | Dosage: 0.2g 1107.20 mg/g 61 % (Dang et al.,
modified honeycomb | orange pH: 7 2022)
gelatine biosorbent Time: 30 min
Conc: 100 mg/L
Phosphoric acid Anionic dye: Dosage: 140 mg 892.9 mg/g 98% (EI Farissi
modified rockrose Reactive red 23 Time: 40 min et al., 2021)
shell biochar Conc: 400 mg/L
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Table 2.4 Continued

Adsorbent Pollutants Operational parameters | Adsorption capacity | Removal efficiency | Ref.
Banana peel activated | Cationic dye: Dosage: 0.2 g/L 2298 mg/g 100 % (Chen et al.,
carbon Malachite green pH: 5 2023)
Conc: 1 g/L
Time: 120 min
Sodium hydroxide Anionic dye: Dosage: 140 mg 1020.4 mg/g 97% (El Farissi
modified rockrose Reactive red 23 Time: 40 min et al., 2021)
shell biochar Conc: 400 mg/L
Zinc chloride and Anionic: Congo red | Dosage: 1 g/L 666.7 mg/g 98 % (Karaman et
cetyltrimethylammoni pH: 5-7 al., 2021)
um bromide modified Time: 120 min
orange peel biochar Conc: 25 mg/L
Hydrochloric acid Cationic dye: Basic | Dosage: 1g - 100% (Ozdemir et
modified palm leaf | red-18 pH: 9 al., 2023)
adsorbent Time: 120 min
Conc: 100 mg/L
Filamentous algae Cationic dye: Basic | Dosage: 1 g/L 125 mg/g 94% (Afshin et
activated carbon blue 41 pH: 10 al., 2018)
Time: 90 min
Conc: 100 mg/L
Sodium hydroxide Cationic dye: Basic | Dosage: 10 mg 687.5 mg/g 93 % (Du et al.,
modified peanut shell | red 46 pH: 8 2022)

biochar

Time: 10 min
Conc: 150 mg/L
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Table 2.4 Continued

Adsorbent Pollutants Operational parameters | Adsorption capacity | Removal efficiency Ref.
Potassium carbonate Cationic dye: Dosage: 0.06 g 331.6 mg/g 99% (Jasri et al.,
modified palm frond | methylene blue pH: 10 2023)
and palm kernel shell Time: 20 min
Conc: 10 mg/L
Iron oxide modified Cationic dye: Dosage: 0.02 g 189.5 mg/g - (Eniola et al.,
date palm frond biochar] methylene blue pH: 8 2023)
Time: 200 min
Conc: 250 mg/L
Unmodified date palm | Cationic dye: Dosage: 0.02 g 98.8 mg/g - (Eniola et al.,
frond biochar methylene blue pH: 8 2023)
Time: 200 min
Conc: 250 mg/L
Unmodified water Cationic dye: Dosage: 10mg 462.98mg/g - (Phonlam et
hyacinth biochar methylene blue Time: 24 hours al., 2023)
Conc: 50-300ppm
Potassium hydroxide | Cationic dye: Dosage: 10mg 587.92mg/g - (Phonlam et
modified water methylene blue Time: 24 hours al., 2023)
hyacinth activated Conc: 50-300ppm
carbon
Unmodified eucalyptus | Cationic dye: Dosage: 10mg 453.52mg/g - (Phonlam et
biochar methylene blue Time: 24 hours al., 2023)

Conc: 50-300ppm
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Table 2.4 Continued

Adsorbent Pollutants Operational parameters | Adsorption capacity | Removal efficiency Ref.
Potassium hydroxide | Cationic dye: Dosage: 10mg 552.16mg/g - (Phonlam et
modified eucalyptus methylene blue Time: 24 hours al., 2023)
activated carbon Conc: 50-300ppm
Sodium chloride Cationic dye: Dosage: 0.2g 1551.5 mg/g 96 % (Dang et al.,
modified honeycomb | Methylene blue pH: 7 2022)
gelatine biosorbent Time: 30 min

Conc: 100 mg/L
Sodium hydroxide Cationic dye: Dosage: 10 mg 538.3 mg/g 91 % (Du et al.,
modified peanut shell | Methylene blue pH: 10 2022)
biochar Time: 10 min

Conc: 150 mg/L
Iron Oxide Cationic dye: Dosage: 1 g/L 62 mg/g 99 % (Prabakaran
functionalized avocado | Methylene blue pH: 8 etal., 2022)
peel hydrochar Conc: 0.015 mg/L

Time: 120 min
Sodium carbonate Cationic dye: Dosage: 1 g/L 103 mg/g 72 % (Dhaouadi
activated avocado seed | Methylene blue pH: 10 et al., 2020)
adsorbent Conc: 1 mg/LL
Iron modified banana | Cationic dye: Dosage: 2.5 g/L 25 mg/g 92 % (Cathoglu et
peel adsorbent Methylene blue Conc: 0.05 mg/L al., 2021)

Time: 50 min
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Table 2.4 Continued

Adsorbent Pollutants Operational parameters | Adsorption capacity | Removal efficiency Ref.
Unmodified banana peel | Cationic dye: Dosage: 2.5 g/L 41.0 mg/g 76 % (Maheshwar
adsorbent Malachite Green dye | pH: 8 ietal,
Time: 120 min 2023)
Conc: 100 mg/L
Unmodified orange peel | Cationic dye: Dosage: 2.5 g/L 42.6 mg/g 74 % (Maheshwar
adsorbent Malachite Green dye | pH: 8 ietal.,
Time: 120 min 2023)
Conc: 150 mg/L
Sodium hydroxide, Anionic dye: Congo | Dosage: 2 g/L 31.6 mg/g 77 % (Rose et al.,
epichlorohydrin and red pH: 3 2023)
diethylenetriamine Time: 60 min
modified banana peel Conc: 50 mg/L
adsorbent
Phosphoric acid modified | Cationic dye: Crystal | Dosage: 0.2 g/L 469.6 mg/g 96 % (salah omer
moringa olefera violet pH: 5 et al., 2022)
Time: 240 min
Conc: 10mg/L
Hydrochloric acid Cationic dye: Crystal | Dosage: 50 g/L 3.33 mg/g 100 % (Ukpong et
activated avocado seed violet pH: 7 al., 2023)

adsorbent

Conc: 100 mg/L
Time: 120 min
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Table 2.4 Continued

Adsorbent Pollutants Operational parameters | Adsorption capacity | Removal efficiency Ref.

Oyster mushroom Real wastewater Dosage: 2 mg/L 1631.8 mg/g - (Feng et al.,

biosorbent (swine): Ammonium | pH: 8 2020)
Time: 360 min

Unmodified Ficus Cationic dye: Dosage: 2 g/L 10 mg/g - (Watwe et

benjamina biosorbent Rhodamine B pH: 2 al., 2023)
Conc: 100 mg/L

Unmodified Ficus Cationic dye: Dosage: 2 g/L 40 mg/g - (Watwe et

benjamina biosorbent Malachite green pH: 2 al., 2023)
Conc: 100 mg/L

Unmodified Ficus Cationic dye: Crystal | Dosage: 2 g/L 11 mg/g - (Watwe et

benjamina biosorbent violet pH: 4 al., 2023)
Conc: 100 mg/L

Unmodified Ficus Cationic dye: Dosage: 2 g/L 25 mg/g - (Watwe et

benjamina biosorbent Methylene blue pH: 6 al., 2023)
Conc: 100 mg/L

Avocado seed activated | Industrial wastewater | Dosage: 5 g/L - COD: 94.5 % (Atiyah et

carbon pH: 3 al., 2024)

shaking speed: 100 rpm




2.4.1  Fruit waste-based adsorbents

Fruit waste is abundantly available, comprising 6.8-33 % of total fruit production (640
million metric tonnes per year), and is discarded as peels and seeds (Mahato et al., 2020).
These fruit wastes can be utilized as biomass-based adsorbents for dye removal without
extensive modifications, reducing production costs and energy consumption while
avoiding the use of toxic chemicals. Consequently, green adsorbents obtained from bio-
waste and agricultural byproducts have been developed as effective alternatives to
conventional adsorbents for dye removal (Ying et al., 2016). However, the raw fruit waste
materials exhibit relatively poor adsorptive performance compared to the modified
biomass-based adsorbents, as the raw adsorbents tend to agglomerate and have a lower
surface area due to the presence of sticky organic matter (Batool & Valiyaveettil, 2021).
As a result, researchers are modifying the fruit waste-based adsorbents through physical
or chemical methods to improve their adsorption performance and overcome the
limitations of raw biomass-based adsorbents. Furthermore, modified biomass-based
adsorbents often possess specific surface properties, such as micropores, which increase
the available surface area for pollutant binding (Bisiriyu & Meijboom, 2020; Pakalapati

et al., 2020; T. Zhang et al., 2020).

2.4.1.1 Avocado-based adsorbent

Avocado (Persea Americana) is a tropical and subtropical fruit native to Mexico and
Central America. The demand for avocados has increased due to their growing popularity
and nutritional benefits, leading to a rise in their harvest rate (Prabakaran et al., 2022). As
one of the most widely traded tropical fruits globally, the processing of avocados by
industries and households generates a substantial amount of waste. The avocado seed is
not edible, so only the flesh is utilized, while the skin and seed, which account for
approximately 21-30% of the fruit, are discarded (Aratjo et al., 2018). Large quantities

of avocado shells, seeds, and other wastes are generated from avocado processing
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industries as only the pulp is used for oil, guacamole, and pastes (Haki et al., 2022).
Although avocado waste is not inherently harmful to the environment, the global
production of avocado peels and seeds results in a significant amount of solid waste,
estimated at 2.4 million tons each year (Salazar-Lopeza et al., 2020). The avocado seed
contains 6-40% cellulose, 3-47% hemicellulose, and 1-15% lignin (Vargas et al., 2020).
Furthermore, avocado waste contains phenol, carboxyl, and hydroxyl functional groups,
which contribute to its higher adsorption efficiency for heavy metals and cationic dyes

(Haki et al., 2022; Prabakaran et al., 2022)

Researchers are always finding new and better alternatives for low-cost adsorbents,
and they are using avocado seeds to make adsorbents to remove different pollutants from
aqueous solutions (Zhu et al., 2017). While some researchers used the biomass obtained
from avocado seeds to remove fluoride from wastewater by using CO> for activation,
(Negrete et al., 2018) other researchers used the adsorbent developed from avocado to
remove toxic materials and carcinogenic substances like phenolic compounds in
industrial wastewater (Leite et al., 2017; Sellaoui et al., 2021). Besides, metal ions such
as chromium, lead (S. P. Boeykens et al., 2019b), copper, cadmium (Wanja et al., 2016),
ammonium (Zhu et al., 2017), and fluoride (Negrete et al., 2018) are also removed using
adsorbents developed from an avocado seed. In addition to the above heavy metal
removal, avocado seed-based adsorbents are used in studies to remove dyes from aqueous
solutions, such as crystal violet (Haki et al., 2022; Ukpong et al., 2023) and methylene
blue (Dhaouadi et al., 2020; Prabakaran et al., 2022) and trypan blue (Tamer et al., 2020).
Most often, the adsorbents are made by making activated carbon using a high-temperature
furnace, which increases the porosity of the adsorbent (Negrete et al., 2018; Wanja et al.,
2016). The removal rate and optimum operational conditions used for biosorbent for

wastewater treatment are provided in Table 2.4.
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Acid modification is done on avocado seeds as the seed consists of physicochemical
properties of a pH value of 5.8, functional groups of acidic 2036 mmol/g, and basic 1.92
mmol/g (Mufioz et al., 2016). A study by Munoz et. al. (2016) reported that acid
modification overcomes the limitation of insufficient adsorption capacity in raw biomass
with a maximum of 5.6 mg/g of metal uptake, while acid-treated avocado adsorbents
showed a 21.8 mg/g. However, a limited number of studies have been done on dye
removal using avocado seed adsorbents. The most recent studies conclude that the
physical modification of raw avocado seed powder improves the adsorption process,
which can remove more than 96 % of phenolic compounds due to the increase in pore
volume of more than 80 % (Leite et al., 2017). Furthermore, studies show that the
adsorption of avocado seed is endothermic and pH-dependent (Negrete et al., 2018).
Moreover, previous studies also stated that adsorbent synthesized from avocado also
works best in the first 30 minutes to one hour of contact time, after which adsorption

steadily decreases (Wanja et al., 2016).

In conclusion, avocado seed adsorbents achieved higher adsorption performance when
their surface is modified, enhancing their physical and chemical characteristics. Studies
have shown that modified adsorbents derived from avocado seeds can effectively remove
metal ions and dye molecules from wastewater. The acid modification of avocado seeds
significantly enhances their adsorption capacity, with treated seeds exhibiting superior
adsorption performance compared to raw biomass. Furthermore, the modified adsorbent
derived from avocado seeds exhibits increased phenolic O-H stretching, leading to greater

hydrogen bonding.

2.4.1.2 Banana-based adsorbent.
Bananas (Musa), one of the most widely consumed fresh fruits, generate a substantial

amount of waste, estimated at up to 412.6 million tons annually (Jiang et al., 2022). This
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large quantity of banana production waste often ends up in landfills and freshwater bodies
after harvest, as there has been limited commercial utilization of this waste material so
far. However, banana peels and stems can be utilized as high-quality adsorbents for
treating wastewater dyes due to their favourable surface properties. The banana peel
contains between 43-47 % cellulose, 13-20 % hemicellulose, 55 % holocellulose, and 13-
27 % lignin (Silva et al., 2021). Besides, Banana peel adsorbents have a high performance
due to their heterogeneous, rough, and porous surface, which traps pollutants in their
crater-like pores in the adsorption process (Pandharipande & Deshpande, 2013; Sun et
al., 2023). In addition, recent studies show evidence that banana peel has chemical
functional groups such as amide, carboxyl, and hydroxyl, which results in higher
adsorption efficiency (Avila et al., 2016; Batool & Valiyaveettil, 2021; Cathoglu et al.,

2021; C Liu et al., 2012).

Banana peels have been frequently used to remove heavy metal ions like cadmium
(Chen et al., 2018) copper (Pandharipande & Deshpande, 2013; Sun et al., 2023), lead
(Hu et al., 2021), and chromium (Selimin et al., 2022). In addition, adsorbents derived
from banana waste has also been employed to remove dyes such as methylene blue (Lee
et al., 2021), reactive black 5, congo red, and reactive red from aqueous systems
(Abdulfatai et al., 2013; Misran et al., 2022; V. Munagapati et al., 2018; Temesgen et al.,
2018). Recent studies show that raw banana peel can be used as an adsorbent simply by
removing the excess moisture and making it into a powder form without further
modification (Chen et al., 2018; V. Munagapati et al., 2018). On the other hand, some
studies show making modified activated carbon from the banana peel is better to remove
dyes in aqueous solutions than using raw banana peel (Misran et al., 2022). Researchers
developed a more efficient adsorbent by making activated carbon from raw banana peel
powder by heating the materials at 450°C (Abdulfatai et al., 2013). While raw banana

peel, activated banana peel and banana peel activated carbon are promising adsorbents
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for pollutant removal, their optimum condition to achieve their maximum performance
need to be taken into consideration. A study by Maheshwari et. al. (2022) used raw banana
peel adsorbent, requiring 20 g/L to achieve 76% pollutant removal. In contrast, a study
by Tolkou et. al. (2024) using activated banana peel adsorbent achieved 96 % removal
efficiency with just 0.6 g/L. Furthermore, a study by Sun et. al. (2023) using metal oxide-
impregnated banana peel attained a removal efficiency of 99 % using only 1 g/L. From
an economic and environmental standpoint, these findings indicate that modified and
functionalized adsorbents require 95-97% less adsorbent dosage compared to raw

adsorbent, making them a more cost-effective solution.

In conclusion, banana peels have been used as effective adsorbents to remove
recalcitrant pollutants including heavy metal ions and dyes. While raw powdered banana
peel can be utilized as an adsorbent, studies suggest that chemically activated and
functionalized adsorbents derived from banana peel are even more effective for removing
dyes from aqueous solutions. When modified, banana peel materials have shown
increased efficiency in dye removal, as the activation process improves their surface area
and active binding sites. Additionally, banana peel contains a fibrous surface area and a
high concentration of O-H and amine functional groups, which contribute to its

effectiveness as an adsorbent for cationic dye removal.

2.5 Limitations of fruit waste-based adsorbents

Raw biomass-based adsorbents derived from fruit wastes can be utilized without any
modification for pollutant removal. Literature studies show that raw biosorbent from
agricultural wastes has a low adsorption rate and it has also been observed that these
biomass-based adsorbents require further modifications by physical modification or
chemical modification to increase the number of active binding sites and increase the

surface area (Abdulfatai et al., 2013; Ranasinghe et al., 2018). Adsorbents derived from
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clay (Obayomi & Auta, 2019), plant residues (Duan et al., 2022), agricultural waste
(Phouthavong et al., 2023), and other renewable sources show great potential for the
effective removal of dyes and heavy metals in wastewater treatment. However, to be
effective, these biomass-based adsorbents must possess specific properties, including
high surface area and porosity to provide accessible binding sites for pollutants,
selectivity, stability, and appropriate chemical composition with functional groups for
chemical interactions with pollutants. Additionally, abundance and reusability are
important factors for reducing procurement and production costs. Several studies are
conducted to find the efficiency of biomass-based adsorbents to enhance the efficiency,
such as drying temperature and time, the final size of the adsorbents, amount of dosage
used, contact time, and the concentration of the contaminant solutions used (C. Liu et al.,

2012; Muiioz et al., 2016).

In summary, unmodified fruit-waste-derived adsorbents can be utilized for dye
treatment. However, it frequently necessitates further physical or chemical modification
to enhance the adsorption performance. Modified adsorbents exhibit promising potential
for effectively removing dyes due to the high surface area, porosity, selectivity, and
stability after modification. Hence, the synthesis process, method of surface modification,

and the type of functionalization influence the effectiveness of biomass-based adsorbents.

2.6 Adsorbents synthesis methods

Thermochemical processes such as pyrolysis, torrefaction, hydrothermal carbonization,
and gasification convert biomass into adsorbent (Raninga et al., 2023; Reyes Molina et
al., 2023). The synthesis of adsorbents involves the use of heat, which reduces the
biomass weight by 40-50%. This reduction results from the loss of oxygen compounds
through the melting of cellulose, hemicellulose, and lignin, ultimately producing a

carbon-rich material (Reyes Molina et al., 2023). Thus, carbonization converts cellulose
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and lignin to CO», forming porous surfaces on the adsorbent by breaking down unstable
chemical bonds and releasing the volatile fraction of the precursor material (Neolaka et

al., 2023).

2.6.1  Pyrolysis

The pyrolysis process involves the thermal decomposition of biomass under anaerobic
conditions or with limited oxygen in higher temperatures (< 800 °C) (Jjagwe et al., 2021).
In the case of slow pyrolysis, the process takes place at temperatures ranging from 300 to
1000 °C, with a gradual heating rate of 5-10 °C per minute (Negrete et al., 2018) . On the
other hand, fast pyrolysis is utilized to convert biomass rapidly into biochar and other
products. It involves starting temperatures around 500 °C and can reach up to 1000 °C,
with a heating rate of 300 °C per minute (Ding et al., 2023). By carefully controlling the
temperature and operating time of the reactor along with the dosage amount used, higher
biochar yields can be achieved. Fast pyrolysis is commonly employed for large-scale
production of biochar, which can then be used as an adsorbent to remove heavy metals
from water and soils. Whereas slow pyrolysis is used to produce activated carbon, it is
commonly used to remove pollutants such as dye and produce biochar as a primary
product along with bio-oil and syngas. Pyrolysis can be conducted under nitrogen flow
along with physical activation such as a gas flow like carbon dioxide (Negrete et al.,
2018). In addition to dry pyrolysis, hydrothermal carbonization (HTC), known as wet
pyrolysis, has the potential to become an environmentally sound conversion method to
exploit extracted biomass, as it has the advantage of converting wet materials without the

need for an energy-intensive drying pretreatment.

2.6.2 Hydrothermal carbonization
Hydrochar is the term used to describe adsorbents obtained from the hydrothermal

carbonization (HTC) of carbon-based precursors such as biomass materials. HTC has
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gained interest as a promising method for processing biomass and waste into hydrochar
adsorbents because it generates a higher yield and carbon rate, is energy-dense, and adds
value to solid waste sources. This method involves subcritical water conditions, typically
at mild temperatures ranging from 180 to 350 °C and autogenous pressures between 2
and 6 MPa, thereby reducing carbon dioxide emissions (Avalos-Viveros et al., 2023;
Pauletto et al., 2021). Hydrochar is created chemically through reactions that include
hydrolysis, dehydration, and decarboxylation (Ding et al., 2023). The duration of the
HTC process can range from 30 minutes to 3 days, depending on the material used. One
advantage of using HTC to convert trash is that it avoids the need to dry typically damp
feedstocks. Subsequently, this decreases the pre-treatment time, cost, and energy usage
in the adsorbent production. HTC decreases greenhouse gas emissions since a substantial
percentage of the carbon in the initial feedstock is retained inside the biochar (Flora et al.,
2013). Furthermore, the HTC process releases a small amount of carbon dioxide and does

not involve processing any hazardous waste.

HTC is getting more attention to turning biomass and waste streams into hydrochar, a
carbon-rich, energy-dense, value-added solid material. The HTC process occurs in water
as a green reaction solvent, resulting in three kinds of products: gases, an aqueous phase,
and solid hydrochar. HTC needs a lower temperature where the reaction is done under
water and pressure. Additionally, the HTC process involves several thermochemical
reactions such as hydrolysis, dehydration, decarboxylation, aromatization, and
condensation polymerization, resulting in three kinds of products: gases, an aqueous
phase, and solid hydrochar (Sivaranjanee et al., 2024). Consequently, various molecules
(phenols, acids, ketones, aldehydes, etc.) are obtained through the degradation of
cellulose, hemicellulose, and lignin, with the process being heavily influenced by

temperature and contact time. HTC simulates natural coalification, producing a solid
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material with increased energy density and carbon content relative to the initial feedstock

and decreased oxygen and volatile content.

Recent studies show that treating a material with HTC before activating it chemically
or physically makes the pores bigger and improves its ability to adsorb (Jiang et al., 2022).
Although HTC has been used for several years for energy production applications, its use
for obtaining hydrochar from fruit waste as an alternative to commercial adsorbents is
being investigated. Furthermore, the low-temperature reaction for HTC in water and
pressure conditions makes it a greener and efficient process for synthesizing value-added

materials from biomass.

In summary, two common biomass carbonization techniques for producing adsorbents
are direct pyrolysis and hydrothermal carbonization. Pyrolysis requires higher
temperatures and longer processing times compared to HTC, which involves lower
temperatures and shorter carbonization periods. Additionally, the hydrothermal method
tends to yield higher adsorbent production rates than conventional pyrolysis. As a result,

HTC can decrease the overall cost of adsorbent production.

2.7 Adsorbent modification techniques

Using the right modification method, biomass-based adsorbents can be activated to
produce an effective porous structural adsorbent with a high adsorption capacity.
Carbonization and activation of biomass wastes are crucial processes that transform the
biosorbent improve the functionalities by removing the organic lignocellulosic organic
matter on the surface of the adsorbent(Mahmood Al-Nuaimy et al., 2023). Carbonization
of adsorbent can be obtained by pyrolysis or hydrothermal carbonization, while activation
of adsorbent can be accomplished through a physical activation process or a chemical

activation process. Furthermore, the type of biomass, processing time, heating rate, and
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carbonization temperature can all influence the quality and performance of the

synthesized adsorbents (Mujtaba et al., 2023).

2.7.1  Physical and chemical activation

The two types of adsorbent activation are chemical and physical activation of the
adsorbents. The physical process involves heating the organic raw material to high
temperatures of 600 and 1000 °C in an inert atmosphere, then activating the resulting
carbon material in the presence of oxidizing agents like CO», steam, and air (Brazil et al.,
2022; Genuino et al., 2018; Negrete et al., 2018). Whereas, in chemical activation as
summarized in Table 2.5, adsorbents react with salt bases or chemicals such as H3POg,
H>SO4 ZnCl,, KOH, NaOH, H>SO4, and HNO3, at 450 to 900°C in an inert or oxygen
environment (Dhaouadi et al., 2020; Georgin et al., 2018; Haki et al., 2022; Prastuti et al.,
2019; Sellaoui et al., 2021). In the study conducted by Negrete et. al. (2018), physical
activation with CO; (600°C to 1000°C) after carbonization with N> flow (600°C to
1000°C) for 20 samples provided low yield in the range of 12 % to 25 % (Negrete et al.,
2018). However, a study conducted by Pauletto et. Al. (2021) produced a higher yield of
59 % activated carbon after acid activation. Besides, low activation temperatures and time
are required for the preparation of activated adsorbent in the chemical process when

compared to the physical activation method.

Physical activation consists of two stages, where both stages take place separately. In
the case of biomass, carbonization occurs first to convert the oxygen-rich biomass into a
carbon-rich biochar. Typically, this carbonization is conducted under an inert atmosphere
using N> or CO»-rich gas at temperatures between 400 and 600 °C, followed by activation
of the biochar at temperatures between 600 and 850 °C (Reyes Molina et al., 2023).
Thermal activation is obtained from heating the biomass materials in an isolated heating

chamber to provide heat and maintain the temperature of the cylindrical stainless-steel
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reactor constantly. In the study conducted by Molin et. al. (2023), the carbonization and
activation took place at higher temperatures between 500 °C to 800 °C, respectively. On
the other hand, Rodrigues et. al. (2011), reported carbonization using Argan flow for 1
hour at 800°C, gas changed to carbon dioxide and increased the temperature to 900°C for
3 hours. Emerging trends involve the adoption of microwave activation instead of
traditional thermal activation in pyrolysis processes. Microwave irradiation induces hot
spots that impact the yield and properties of pyrolysis products. Under microwave
activation, solids demonstrate increased heating values and specific surface areas,
resulting in higher gas and solid yields compared to conventional pyrolysis. However, the
liquid yield obtained is lower. Additionally, nearly half of the biomass can be converted

into a high-energy gas product, leading to significant yields (Vargas et al., 2020).

Chemical activation requires lower reaction temperatures compared to physical
activation. Commonly, the temperature ranges for chemical activation are between 300
and 700 °C, versus 600 — 800 °C for physical activation (Francis & Abdel Rahman, 2016;
Raninga et al., 2023). However, for chemical activation, acids, alkaline, or salt base can
be used for the activation. When chemical modification is done on raw material, it
increases the mean pore diameter due to swelling during the activation and modification

process.

Among the chemical agents frequently used in chemical activation techniques, H3PO4
has superior properties due to its feasibility, recyclability, environmental friendliness, and
low corrosion effect on activator devices (Alam et al., 2023). H3PO4 as a chemical
activating agent boosts the adsorption capacity of activated adsorbent as a result of
introducing an oxygenated phosphoric functional group on the surface of the adsorbent
(J. Jabar et al., 2022). Furthermore, with recently published studies, H;POs increases the

surface area significantly. For example, a study conducted by Kumar and Gupta (2020),
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raw saw dust was soaked in H3PO4 (60%) for 12 hrs before carbonizing (250°C) and
activation (600°C), which was report to significantly increase the surface area to 1409
m?/g (Kumar & Gupta, 2020). Weak acids like H>Ox have also been used recently, which
shows increased oxygen-containing functional groups on the surface for enhanced
adsorption (Zuo et al., 2016). For the avocado seed, the raw biomass shows potential as
it is, however, the acid activation improves the adsorption capacity and surface area of
the adsorbents. For example, the study conducted by Boeykens et. al. (2019) used natural
biomass, activated biomass, and activated carbon from avocado seeds. Carbonization was
achieved via pyrolysis, which resulted in a low yield, leading the researchers to use
natural biomass and activated biomass for heavy metal removal. Natural biomass has a
maximum adsorption capacity of 19 mg/g, while H3PO4-activated biomass recorded a
slight increase with 27 mg/g for lead adsorption. In the same study, chromium adsorption
was also tested on natural biomass and activated biomass using the same chemical,
H3POs4, which has a lower adsorption at 3 mg/g for natural biomass and 5 mg/g for

activated biomass (S. P. Boeykens et al., 2019b).

NaOH modified avocado shell had increased porosity, more cracks, and a rougher
surface morphology than the raw materials (Haki et al., 2022). Moreover, oxygen and
carbon elements were homogenously scattered in NaOH modified adsorbent than the raw
adsorbents. Looking into the dye removal efficiency of NaOH modified avocado waste,
the adsorption capacity was 179.8 mg/g while a study conducted by Dhaouadi et.al.
(2020) for methylene blue dye removal using raw avocado seed with 10 different salt
bases concluded that the presence of salts did not improve the adsorption capacity. the
adsorption capacity of salt activated adsorbents had similar results to the adsorbent
without the salt activation. For example, NaxCOs-activated adsorbent had a 103.1 mg/g
maximum adsorption capacity, while raw avocado seed adsorbent had a slightly lower

adsorption capacity of 99.8 mg/g. On the other hand, compared to raw avocado seed
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adsorption capacity (pp.8 mg/g) activated adsorbent using salts such as NaCl, Na>SOs3,
CsHsNa3O7, NaHSO3, and Na,HPO4 achieved and adsorption capacity of 92.9 mg/g, 94.3
mg/g, 80.4 mg/g, and 86.6 mg/g, respectively. Nonetheless, the comparable outcomes
observed in the adsorption capacity of certain salts mentioned above can be attributed to
the steric hindrance effect and the aggregation of dye molecules, both of which interfered

with the adsorption of the dye (Dhaouadi et al., 2020).

In summary, one of the fundamental steps to modify adsorbents from fruit wastes is
chemical or physical activation, as summarized in Table 2.5. Chemically activated
biomass-based adsorbents achieve higher adsorption performance than unmodified raw
biomass-based adsorbents in dye removal. Hence, chemical activation is a common
practice in biosorbent synthesis to enhance the chemical properties by introducing more
oxygenated functional groups, which are essential for the removal of recalcitrant

pollutants, especially in industrial dye wastewater treatment.
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Table 2.5 : Activation of adsorbents

Adsorbent Activation Process Adsorbate Adsorption Capacity (mg/g) | Ref.

Tea waste H3PO4 (Phosphoric acid) Methylene blue dye 238.1 (Tuli et al., 2020b)

Tea waste KOH (Potassium hydroxide) Methylene blue dye 357.1 (Tuli et al., 2020b)

Tea waste ZnCl; (Zinc chloride) Methylene blue dye 147.1 (Tuli et al., 2020b)

Saw dust H3PO4 (Phosphoric acid) Naphthalene 370.8 (Kumar & Gupta, 2020)
Avocado seed ZnCl; (Zinc Chloride) 2-Nitrophenol 761.0 (Pauletto et al., 2021)
Avocado seed ZnCl; (Zinc chloride) 2-Nitrophenol 562.0 (Pauletto et al., 2021)
Avocado seed NaCl (Sodium chloride) Methylene blue dye 92.7 (Dhaouadi et al., 2020)
Avocado seed NaHCOs3 (Sodium bicarbonate) | Methylene blue dye 103.1 (Dhaouadi et al., 2020)
Avocado seed CsHsNa3;O7 (Sodium citrate) Methylene blue dye 99.5 (Dhaouadi et al., 2020)
Avocado seed NaxS>03 (Sodium thiosulfate) Methylene blue dye 101.5 (Dhaouadi et al., 2020)
Avocado seed NaNO; (Sodium nitrite) Methylene blue dye 86.6 (Dhaouadi et al., 2020)
Sugarcane bagasse Physical: heat Copper 9.5 (C. Liu et al., 2012)
Watermelon rind Physical: heat Copper 5.7 (C. Liuetal., 2012)
Eucalyptus bark Physical: heat Zinc (II) 128.2 (Afroze et al., 2016)
Forest residue Physical: heat Toluene 716.0 (Reyes Molina et al., 2023)
Avocado seed Ar: 1 hour and CO»: 3hours Phenol 90.0 (Rodrigues et al., 2011)




2.7.2 Metal oxide impregnation

Functionalization of adsorbents through impregnation is a process in which other
materials are loaded onto the surface of the adsorbent to enhance its adsorption
performance (Brazil et al., 2022). In this regard, metal impregnation can improve the
physical and chemical functionality of the adsorbent by increasing the number of active
binding sites and introducing more oxygenated functional groups. While metal oxides can
be used as independent adsorbents for pollutant removal, they often have low stability
and high agglomeration. Functionalizing biomass-based adsorbents with metal
impregnation can help overcome these limitations by increasing stability, reducing
agglomeration, and improving the overall physicochemical properties (Shelke et al.,

2022).

Metal oxide impregnation of biomass-based adsorbents has been studied using a
variety of nanosized organic or inorganic metallic oxides or hydroxides, including cerium
hydroxide, manganese oxide, ferric oxide, zirconium oxide, and activated alumina oxides
(Keikavousi Behbahan et al., 2021; Maheshwari et al., 2023). However, the field
application of nano-sized sorbents has several problems, such as excessive pressure drop
if used in incomplete solid-liquid separation. In addition, biomass nanoparticles such as
adding different waste materials tend to aggregate in solution and thus lose sorption
capacity (Feng et al., 2020). Furthermore, manganese oxide impregnated adsorbents are
getting attention in dye removal due to their unique properties. Manganese oxide can be
used as an individual adsorbent for contaminants removal. However, the use of nano-
sized adsorbents in wastewater treatment faces several challenges, such as incomplete
solid-liquid separation in fluid-bed systems and significant agglomeration in aqueous
solution, leading to a low adsorption performance. To overcome these issues, nano-sized
metallic oxides have been impregnated on porous materials, like biomass adsorbents

(Wan et al., 2018).
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2.7.2.1 Manganese oxide

Manganese oxides exhibit a range of attractive qualities, including their redox activity,
electrochemical properties, large surface area, porosity, stability under diverse
environmental conditions, low cost, and environmental friendliness. Thus, impregnating
manganese oxide nanoparticles into the porous structure of biomass material, like
activated carbon, hydrochar, and biomass-based adsorbents, enhances the adsorption
performance due to the unique properties of manganese oxide (Brocza et al., 2024).
Manganese oxide-impregnated adsorbents have better adsorption performance for a
variety of pollutants such as dye, heavy metals, and organic compounds, increasing the
performance and the selectivity of the adsorbent (Li et al., 2022). Besides, manganese
oxide enhances the adsorption performance, acting as a catalyst in the adsorption process
(Victor et al., 2019). A study conducted by Liu et al. (2024), achieved 95% methylene
blue dye removal using lignin biochar, while a study conducted by Alalid et al. (2020)
removed arsenic and lead successfully using manganese oxide impregnated on date tree

waste biomass adsorbent.

Manganese oxide is considered harmless and cost-effective, which can subsequently
reduce the production cost and increase the environmental friendliness of the adsorbent
by impregnating it with manganese oxide. While manganese oxide-impregnated
adsorbents exhibit enhanced adsorption performance by facilitating the breakdown of
pollutants and are considered cost-effective functionalized adsorbents, there are
limitations to their effectiveness in dye removal applications, such as uniform distribution
of the metal oxides and clumping of nanoparticles on the surface (Patil et al., 2016). These
challenges can be overcome by careful control over the synthesis procedure. Moreover,
manganese oxide impregnations address the challenges faced by biomass adsorbents,
including agglomeration of adsorbents, low porosity, and low surface area. Hence, nano-

sized metallic oxides have been immobilized on porous materials to eliminate these
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technical obstacles. Hence, functionalizing biomass-based adsorbents by impregnating
the porous material with metal oxide will enhance the adsorption performance (Liu et al.,

2021).

2.8 Significant characteristics of adsorbents

Characteristics of the adsorbents are studied before and after modification to understand
the changes on the surface as well as the changes in the adsorption process for dye
removal. This is crucial because the overall adsorption process encompasses three
primary mechanisms: diffusion, surface chemical reactions, and surface complexation
(Della-Flora et al., 2020). These mechanisms are influenced by the properties of both the
adsorbent and the adsorbate. The activated carbon derived from avocado seeds exhibits a
nearly neutral surface pH of 6.1-6.8, along with hydrophobicity- hydrophilicity ratio
values below 1.0, signifying the predominantly hydrophilic character of this material
(Della-Flora et al., 2020). The majority of the biomass-based adsorbents from fruit waste
have the highest surface element for carbon, followed by hydrogen, nitrogen and oxygen.
However, in some cases, a higher amount of oxygen is recorded in unmodified adsorbents

due to the moisture content of the adsorbent (Murugesan et al., 2019).

The point of zero charge (pH:c) is studied to understand the pH values on the surface
of the adsorbents surface, which exhibits a positive charge when the pH is below the point
of zero charge and a negative charge when the pH exceeds the pH,.. (Rodrigues et al.,
2011). The pHp.c 1s measured by the pH value ApH of zero by calculating the difference
between the initial and final pH of the solutions. For cationic and anionic dye removal,

the point pHpzc is essential to understanding how the pH affects

the adsorption process. Recent studies conducted on biosorbent for dye removal

reported that cationic dye removal was observed above the pH,.. of the adsorbent, while
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anionic dyes favoured pH below the pH.. of the adsorbent (Chen et al., 2023; Mahalaxmi

& Kumar, 2024; Schadeck Netto et al., 2019).

Surface morphology enables researchers to see the changes in porosity, while surface
area analysis gives detailed information on the surface area, pore size, and the category
of the adsorbent (micropore, mesopore, and macropore). A study conducted by Gonza'lez
et. al. (2007), have reported mesopores were formed at 1000 °C under nitrogen flow for
pyrolysis without chemical activation, whereas with chemical activation, carbonization
at 800°C without nitrogen flow presented heterogeneity of the micropore size and
microporosity (Elizalde-Gonzdlez et al., 2007). However, using HTC in recent studies,
researchers were able to develop microporosity at lower temperatures of >350 °C,
reducing the cost of production by decreasing the consumption of energy and time.
Similar high surface areas have been reported for physically activated and functionalized

biomass-based adsorbents.

Besides, the chemical functional groups with wavelengths ranging from 4000 - 400
cm’! give specific chemical groups on the surface of the adsorbent. Avocado by-products
(avocado oil, avocado seed and avocado peel) has several chemical functional groups
such as hydroxyl (-OH, 3200-3500 cm™), carboxyl (C-O,1000-1300 cm™), C=C, alkene
(1630 cm™) or aromatic (1475-1600 cm™) and C-H, -CH3 and -CH,-, alkane (2850-3000
cm!, 1375-1450 cm-1, 1465 cm™), aromatic (900- 960 cm™ and 3050 — 3100 cm™) or
aldehyde (2750 -2850 cm™") (Typical IR Absorption Frequencies for Common Functional
Groups). However, the most important for activated carbons among these functional
groups found in avocado are O-H groups from alcohols and phenols, aromatic rings, C=0
from esters and carboxylic groups, and finally CH groups from aromatic and aliphatic

(Leite et al., 2018b)
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In summary, the modification of the adsorbents affects the physicochemical
characteristics of the adsorbents, which enhance the adsorption performance. Thus, the
limitations of raw adsorbents are overcome by the chemical and physical modification of
the adsorbents. While the carbonization of adsorbents increases the surface area of the
adsorbent by removing the organic matter on the surface of the adsorbents, the chemical
activation increases the oxygenation functional groups. Besides, the functionalization of
the adsorbents using metal oxides also enhances the physicochemical properties by

increasing the surface area, resulting in efficient dye removal.

2.9 Modelling and optimization methods

The traditional methods used for optimizing the adsorption process require extensive
experimentation and are time-consuming (Yusuff et al., 2021). Furthermore, it has proven
difficult to achieve efficient optimum conditions using traditional methods, as they did
not consider the interactions between the parameters that affect the adsorption process.
Statistics and predictive tools such as Design of Experiment (DOE) and Machine
Learning (ML) can efficiently optimize and predict the adsorption performance (Ecer &
Yilmaz, 2024; Fetimi et al., 2021; Oluwasina et al., 2020). The optimization of process
parameters is a crucial step in determining how to increase process efficiency. The use of
statistical optimization methods in the development of adsorption processes can result in
lower process variability and lower resource requirements, such as raw materials,
equipment, and time. The number of factors influencing adsorption impacts the required
number of experiments for process optimization. A higher number of process parameters
necessitates a larger number of experiments to determine the efficiency of dye removal
across all possible combinations of influencing factors (Yusuff et al., 2021). Hence, most
articles in the literature focus solely on the pollutant's removal efficiency. On the contrary,
the utilization of machine learning and artificial intelligence algorithms within statistical

optimization methods for modelling and optimizing adsorption processes can reduce

47



process variability and resource requirements (such as raw materials, effort, and
experimental time)(Rosly et al., 2022). Previous studies have employed response surface
methodology (RSM) to investigate factor interactions, which proves more efficient than
traditional approaches that focus on one parameter at a time. Hence, including random
forest (RF) and decision tree (DT) algorithms via machine learning can be the approach
to achieve cost reduction and minimize the consumption of valuable resources like energy

and materials.

Design of Experiment (DOE) is a statistical tool used to reduce the number of
experiments and minimize the use of chemicals and analysis, thereby lowering the overall
cost of the adsorption process. Furthermore, Response Surface Methodology (RSM) is an
advanced statistical technique using DOE to optimize the adsorption process and
understand the effect of the parameters on the adsorption process. Central Composite
Design (CCD) is a commonly used design in RSM, allowing researchers to specifically
design experiments to understand the impact of variables on the adsorption process
(Tharayil & Chinnaiyan, 2024). RSM-CCD uses mathematical and statistical techniques
to develop empirical models based on the experimental data (Ecer et al., 2020; Van Thuan
et al., 2017). It aims to optimize analysis by combining the effects of various variables
into minimal test runs, thereby reducing the number of experiments needed to evaluate
the relationship between design responses and factors (Ecer & Yilmaz, 2024; Kumari et
al., 2023). Thus, when evaluating the relationship between independent variables, RSM-
CCD is used to maximize performance yield, which can be influenced by the independent

variables (Ecer & Yilmaz, 2024; Ecer et al., 2020, 2023).

29.1 Machine learning algorithm
Machine learning is an artificial intelligence-based approach that empowers computers to

learn from complex, multidimensional data sets and develop predictive models. This
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technology has proven to be a potent solution for tackling practical challenges across a
wide range of industries, drawing substantial interest and attention. Thus, ML algorithms
can be used effectively to predict the adsorption performance of adsorbent to remove
recalcitrant pollutants in waste water treatment (Ismail et al., 2024). Its application in
water treatment and desalination has gained prominence, as it offers practical solutions to
combat water pollution and scarcity. In recent years, Al techniques have been utilized to
optimize these processes, leading to improved efficiency. Moreover, the application of
Al is anticipated to reduce operational costs in water treatment by optimizing chemical
usage and decreasing overall expenses (Alam G et al.,, 2022). Hence, Al is being
increasingly applied in water treatment to overcome the limitations of traditional
methods. The water industry is investing in Al, with an estimated investment of $10.8
billion by 2030, and this technology is expected to reduce operational costs by 20 to 30%

through optimized chemical usage and cost reduction.

Al offers simplicity, flexibility, and ease of implementation, making water treatment
processes more efficient. Commonly used Al techniques in water treatment include
Random Forest, Recurrent Neural Network, Convolutional Neural Network, Decision
Tree, Feed Forward Back Propagation Neural Network, and Adaptive Network Based
Fuzzy Inference System. However, a major challenge is the availability of sufficient data
for Al to predict future outcomes and enhance system performance. ML models
significantly reduce material and labor consumption in future experimentation and

research by using regression models to predict adsorption performance.

The expanding array of ML models, such as random forest (RF), has effectively
demonstrated their ability to simulate complex relationships between influencing
elements and dependent outcomes (de Miranda Ramos Soares et al., 2020; Ghaedi et al.,

2014). Random Forest models create numerous diverse decision trees that randomly train
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a selected subset of the data and a limited set of randomly chosen features. This
intentional use of randomness helps minimize overfitting and cultivate diversity, enabling
the model to navigate complex relationships and effectively uncover hidden patterns

within the data (Mehmandost et al., 2022).

Decision trees are straightforward hierarchical models that use recursive partitioning
to similar data groups, and they are categorized as classification or regression trees based
on the predicted output (Hassan et al., 2017). Each internal node applies a condition on
an input variable, directing the process. The process ends at a leaf node, where the
predicted value, which serves as the output of the model, is determined for the specific
input values that traversed through the tree (Alpaydin, 2020). Large regression trees are
prone to overfitting, while smaller trees may not adequately capture the underlying
patterns in the data. Researchers aim to construct the most compact tree that can
generalize well to new data with minimal error (Hastie et al., 2009). This involves
employing pruning strategies before and after to refine the structure of the tree and

enhance its generalization ability.

Decision trees have advantages like interpretability and low computational demands,
but they can be limited in accuracy, such as overfitting, sensitivity to irrelevant features,
and instability to training data changes. However, ensemble techniques like combining
multiple decision trees, such as a random forest regression model, can help mitigate the
limitations of individual decision trees as shown in Figure 2.2. By leveraging the strengths
of each tree while averaging out their weaknesses, ensemble methods result in more
robust and accurate models (Cha Zhang, 2012). Random Forest models are highly
effective for predicting dye adsorption onto adsorbent materials. They can reliably
forecast the adsorption potential of new adsorbents by learning the relationships between

adsorbent properties and dye uptake, even with limited data or complex material
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structures. Additionally, Random Forest models provide valuable insights into the key
factors driving dye adsorption by analysing the importance of different features within
each tree (Ghaedi et al., 2014). This deeper understanding enables more accurate
prediction of dye removal, accelerating the development of effective dye removal

technologies (de Miranda Ramos Soares et al., 2020)

Training Training Training
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Figure 2.3 : Training and testing in random forest regression model

2.9.1.1 Random forest modelling

Random Forest modelling is a supervised learning method that is versatile in handling
both regression and classification tasks with labelled target variables. While individual
decision trees exhibit high variance, their collective utilization significantly reduces
overall variance by training on specific data samples. The final output relies on insights
from multiple trees rather than a single tree. In classification, a majority voting classifier
determines the ultimate decision, while regression problems produce an output

representing the mean value of all individual outputs.
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This process of combining outputs, called "Aggregation," is illustrated in Figure 2.3.
However, when dealing with a greater number of process parameters or variables, more
experimental data and processing are required for higher accuracy. Integrating ML and
Al algorithms into statistical optimization methods offers a promising solution for
mitigating process variability and resource demands (de Miranda Ramos Soares et al.,

2020; Rosly et al., 2022).

Figure 2.4 : Flowchart of random forest regression.

Using ML algorithms to predict adsorption efficiency simplifies experimental
intricacies by reducing their number and duration while establishing nonlinear
connections between input and output variables (Wang & Yao, 2023).The combination
of RSM with this soft computing technique can overcome the limitations of RSM and
accurately predict results by including non-controllable parameters in modelling.
Additionally, this approach works on a smaller number of experiments, allowing for a

more realistic solution to be achieved for unseen behaviours of post-process parameters.

In summary, the Response Surface Methodology-Central Composite Design and

machine learning techniques for dye removal in industrial wastewater offer significant
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advantages over traditional methods. Machine learning models, such as Random Forest,
enhance predictive accuracy, enabling quicker and more cost-effective optimizations.
Thus, combining these approaches can efficiently optimize and predict the adsorption
process by considering the interactions between multiple parameters, reducing the need
for extensive experimentation, and lowering resource consumption. This combination of
advanced techniques leads to a more sustainable and effective approach to the removal of

dye from wastewater with improved process efficiency and reduced operational costs.

2.10  Factors affecting the adsorption performance

2.10.1 Initial pH of the solution

The pH of the solution plays a vital role in the adsorption process, which depends heavily
on both adsorbents being used and the pollutants being treated. Some adsorbents work
best in acidic pH, while others work best in neutral or alkaline pH (Pandiarajan et al.,
2018). The pH value is an influence on the surface charge of the adsorbent material and
further affects the removal of cationic dyes and antibiotics from the aqueous solution.
Studies show that when the pH of the solution has increased, the adsorption of heavy
metals in an aqueous solution gradually increases until they reach the optimum
operational value (Chen et al., 2018). Similarly, studies show that the adsorption capacity
increases when the pH is increased from 2 and higher. The low adsorption capacity in
lower initial pH values is due to the surface of the adsorbent being surrounded by the ions
H+, inducing repulsive forces and decreasing the interaction of the ions of the dyes with
the sites of the adsorbent. Thus, reduction in the adsorption rate at low pH values can be
due to the high concentration and the mobility of the ions H+ (Amela et al., 2012). On the
other hand, at high pH, the concentration of H+ decreases, and the total surface of the
adsorbent becomes negatively charged, enhancing the sorption of the ions' dye through

electrostatic interactions.
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The optimum pH of the solution for a biosorbent depends on the adsorbate and the
point of zero charge. For cationic dyes, higher pH values are optimal, as the cationic dyes
are positively charged, and when the pH is higher than the point of zero charge for the
adsorbent, the surface of the adsorbent will be negatively charged, attracting the cationic
dye molecules. However, some research indicates that the highest adsorption occurs at
lower pH values, as low as pH 1.5, since a highly acidic medium exhibits a significant
electrostatic attraction between the biosorbent's positively charged surface and the acidic,
anionic dye. As the pH value of the biosorption system increases, the number of
negatively charged sites grows, while the number of positively charged sites decreases
(Ay etal., 2012). Furthermore, due to electrostatic repulsion, a negatively charged surface

site on the biosorbent does not encourage dye anion biosorption.

2.10.2 Adsorbent dosage

Studying the effect of adsorbent dosage provides insight into the effectiveness of
adsorbent and the efficiency of dye adsorption at minimal dosages, helping to evaluate
the economic feasibility of the adsorbent process. A study conducted by Maheshwari et
al. (2023), used unmodified adsorbent derived from banana peel and orange peel for
cationic dye removal, which required an adsorbent dosage of 2.5 g/L. On the other hand,
a study conducted by Salah et. Al. (2022) used phosphoric acid-activated adsorbent
derived from plant biomass for cationic dye, which required an optimum adsorbent
dosage of 0.2 g/L. These studies indicate that the amount of optimum adsorbent dosage
significantly decreases with the modification of the biomass-based adsorbents, which will

lead to an overall cost reduction.

Furthermore, due to the availability of the binding sites on the adsorbent, the
adsorption process increases with the increase of adsorbent dosage until the equilibrium

is reached (Inbaraj et al, 2004). After a specific adsorbent dose, the adsorption decreases
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gradually, this may be because the active sites are saturated with accumulated particles,
which result in repulsion between the dye molecules and the adsorbent (Roy et al., 2018).
A study conducted by Prabakaran et. Al. (2022) used a dosage range of 10-80 mg, where
the highest dye removal was recorded when the dosage was increased from 10 to 50 mg.
However, it was also reported that a slight decrease was noticed when the dosage was
increased further from 60-80 mg; this may be due to agglomeration of the adsorbents

(Prabakaran et al., 2022).

2.10.3 Initial concentration of the pollutants

The percentage of dye removal is highly dependent on the initial dye concentration. As
the initial dye concentration increases, the percentage of dye removal typically decreases
due to the saturation of adsorption sites on the adsorbent surface (Khamwichit et al.,
2022). At lower concentrations, more active sites are available for adsorption, but as the
concentration increases, these sites become insufficient. However, a higher initial dye
concentration can increase the loading capacity of the adsorbent due to a stronger driving

force for mass transfer (Duan et al., 2022; Inyinbor et al., 2023).

The initial concentration of the dye solution significantly impacts the adsorption
process by affecting the ratio of dye molecules to available active sites and overcoming
the resistance to mass transfer between the liquid phase (pollutants) and the solid phase
(adsorbent) (Mahalaxmi & Kumar, 2024; Shalaby et al., 2016). Furthermore, real textile
wastewaters contain higher dye concentrations than those typically used in literature
studies. Therefore, researchers employ empirical design procedures based on adsorption

equilibrium conditions to predict the adsorber size and performance.

2.10.4 Contact time
Contact time is the duration required for the adsorption process to reach equilibrium,

which plays a crucial role in maximizing adsorption efficiency in industrial applications.

55



Initially, adsorption performance increases rapidly with contact time, due to the available
active binding sites (Hambisa et al., 2022). As time progresses, these increases slow down
due to various factors such as collisions between dye molecules, repulsive forces between
the adsorbent and adsorbate, and decreased collisions among dye molecules once
equilibrium is achieved (Jasri et al., 2023). However, over time, the uptake rate slows due
to increased steric hindrance and a decrease in available active sites, which limits the
diffusion of dye molecules onto the adsorbent surface (Hambisa et al., 2022; Sivaranjanee

et al., 2024).

In conclusion, as contact time increases, the adsorption increases at first, then the dye
removal becomes stable, and no more adsorptions can be observed. This is because at the
beginning of the adsorption process, all the active binding sites of the adsorbent will be
vacant, and with allowed time, there will be fewer sites available (V. S. Munagapati et

al., 2018).

2.11  Summary

The adsorption process is a highly efficient method for removing dyes from aqueous
solutions due to its simplicity, ease of operation, and flexibility. However, current
commercial adsorbents are expensive and have limited regeneration ability. Biomass-
based adsorbents present a promising alternative as they offer cost-effective solutions and
enhanced regeneration capacity, making the overall treatment process more sustainable.
Derived from biomass waste, these adsorbents exhibit excellent physicochemical

properties, reducing both production costs and the need for toxic chemicals.

Underutilized fruit waste, such as banana peels and avocado seeds, can be used as
biomass-based adsorbents for dye removal with minimal modification, further reducing
energy consumption and production costs. While these materials show promise, their

adsorption performance often requires enhancement. Modified adsorbents, with increased
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surface area, porosity, selectivity, and stability, demonstrate greater efficiency in dye
removal. Hydrothermal carbonization (HTC), compared to conventional pyrolysis, offers
a more environmentally friendly and energy-efficient alternative. HTC also produces a
higher mass yield, making it more cost-effective for large-scale applications.
Additionally, chemically activating biomass-based adsorbents and impregnating them

with metal oxides significantly enhances their adsorption performance.

Despite these advancements, several research gaps remain. While individual biomass
materials like banana peels and avocado seeds have been explored for dye removal,
limited research exists on hybrid adsorbents combining both materials. This gap can be
addressed by developing a hybrid adsorbent synthesized via a two-step hydrothermal
carbonization process, which could offer improved dye removal efficiency. Furthermore,
while the optimization of adsorption parameters such as contact time, adsorbent dosage,
pH, and dye concentration has been studied for individual adsorbents, their effects on
hybrid adsorbents remain underexplored. Additionally, the adsorption mechanism of

mixed biomass waste adsorbents requires further investigation.

There is also a lack of research integrating machine learning techniques, such as
Random Forest, with traditional optimization methods like Response Surface
Methodology (RSM) to predict and enhance the dye removal process. While both
approaches have been used separately, their combined application could significantly
improve the efficiency and scalability of dye removal processes, reducing the need for
extensive experimentation. Another notable knowledge gap is the economic feasibility of
producing hybrid adsorbents from fruit waste compared to commercial carbon-based
adsorbents, which remains underexplored, particularly for large-scale industrial
applications. This research will address this gap by evaluating the cost-effectiveness and

economic viability of hybrid adsorbents in real-world wastewater treatment systems.
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In conclusion, the current literature highlights several knowledge gaps, including the
synthesis of hybrid adsorbents from mixed biomass materials (especially avocado seeds
and banana peels), the optimization of adsorption conditions, a comprehensive
understanding of the adsorption mechanism, the integration of machine learning for
predictive modelling, and a thorough economic evaluation. Thus, in this research,
addressing these gaps will advance the use of biomass-based adsorbents in sustainable

wastewater treatment and support circular economy initiatives.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

This chapter outlines the materials and methods used to develop and investigate the
performance of adsorbents derived from banana peels and avocado seeds, focusing on
five main objectives. The methodology for Objective 1 involves the synthesis of the
adsorbent through a two-step hydrothermal carbonization process. The first step includes
HTC, followed by activation transforming the biomass into a porous, carbon-rich
adsorbent. The second step involves the functionalization of the activated biomass
adsorbent via manganese oxide impregnation. The adsorbents were characterized for
surface morphology, elemental composition, chemical functional groups on the surface,
and the point of zero charge for the raw unmodified adsorbent, the adsorbent derived from
the first step of synthesis involving HTC with phosphoric acid activation, and the
adsorbent derived from the second step of synthesis involving the metal oxide

impregnation.

The methodology for Objective 2 covers the experimental design used to analyse the
effects of operational parameters and optimize the adsorption performance in terms of
colour removal and adsorption capacity. This section also includes the selection and
justification of the operational conditions, such as initial pH, contact time, adsorbent
dosage, and initial dye concentration. Additionally, the methodology for validating the
adsorbent's performance in COD removal and comparing the newly developed hybrid
adsorbent with a commercial decolourizing adsorbent is described. Objective 3 focuses
on the use of nonlinear models to conduct adsorption kinetic and isotherm studies using
the best-performing hybrid adsorbent for methylene blue dye removal. This section also
highlights the potential adsorption mechanism of the hybrid adsorbent in cationic dye

removal.
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The methodology for Objective 4 involved the application of machine learning models,
specifically random forest regression, to analyse the experimental data obtained from the
adsorption study. Different training and testing configurations were utilized to develop
the predictive model, which was then used to estimate the dye removal efficiency in terms
of colour removal, adsorption capacity, and COD removal. Additionally, this objective
included the validation of the predictive model for scale-up applications using 3L and 5L

of simulated methylene blue dye wastewater.

Finally, Objective 5 focused on evaluating the economic viability and feasibility of the
adsorbent, detailing the methods used for the regeneration study and production cost
analysis. Additionally, the newly developed hybrid adsorbent was tested on various
industrial wastewaters to investigate its industrial applicability and performance in real-
world wastewater treatment applications, comparing its effectiveness to commercial

adsorbents. The overall methodology for this project is illustrated in Figure 3.1.
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Figure 3.1 : Overall methodology of research



3.2 Chemicals and materials

The chemicals for the experiments were purchased from Sigma-Aldrich (Malaysia).
Hydrochloric acid (HCL) and sodium hydroxide (NaOH) were used for pH adjustment,
while phosphoric acid (H3POs, 85%) was used in the chemical modification of
adsorbents. Manganese oxide (Mn3O4) was used in the metal impregnation of the
adsorbents, while Methylene blue (MB), a cationic dye, was used as an adsorbate for
experiments. Sodium hydroxide (NaOH) was used in the characterization of the
adsorbents for the point of zero charge, while sulphuric acid (H2SO.) and ethanol (C2HsO)
were used in the regeneration study. Distilled water was used in the preparation process

to clean the materials used.

As for the adsorbent precursors, banana peels were collected locally from stalls free of
charge, while avocado seeds were purchased in Bangsar, Malaysia. The industrial
wastewater was collected from local factories in Malaysia, including batik wastewater
from a factory in Kuala Lumpur, printing wastewater from a local factory in Cheras,
plastic fabrication wastewater from a factory in Selangor, and palm oil mill effluent from

a mill in the Klang Valley.

33 Synthesis of adsorbent

Sun-dried avocado seeds and banana peels were thoroughly washed with distilled water
to remove impurities. Each material was then oven-dried separately at 60 °C for 24 hours
to eliminate excess moisture. The dried samples were ground into a fine powder using an
electric grinder (Xinanbangle, 3000W) in small batches and then sieved through a 150
um (No. 45) mesh for uniformity. The powdered samples were stored in labelled airtight

containers for further use as raw avocado seeds (RAS) and raw banana peels (RBP).
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3.3.1  Fruit-waste mixing ratio

Experiments were conducted using RAS and RBP to evaluate their adsorption
performance for methylene blue dye removal. A raw hybrid adsorbent (RA) was then
developed by optimizing the RAS-to-RBP ratio using Response Surface Methodology —
Central Composite Design (RSM-CCD) to achieve the best adsorption performance in
terms of colour removal, COD reduction, and adsorption capacity. The hybrid adsorbent
synthesis was optimized for a total of 10 g of RA, with the RAS-to-RBP ratio varying
from 25% to 75% as per the RSM-CCD design. The specific mixing ratios are
summarized in Table 3.1. The optimized RA composition was then selected for further
processing and subjected to the two-step hydrothermal carbonization process to enhance

its adsorption properties.

Table 3.1 : Optimization of raw hybrid adsorbent

Mixing ratio Weight of RAS Weight of RBP
0% RAS to 100% RBP Og 10g

75% RBP to 25% RAS 25¢g 75¢g

50% RBP to 50% RAS 5¢g S5¢g

25% RBP to 75% RAS 75¢ 25¢g

100% RAS to 0% RBP 10g Og
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3.3.2 Hydrothermal carbonization and activation

Two-step hydrothermal carbonization was divided into carbonization and activation in
Step one and metal oxide impregnation in Step two, as illustrated in Figure 3.2. This
division structures the synthesis process into material preparation and functionalization,
ensuring optimal development of the adsorbent’s properties before metal incorporation.
In the first step, hydrothermal carbonization was carried out by filling 80% of the
autoclave tube with 15.00 g of the optimized raw hybrid adsorbent and 65 mL of distilled
water. The autoclave system was placed inside a pre-heated oven at a varied temperature
from 180 °C to 220 °C and heated for 2.0 h to check the yield of the materials. After 2.0
h, the autoclave was removed immediately and quenched in water. The resulting
carbonized material was washed repeatedly with distilled water, filtered thoroughly till
the filtrate was clear in colour, and dried at 100 °C overnight. The yield was calculated
for each of the temperatures and was calculated using the following Eq (3.1). Where m
(g) 1s the initial mass of HA. The my (g) is the final mass of the hybrid adsorbent

(HTC/HA).

. m (3.1)
%Yeild = — x 100
f

The dried hydrochar, HTC/HA, was used in the chemical activation process performed
using 1:1 (wt./v) with raw materials and 85 % phosphoric acid (H3;PO4) (M. C. Silva et
al., 2021). 10.0 g of HTC/HA were mixed with 10.0 mL of H3PO4. A clumpy mixture
was formed, as in Figure 3.2, for all samples, and 60 ml of distilled water was added to
each beaker to produce a smooth, thick paste. The beakers were sealed with paraffin and
were left for 24 hrs at room temperature. The samples turned dark brown after 24 hrs and
were heated at 60 °C overnight, it was then sieved and stored until further use. The

materials were activated using a furnace temperature ranging from 250 °C to 550 °C at a
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heating rate of 5 °C/min. 20.0 g of each sample was placed in a covered porcelain crucible
for activation by heating at 250 °C, 350 °C, 450 °C, and 550 °C for 120 min. Once the
furnace had cooled down, the resultant material was purified with an aqueous NaOH
solution to remove the excess H3POs, followed by rinsing the activated hybrid adsorbent
with distilled water until it reached a neutral pH. Finally, the activated hybrid adsorbent
was dried at 100°C overnight. The samples were sieved to prevent clumping before being

stored in airtight containers.

3.3.3 Metal oxide impregnation

The metal impregnation was conducted using manganese oxide and activated hybrid
adsorbent derived from the banana peel and avocado seed. The impregnation preliminary
experiments were conducted using manganese oxide and hybrid adsorbent at 0.1:1, 0.5:1,
and 1:1 (Mn304: HA). From the preliminary study, the 0.1:1 ratio was used to impregnate
activated hybrid adsorbent (HA) in a beaker. 1.0 g of manganese oxide was dissolved in
50 mL of distilled water, followed by adding 10 g of activated hybrid adsorbent into the
beaker. The mixture was stirred at 300 rpm for 2 hours on a magnetic stirrer, and the
beakers were left undisturbed on the counter for an additional 2 hours. The impregnated
activated hybrid adsorbent was dried at 100°C for 12 hrs in an oven. The impregnated
hybrid adsorbent was then washed several times to eliminate any excess MnO and further
dried in an oven. The final adsorbent was carefully collected, stored in an airtight

container and labelled as HA/Mn.
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Figure 3.2 : Synthesis of hybrid adsorbent
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34 Adsorbent characterization

The point of zero charge (pH,..) was determined for raw adsorbent (RA), activated hybrid
adsorbent (HA), and metal-impregnated hybrid adsorbent (HA/Mn) in pH ranging from
2 to 11. Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed with a
Perkin Elmer Spectrum Version 10.4.2 FTIR spectrometer, providing unique insights into
the chemical functional groups of the hybrid adsorbents (RA, HA, and HA/Mn) using
Perkin Elmer Frontier FTIR with wave numbers in the range of 500 cm™-4000 cm™'. The
specific surface area was analysed through Brunauer-Emmett-Teller (BET) (TriStar II-
Micromeritics) for the hybrid adsorbents. BET provided the pore size, surface area, and
pore volume for RA, HA, and HA/Mn. The morphological patterns and the elemental
composition of hybrid adsorbents were characterized by Scanning Electron Microscopy/
Energy Dispersive, SEM/EDX using the equipment PHENOM ProX, and the software
used for analysis was PhenomProSuite. SEM/EDX imaging provided visual data on the
porosity of the adsorbents and identified elements along with their respective weight

percentages present on the surface after adsorbent modification.

3.5 Experimental design

The adsorption process was designed and optimized using the Response Surface
Methodology-Central Composite Design (RSM-CCD) in Design-Expert 12. Independent
variable values were selected based on preliminary experiments, industrial wastewater
characteristics, and relevant scientific literature. Industrial dye wastewater typically
contains dye concentrations ranging from 0.05 to 0.25 g/L, with pH values between 6 and
10, though some dyeing processes can lower the pH to 5 (Yaseen & Scholz, 2018). In
batch adsorption treatments, the contact time generally varies from 1 to 4 hours when
using powdered adsorbents, whereas continuous adsorption processes can extend from 12

to 120 hours (Mohd Hanafiah et al., 2024).
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The literature reports various optimal conditions for cationic dye removal as
summarized in Table 2.4. For instance, Cathoglu et al. (Cathoglu et al., 2021) achieved
optimal adsorption using 2.5 g/L adsorbent, 0.5 g/L dye concentration, and a 50-minute
contact time. Similarly, Waghmare et al. (Waghmare et al., 2023) reported maximum
colour removal with 0.6 g/L adsorbent, 0.01 g/L dye concentration, 90-minute contact
time, and pH 6. Besides, Prabakaran et al. (Prabakaran et al., 2022) achieved highest
performance in optimal conditions, including pH 8, 1.0 g/L adsorbent, 120-minute contact

time, and 0.3 g/L dye concentration.

While most literature suggests that cationic dye removal is favoured under alkaline
conditions, recent studies indicate that optimal removal can also occur in acidic
environments. Salah et al. (2022) reported that crystal violet was effectively removed at
pH 5 using 0.2 g/L of phosphoric acid-activated Moringa oleifera, with an optimum
contact time of 240 minutes. Similarly, Watwe et al. (2023) achieved the highest removal
efficiency for malachite green at pH 2, crystal violet at pH 4, and methylene blue at pH 6
using unmodified Ficus benjamina adsorbent. In contrast, anionic dyes such as methyl
red and methyl orange exhibit optimal removal in highly acidic conditions between pH 2
to 4 (Salih et al., 2022). Rose et al. (2023) further reported that Congo red was effectively
removed at pH 3 using sodium hydroxide-modified banana peel. These findings highlight
the influence of pH on dye adsorption efficiency, emphasizing the need for pH-specific

optimization.

Considering industrial wastewater characteristics and prior research using biomass-
based adsorbent for dye removal, this study selected the following parameter ranges for
the experimental design: pH 2—-10, adsorbent dosage 0.5-5.0 g/L, dye concentration 0.1—
0.5 g/L, and contact time 10—180 minutes. These parameters were optimized using DOE,

as summarized in Table 3.2.
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Table 3.2 : Ranges of independent variables used in the RSM-CCD

Code Variable Unit Levels

-1 0 +1
A Initial pH - 2 6 10
B Adsorbent dosage g/L 0.5 2.8 5.0
C Dye Concentration g/L 0.1 0.3 0.5
D Contact time min 10 100 180

The experimental design consisted of a three-level (+1, 0, -1) RSM-CCD with
four numerical parameters: A (Initial pH), B (Adsorbent dosage in g/L), C (Dye
concentration in g/L), and D (Contact time in min). The RSM-CCD generated an
experimental design with 30 runs, minimizing experiment repetition while maximizing
parameter interactions, as given in Table 3.2. The number of experiments for RSM-CCD
design can be calculated using Eq.3.2, where ‘c’ represents centre-point replicas, ‘n’ is

the numerical components, and ‘N’ is the total experimental runs.

N=2n+2n+nc (3.2)

The RSM-CCD model was used to evaluate the effect of the independent variables used
in the experiments by combining statistical and mathematical approaches. Thus,
providing a comprehensive understanding of the relationship between operational
parameters and their corresponding outcomes, adsorption capacity, and colour removal.
ANOVA statistical analysis was used to evaluate the applicability of the model. At the
same time, residual plots and regression coefficients were assessed to indicate the validity

of the fitted model and evaluate the relevance and suitability of actual and predicted runs.
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3.6 Adsorption study

Batch adsorption experiments were conducted using the experimental design in Table 3.3,
with different adsorbent dosages of adsorbent in a 50 mL pH-adjusted dye solution of
known dye concentration as given in Table 3.2. The dye solution was stirred in a shaker
(Lab Companion SI-300) at 150 rpm for predetermined contact times, as shown in Figure
3.3. The supernatant was filtered with a 0.22 um syringe filter, and its absorbance was
measured at the maximum wavelength of the MB dye (Amax 663 nm) using a
spectrophotometer (Spectroquant® Pharo 300) without any additional reagents. For COD
removal, Spectroquant COD Cell Test kits (25 -1500 mg/L) were used in the
spectrophotometer to determine the COD levels before and after the adsorption
experiments. The efficiency of the adsorbents for MB dye removal was calculated for the
percentage of COD removal, percentage of colour removal, and adsorption capacity. The
percentage of colour removal was calculated using the following Eq. (3.4), and the

adsorption capacity was calculated by using Eq (3.5).

COD; — COD 33

% COD removal = EO—Difx 100 (3.3)

C;—C 3.4

% Colour removal = — ! x 100 (3.4)
i

C;—C 3.5

Adsorption capacity = L Ty (3-3)

Where COD; and CODy are the initial COD concentration (mg/L) and the final COD
concentration (mg/L) after the adsorption experiment, respectively. In Eq (3.4), C; and
Cr are the initial concentration (g/L) and the final concentration (g/L) of the dye,
respectively; V is the solution volume (L); and m is the mass (g) of the adsorbent dosage,

respectively.
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Table 3.3: Experimental design for dye removal

Run | Initial pH Adsorlzgni )Dosage Dye Co(r;ir;tration Conaancitn’;“ime
1 2 2.8 0.3 95
2 2 5.0 0.1 180
3 10 5.0 0.1 180
4 6 1.8 0.3 95
5 6 2.8 0.3 95
6 6 2.8 0.3 95
7 2 0.5 0.1 180
8 2 0.5 0.5 180
9 6 2.8 0.3 95
10 10 5.0 0.1 10
11 10 0.5 0.5 180
12 10 0.5 0.1 10
13 2 0.5 0.1 10
14 10 5.0 0.5 10
15 6 2.8 0.3 75
16 10 5.0 0.5 180
17 6 2.8 0.3 95
18 6 2.8 0.3 265
19 6 2.8 0.3 95

20 10 0.5 0.1 180
21 10 0.5 0.5 10
22 6 2.8 0.3 95
23 2 0.5 0.5 10
24 2 5.0 0.5 180
25 6 2.8 0.1 95
26 6 7.8 0.3 95
27 2 5.0 0.1 10
28 14 2.8 0.3 95
29 2 5.0 0.5 10
30 6 2.8 0.7 95
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Figure 3.3 : Schematic diagram of adsorption study
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3.7 Adsorption kinetics and isotherm

Adsorption kinetics and isotherm studies were conducted to evaluate the mechanism and
behaviour of the hybrid adsorbent in cationic dye removal. The kinetics study was
performed under optimal conditions for adsorbent dosage, initial dye concentration, and
initial pH of the solution. Adsorption performance was monitored at 20-minute intervals
until the contact time reached 240 minutes. Thus, the adsorption was recorded for the
following contact times: 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, and 240 mins.
The kinetic study was analysed by fitting the experimental data to three non-linear kinetic

models: Pseudo-first-order in Eq. (3.6), Pseudo-second-order in Eq. (3.7), and Elovich in

Eq. (3.9).
e = e — 4e e(Kat) (3.6)
_ kpqit (3.7)
U= 17 kyq,t

q: = %ln(l + afit) (3-8)

Where K; (min™1) and K,(g.mg~t.min™1) are the Pseudo-First-Order and Pseudo-
Second-Order constants, respectively, q.(mgg~!) is the adsorption capacity at
equilibrium while q,(mgg™?) is the adsorption at any time, t (min) is the contact time.
Besides, o (mg/g.min) is the initial adsorption rate, and p (mgmg 1) is the desorption

constant.
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The isotherm study was conducted with dye concentrations ranging from 0.025 g/L to
0.3 g/L, under optimized conditions for adsorbent dosage, contact time, and initial pH.
Therefore, the adsorption isotherm experiments were conducted at different
concentrations, as the following 0.025, 0.050, 0.075, 0.100, 0.125, 0.150, 0.175, 0.200,
0.225, 0.250, 0.275, and 0.300 g/L. Experimental data were fitted to four non-linear
isotherm models: Temkin in Eq. (3.9), Freundlich in Eq (3.10), Langmuir in Eq in (3.11),

and Redlich-Peterson in Eq. (3.12) to assess adsorption capacity and surface interactions.

qe = BIn(ArC,) (3.9)

%:&é (3.10)
_ QmaxkiCe (3.11)

e = TkLCe

gt = % (3.12)

Where q, (mg/g) is the adsorption at equilibrium, g,,,,(mg/g) is the maximum
adsorption capacity. Ay (I/g) is the Temkin isotherm model equilibrium binding constant
while B = % (J/mol) is the heat of adsorption with the gas constant of 8.314
(J/mol.K). Besides, Kf and k; are the Freundlich adsorption constant and Langmuir

constant (L/mg), respectively. C, (mg/L) is the equilibrium concentration of the
adsorbate, whereas n is the heterogeneity factor. Lastly, ar (L/g) and  (L/g) are the

Redlich-Peterson constants with n as the Redlich-Peterson exponent within 0 to 1.
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3.8 Machine learning model

The random forest modelling technique comprises an ensemble of various decision trees
that handle both regression and classification tasks, which is crucial for this experiment's
numeric output parameters (Abdi et al., 2021; de Miranda Ramos Soares et al., 2020).
Each decision tree is equipped with a fitting function tailored to the random selection of
features. Each tree in this "random" forest is built using input vectors that are randomly
selected during the training process (Fathalian et al., 2022). The regression models
combine decision trees from diverse data subsets, acting as unique classification experts.
Python libraries, Pandas for managing data, NumPy for efficient computations, and
Sklearn for pre-processing supported the RF regression model, primarily using the
"RandomForestRegressor" function. The predictors underwent normalization and
evaluation using diverse metrics to ensure accurate predictions of removal efficiency. The
analysis focused on metrics such as mean squared error, correlation coefficient (R), R?,
adjusted R?, and root mean squared error to assess the performance of the regression
model (de Miranda Ramos Soares et al., 2020; Ma et al.,, 2023; Peng & Karimi
Sadaghiani, 2023). The equations for calculating the R? and MSE are as follows in Eq.

(3.13) and Eq. (3.14), respectively.

Rz =1— ?I:l(yp,i - yO,i)Z
21 pi = Ym)? (3.13)
N
1 2
MSE = NZ(lyp,i ~ Yol (3.14)
i=1

The experimental data obtained through RSM-CCD of HA/Mn for methylene blue dye
removal underwent processing using a Python ML algorithm model, random forest

(Python Software Foundation, Beaverton, OR USA). Prior to regression, the predictors
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were normalized by calculating their mean and standard deviation to remove the
measurement unit. Additionally, the combination of random forest (RF) and RSM-CCD
was utilized to predict removal efficiency with greater precision. The experimental
dataset from RSM-CCD was used for regression models, with RF 20 % for 80 % training
and RF 30 % for 70 % testing. For regression, the recommended setting for the number
of randomly selected predictors (entry or 'k') is one-third of the number of predictors. At
the same time, for classification, it is the square root of the number of predictors
(Mehmandost et al., 2022). Another crucial tuning hyperparameter is the decision tree
depth, affecting overfitting and ensemble learning performance, typically ranging from 1

to 10 (de Miranda Ramos Soares et al., 2020; Mehmandost et al., 2023).

In this study, default settings in Python were sufficient due to the limited input features
of four independent variables. Lastly, using the results obtained from the process
optimization via RSM-CCD and the predictions from ML, Random Forest 20% the
validation of the hybrid adsorbent was conducted. The validation of adsorbent was
evaluated on a large scale for 3L and 5L, using the methylene blue dye removal prediction

model from the RSM-CCD-RF.

3.9 Feasibility and economic viability

To evaluate both feasibility and economic viability, a 10-cycle regeneration study was
conducted, comparing the performance of the hybrid adsorbent with a wood-based
commercial decolourizing adsorbent. The first cycle for both adsorbents was performed
under their respective optimum conditions. After each cycle, desorption was carried out
using equal parts of NaOH and ethanol as elution solvents. The adsorbents were then
rinsed with distilled water until the pH stabilized between 6 and 7, followed by oven

drying at 115°C for 30 minutes. This process was repeated for each subsequent cycle.
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The economic viability was evaluated by comparing the production costs of the hybrid
adsorbent and the commercial adsorbent. The cost analysis included synthesis expenses,
covering material and processing costs. The cost in this research is represented as the
amount required per litres of wastewater treated in US dollars (USD). The economic
feasibility was analysed and compared between the newly developed adsorbent and the
commercial adsorbent in terms of the overall cost, including the cost of treating 1,000 L
of wastewater with the regeneration study. To validate the findings of the economic
analysis, the hybrid adsorbent and commercial adsorbent were tested on real industrial
wastewater, such as from batik, printing, POME, and plastic fabrication facilities. The
adsorption performance of the hybrid adsorbent on the industrial wastewater was
analysed using COD test kits and spectrophotometer to determine the COD removal,

colour removal, and adsorption capacity.

3.10 Safety precautions

The safety precautions for all chemicals and materials used in this study are detailed in
Table 3.4. Standard safety protocols were followed during the preparation of chemical
solutions, which were used in a fume chamber. Utilizing personal protective equipment,
exposure to hazardous substances was avoided. All prepared chemicals or materials were
stored in properly labelled, airtight containers. Additionally, all waste generated from
experimental activities, including leftover or unused samples, was collected and discarded

using the appropriate disposal methods.
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Table 3.4 : Safety precautions

Chemical Risks Precautions
Hydrochloric acid 1. may cause ulcer in 1. Store it in a tightly
(HCI) respiratory tract. sealed container in a
2. May cause pulmonary well-ventilated place.
infection. 2. Wear PPE when
3. May cause nausea, diarrhoea, handling chemical.
and vomiting. 3. Use the chemical in
4. May cause corrosion of fume chamber.
mucous membrane. 4. Practice proper
5. May cause lung problems, chemical disposal.
gastritis, and skin problems. | 5. Keep it away from
metals and acids.
Sodium hydroxide 1. May cause severe skin 1. Provide adequate
(NaOH) burns. ventilation.
2. Can cause serious eye 2. Keep metals and acids
damage. away.
3. May cause gastrointestinal 3. Store it in a tightly
tract burns. sealed container in a
4. Cause severe irritation of well-ventilated place.
respiratory tract. 4. Practice proper
chemical disposal.
Manganese Oxide 1. High concentrations will 1. Wear proper PPE.
(Mn304) cause damage to the foetus. | 2. Store it in a tightly
2. May cause skin and eye sealed container in a
irritation. well-ventilated place.
3. Toxic to aquatic organisms. | 5. Practice proper
chemical disposal.
Sulphuric Acid 1. May cause severe skin 1. Wear proper PPE.
(H2S04) burns. 2. Store it in a tightly
2. Can cause serious eye sealed container in a
damage. well-ventilated place.
3. Corrosive when exposed to | 3. Practice proper
materials for a longer time. chemical disposal.
3. Keep from freezing
4. Too much inhalation may temperatures and

cause respiratory problems.

physical damage
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Table 3.4 Continued

Chemical Risks Precautions
Ethanol (C2HsO) 1. May cause dermatitis. 1. Wear proper PPE.
2. May cause damage to the 2. Store it in a tightly
foetus. sealed container in a
3. Too much inhalation may well-ventilated place.
lead to respiratory problems. | 3. Keep it away from all
4. May cause nervous system sources of ignition.
issues. 4. Practice proper
chemical disposal.
Methylene Blue dye | 1. May cause methaemoglobin. | 1. Wear proper PPE.
2. Store it in a tightly
2. May cause dermatitis. sealed container in a
3. May cause nausea, well-ventilated place.
diarrhoea, and vomiting. 3. Keep it away from all
sources of ignition.
4. Practice proper

chemical disposal.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

This chapter discusses the experimental results for the developed hybrid adsorbents. The
results of the preliminary experiments for the mixing ratio, two-step hydrothermal
carbonization, and metal oxide impregnation of the raw hybrid adsorbent were also
discussed. The chapter discusses the physicochemical characteristics of the hybrid
adsorbents, including the unmodified raw adsorbent (RA), acid-activated hybrid
adsorbent (HA), and metal-impregnated hybrid adsorbent (HA/Mn). Additionally, it
presents the experimental and statistical analysis of the adsorption performance of the
hybrid adsorbents. This chapter also discusses the optimization study, the validation of
adsorbent efficiency, and the accuracy of dye removal prediction obtained from the
Design of Experiment and machine learning approaches. Moreover, this chapter discusses
the results obtained for the adsorption kinetics and isotherms, the regeneration study, and

the cost estimation for the hybrid adsorbent.

4.2 Preliminary experiments

Preliminary experiments are a crucial step in this study for developing a novel adsorbent.
The initial phase focused on evaluating the dye removal efficiency of raw avocado seed
and raw banana peel adsorbents. Following this, the experiments aimed to determine the
optimum mixing ratio of raw avocado seed to raw banana peel to develop the hybrid
adsorbent, RA. Subsequently, the synthesis process was optimized, beginning with the
optimization of hydrothermal carbonization temperature, acid activation temperature, and
the manganese oxide impregnation ratio. Finally, based on the findings from these
preliminary investigations, the optimum conditions for adsorbent development were
selected. These steps provided essential insights into maximizing adsorption performance

and refining the preparation of the adsorbent for cationic dye removal.
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4.2.1 Optimization of mixing ratio of raw hybrid adsorbent

The preliminary experiments evaluated the performance of raw avocado seed adsorbent
(RAS) and raw banana peel adsorbent (RBP) for removing a cationic dye, methylene blue
dye, which was used to determine the ratio for the raw hybrid adsorbent. The standard
experimental procedure and the experimental design in Section 3.5 were used to
investigate the efficiency of colour removal and adsorption capacity for dye removal
using RAS in Table 4.1 and RBP in Table 4.2. Figures 4.1, 4.2, 4.3, and 4.4 show RAS

and RBP for colour removal and adsorption capacity, respectively.

The colour removal and adsorption capacity were maximum when the initial pH was
in alkaline conditions for RAS with increased colour removal from 50 % to >80 % and
adsorption capacity increased from 80 mg/g to 180 mg/g. Similarly, RBP shows an
increase in colour removal from 40% to 100% when the pH levels are increased from 2
to 10 and an increase in the adsorption capacity from 200 mg/g to over 400 mg/g. The
colour removal increased to 85 % when the pH was increased to 10 using 0.6 g of RAS
at 300 mg/L of initial dye concentration. Under similar operating conditions, complete
colour removal was achieved for RBP when the initial pH increased from 2 to 10. This is
in line with published literature using avocado and banana peels as adsorbent for cationic
dye removal. A study conducted by Maheshwari et. al. (2023) achieved 76 % colour
removal and 41 mg/g adsorption capacity at the optimum initial pH of 8 using raw banana
peel adsorbent for a cationic dye. Similarly, a study conducted by Netto et. al. (2019) used
raw avocado seed to remove methylene blue dye, which reported an optimum pH of 10

for a maximum of 103 mg/g.
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Table 4.1: Experimental results for dye removal using raw avocado seed.

Experimental Run

Performance Efficiency

Adsorbent Dye Contact | o Col Adsorption
Run pH dosage concentration time ;’em(())\(f)z:llr capacity
(g/L) (g/L) (min) (mg/g)
1 2 2.8 0.3 95 49.7 543
2 2 5.0 0.1 180 63.2 12.6
3 10 5.0 0.1 180 98.4 19.7
4 6 1.8 0.3 95 65.8 112.8
5 6 2.8 0.3 95 70.9 77.4
6 6 2.8 0.3 95 71.6 78.1
7 2 0.5 0.1 180 38.5 77.1
8 2 0.5 0.5 180 46.5 465.3
9 6 2.8 0.3 95 70.9 77.3
10 10 5.0 0.1 10 99.4 19.9
11 10 5.0 0.5 180 99.7 99.7
12 10 0.5 0.1 10 99.8 199.7
13 2 0.5 0.1 10 66.8 133.6
14 10 5.0 0.5 10 99.9 99.9
15 6 2.8 0.3 75 68.5 74.7
16 10 0.5 0.5 180 543 542.9
17 6 2.8 0.3 95 72.3 78.9
18 6 2.8 0.3 265 77.5 84.6
19 6 2.8 0.3 95 70.4 76.8
20 10 0.5 0.1 180 99.5 199.0
21 10 0.5 0.5 10 41.0 410.2
22 6 2.8 0.3 95 67.9 74.0
23 2 5.0 0.5 10 48.8 48.8
24 2 5.0 0.5 180 97.6 97.6
25 6 2.8 0.1 95 96.1 35.0
26 6 7.3 0.3 95 98.4 40.7
27 2 5.0 0.1 10 70.6 14.1
28 14 2.8 0.3 95 100.0 109.1
29 2 0.5 0.5 10 333 3333
30 6 2.8 0.7 95 41.7 106.2
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Table 4.2: Experimental results for dye removal by raw banana peel

Experimental Run

Performance Efficiency

Adsorbent Dye Contact | o Col Adsorption
Run pH dosage concentration time :em(())\(f);lr capacity

(g/L) (g/L) (min) (mg/g)
1 2 2.8 0.3 95 11.9 13.0
2 2 5.0 0.1 180 12.1 24
3 10 5.0 0.1 180 98.8 19.8
4 6 1.8 0.3 95 98.7 169.3
5 6 2.8 0.3 95 98.7 107.7
6 6 2.8 0.3 95 90.3 98.5
7 2 0.5 0.1 180 15.6 31.2
8 2 0.5 0.5 180 0.5 53
9 6 2.8 0.3 95 98.7 107.6
10 10 5.0 0.1 10 98.5 19.7
11 10 5.0 0.5 180 99.5 99.5
12 10 0.5 0.1 10 99.2 198.3
13 2 0.5 0.1 10 57.3 114.7
14 10 5.0 0.5 10 99.5 99.5
15 6 2.8 0.3 75 98.1 107.0
16 10 0.5 0.5 180 543 542.9
17 6 2.8 0.3 95 92.6 101.0
18 6 2.8 0.3 265 99.1 108.1
19 6 2.8 0.3 95 98.7 107.7
20 10 0.5 0.1 180 95.2 190.5
21 10 0.5 0.5 10 99.1 991.2
22 6 2.8 0.3 95 96.7 105.5
23 2 5.0 0.5 10 1.6 1.6
24 2 5.0 0.5 180 3.2 3.2
25 6 2.8 0.1 95 91.9 33.4
26 6 7.3 0.3 95 99.1 41.0
27 2 5.0 0.1 10 15.3 3.1
28 14 2.8 0.3 95 99.7 108.8
29 2 0.5 0.5 10 14.2 142.1
30 6 2.8 0.7 95 99.4 253.1
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Figure 4.1 illustrates the colour removal efficiency of raw avocado seed (RAS) and
raw banana peel (RBP) adsorbents under varying conditions. RAS exhibited better colour
removal at a lower dye concentration of 100 mg/L and a higher adsorbent dosage of 250
mg, increasing from 50% to 63%. In contrast, RBP achieved superior colour removal
(80%) at a higher dye concentration of 500 mg/L. with the same adsorbent dosage. The
improved performance at lower concentrations is attributed to the availability of more
active sites for dye adsorption, whereas at higher concentrations, limited active sites result
in reduced removal efficiency (Khamwichit et al., 2022). The result is in line with studies

reported previously for dye removal (Baloo et al., 2021; Khiam et al., 2022).

The effect of contact time on colour removal further supports this trend. Both RAS
and RBP exhibited increased colour removal with longer contact times, from 10 to 180
minutes. RAS improved from 49% at 10 minutes to 52% at 180 minutes at pH 2, while at
pH 10, colour removal exceeded 85% at 180 minutes. Similarly, RBP achieved complete

colour removal at pH 10 with extended contact time.

The adsorption capacity was highest when the adsorbent dosage was lowest at 25 mg
and when the concentration was highest at 500 mg/L for both adsorbents. RAS adsorption
capacity increased with the increase in time, while RBP adsorption capacity was lower
when the time was increased. These findings align with study conducted by Danish and
others (2018) reported adsorption capacity increased with increasing adsorbent dosage
for removal of methylene blue dye using banana waste. Similarly, study conducted by
Prabakaran et. al (2022) using activated avocado seed, dye removal was increased
attaining 95 % colour removal with the increase in adsorbent dosage up to 1.5 g/L. The
effect of adsorbent dosage for both RAS and RBP revealed that higher removal efficiency
at higher adsorbent dosages due to the presence of more active sites available for

adsorption (Jiang et al., 2021).
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As for the contact time, both RAS and RBP show colour removal was increased when
time was increased from 10 min to 180 min. RAS shows an increment from 49 % at 10
min to 52 % at 180 mins at pH 2, while at pH 10 (180 min) > 85% colour removal was
achieved. Likewise, RBP achieved complete colour removal in higher contact time in pH
10. Adsorption capacity was highest for RAS in higher contact time in alkaline condition,
resulting in 200mg/g adsorption capacity at 180 mins in pH 10. However, RBP exhibits
higher adsorption capacity in lower contact time with 400mg/g at 44mins (pH10), while
200 mg/g adsorption capacity was recorded for 180mins at pH 3. The increases in contact
time led to a decrease in adsorption capacity, indicating the adsorption equilibrium was
reached (Tang et al., 2021). This is in line with previous studies, as all the active binding
sites of the adsorbent are unoccupied at the start of the adsorption process, and as contact
time increases, fewer vacant sites are available for the adsorption process to occur (V. S.

Munagapati et al., 2018; Prabakaran et al., 2022)
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Figure 4.1 : 2D Contour for effect of parameters on colour removal for raw
avocado seed.
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Figure 4.2 : 2D contour for effect of parameters on adsorption capacity for raw
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Figure 4.3 : 2D Contour for effect of parameters on colour removal for raw
banana peel.
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Figures 4.1 to 4.4 show RAS and RBP with maximum adsorption performance
achieved in alkaline conditions, where increased negative charge on the adsorbent surface
enhanced electrostatic attraction with the positively charged methylene blue dye. RAS
achieved over 80% colour removal and 180 mg/g adsorption capacity at pH 10, while
RBP reached 100% colour removal and over 400 mg/g adsorption capacity. Besides,
adsorption capacity was highest at the lowest adsorbent dosage (25 mg) and highest dye
concentration (500 mg/L) due to the high dye-to-site ratio. At lower dye concentrations,
excess active sites improved adsorption efficiency, but as concentration increased, site
saturation reduced efficiency. RAS showed a steady increase in adsorption, reaching 200
mg/g at 180 minutes, indicating gradual diffusion of dye molecules into micropores. In
contrast, RBP achieved 400 mg/g in 44 minutes, suggesting faster equilibrium due to

more accessible adsorption sites.

The optimization study, conducted using the RSM-CCD numerical tool, identified
optimum operational parameters based on experimental data. The four operation
parameters were kept within the range while maximizing the colour removal and
adsorption capacity. Under these optimization conditions, the best performance was
achieved at initial pH 9, 3 g/L adsorbent dosage, 0.5 g/L dye concentration, and 120
minutes contact time. RAS achieved 63.6% colour removal and 181.2 mg/g adsorption
capacity, while RBP removed 67.1% of dye with an adsorption capacity of 112.0 mg/g.
Furthermore, Figures 4.1 to 4.4 visually show the effects of independent variables,
showing improved performance within optimized ranges. Since RAS exhibited lower
colour removal but higher adsorption capacity than RBP, hybrid adsorbent ratios were
explored to enhance overall performance. Using RSM-CCD, the experimental design was

conducted for various ratios as given in Table 4.3, with a fixed adsorbent dosage of 3g/L.
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Table 4.3 : Experimental results for varying percentages of RAS to RBP

Experimental Run

Performance Efficiency

Ran | g | ot TS | COD % Colour |

RBP (%) (mg/g)
1 8 140 75 42 .4 69.5 161.8
2 2 95 50 33.1 58.4 132.3
3 6 95 50 63.5 79.7 206.9
4 10 95 50 61.9 89.9 2194
5 4 50 25 48.1 79.5 184.5
6 6 95 100 40.1 62.0 147.6
7 8 50 75 41.9 69.5 161.0
8 6 180 50 554 82.9 199.9
9 6 95 50 46.4 79.7 182.2
10 6 95 50 46.9 79.6 182.8
11 6 95 50 46.9 79.6 182.9
12 4 140 25 474 79.7 183.8
13 6 95 50 45.5 79.6 180.8
14 6 95 50 44.8 79.8 180.1
15 6 10 50 46.6 543 145.9
16 8 140 25 45.6 79.5 180.9
17 4 50 75 41.5 69.4 160.3
18 6 95 0 34.4 64.0 142.2
19 8 50 25 42.5 79.5 176.4
20 4 140 75 40.9 69.5 159.6
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Adsorption experiments with varying mixing ratios showed COD removal ranging from
33 % to 63 %, colour removal ranging from 54 % to 90 %, with adsorption capacities
between 132 mg/g and 219 mg/g. In figure 4.5, the effect of mixing ration on COD shows
47% COD removal at lower percentage of RAS (25%) to higher percentage of RAS (75%)
in alkaline condition of pH 8. A gradual increase in COD removal can be noticed from
37 % to 65 % (RAS to RBP), however a decrease is noticed from 65 % to 75 % RAS.
Furthermore, the highest COD removal was recorded in the range of 45 % to 55% of

RAS percentage in initial pH of 8 for contact time of 95mins.

Looking into the colour removal of mixing ratio in Figure 4.6, when the RAS to RBP
percentage is lower at 25 %, the colour removal is 82%, compared to 75 % of RAS in the
mixture which achieved 76 % removal in pH of 8. Moreover, the highest colour removal
was achieved around the percentage of 45 % of RAS to RBP with a colour removal
efficiency of 84%. These results for colour removal indicates that more RAS in the
mixture achieves higher colour removal than more RBP in the mixture. Similarly,
adsorption capacity in Figure 4.7, follows the same trend, with lower values at 25% and
75% RAS and a peak of 193 mg/g at a 45% to 55% RAS to RBP ratio. The 2D contour
plots further confirm that the optimal mixing ratio for adsorption performance lies

between 45% and 55% RAS to RBP.

Thus, to determine the optimal ratio for COD removal, colour removal and adsorption
capacity, numerical optimization was performed, maximizing adsorption performance
while maintaining operational conditions within range. The optimization study results
indicated that a 3 g/LL dosage of raw hybrid adsorbent (RA), consisting of 50% raw
avocado seed (RAS) and 50% raw banana peel (RBP) (1.5 g/L each), achieved the highest
performance, with 53 % COD removal, 84% colour removal and an adsorption capacity

of 198 mg/g.
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Figure 4.5 : 2D Contour for the effect of the percentage for mixing ratio on
COD removal
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Figure 4.6 : 2D Contour for the effect of the percentage for mixing ratio on
colour removal
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Figure 4.7 : 2D Contour for the effect of the percentage for mixing ratio on
adsorption capacity

95



These findings confirm the potential of RAS and RBP for cationic dye removal, with
their combination of mixing 50 % RAS (1.5 g) with 50 % RBP (1.5 g) outperforming
individual adsorbents with an adsorbent dosage of 3 g. This optimal synthesis ratio aligns
with a recent study on hybrid adsorbents using equal parts of orange and lemon peels,
which removed 98% of Methylene Blue dye (Ramutshatsha-Makhwedzha et al., 2022).
Consequently, the 1:1 RAS: RBP ratio was adopted for further modification procedures
in this study. The hybrid adsorbent improved performance by 13% and 17% compared to
RAS and RBP, respectively, likely due to increased binding sites, enhanced stability, and
improved point of zero charge, facilitating more efficient cationic dye removal.
Moreover, the mixing of both fruit wastes may have increased the adsorption performance

due to the increased oxygenated functional groups combining both materials.

4.2.2 Optimization of hydrothermal carbonization temperature

To improve the performance of raw hybrid adsorbent, two-step hydrothermal
carbonization (HTC) followed by metal oxide impregnation was conducted. To
investigate the effect of hydrothermal HTC and slow pyrolysis (SP), both synthesis
methods were used to carbonize the hybrid adsorbent to find the best route regarding
higher mass production and higher performance for dye removal. SP was conducted at a
range of 200 °C to 600 °C for 4 hours, using 20 g of raw hybrid adsorbent (10 g of RAS
and 10 g RBP) in a covered porcelain crucible in a muffled furnace. The hydrothermal
carbonization was carried out using 15 g of raw hybrid adsorbent (7.5 g of RAS and 7.5
g of RBP) with distilled water in an autoclave and heated for 2 hours at a range of 180 °C
to 220 °C in a laboratory oven. The yield percentage is calculated to evaluate the

economic performance of the mass-produced (Jiang et al., 2022).
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The yield of the final mass obtained from the HTC of RA between 180 °C and 220 °C
was calculated and is presented in Figure 4.8. The lower yield (49 %) at 180°C is likely
due to insufficient temperature, leading to incomplete biomass decomposition. As the
temperature increased to 200 °C, the yield and adsorption performance improved to 51 %
and 87 %, respectively. The higher yield and performance at 200 °C, can be attributed to
the completion of key decomposition processes such as hydrolyzation, polymerization,
and secondary char formation (Nguyen et al., 2022; Yan et al., 2023). At temperatures
beyond 200°C, the yield declined due to intensified biomass decomposition, dehydration,
and over-carbonization, which resulted in excessive volatile matter loss (Avalos-Viveros

et al., 2023; Liu et al., 2025).

Figure 4.8 : Effect of HTC temperature on hydrochar yield and removal
efficiency
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Excessive carbonization at higher temperatures may lead to pore collapse or reduced
surface functionality, negatively affecting dye removal efficiency. Therefore, 200°C
balances both high yield and optimal adsorption performance, making it the most suitable
HTC temperature for producing effective adsorbents. The adsorbents with the highest
yield were selected for preliminary studies on methylene blue dye removal. Under fixed
operational conditions (pH 6, MB concentration of 0.3 g/L, 95 minutes of contact time,
and adsorbent dosage of 2.8 g/L), HTC-derived adsorbent exhibited 10.3% higher colour
dye removal efficiency and 14 % higher mass yield than SP, as summarized in Table 4.4.
The higher performance of HTC-based adsorbent in both mass yield and adsorption
efficiency highlights its potential for practical applications in dye wastewater treatment.
Thus, based on these findings, hydrothermal carbonization was performed using 15 g of
raw adsorbent at 200°C, followed immediately by acid activation to enhance adsorption

properties in the hybrid adsorbent.

Table 4.4 : Comparison of HTC and SP

Parameters Hydrothermal Carbonization | Slow Pyrolysis
Temperature 200 °C 400 °C

Time 2 hr 4 hr

Mass Yield 51 % 37 %

Colour removal 83 % 65 %
Adsorption capacity 91 mg/g 71 mg/g

COD removal 73 % 56 %
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4.2.3  Optimization of acid activation of adsorbent

This study investigates a newly developed hybrid adsorbent derived from avocado seeds
and banana peels, for which no prior literature has specified the optimal activation
temperature during the activation process. Therefore, the acid activation temperature was
varied from 250 °C to 650 °C for 2 hours to determine the most effective temperature for
enhancing the adsorption performance and the physicochemical properties of the hybrid
adsorbent. Acid activation of the materials obtained from HTC was done using H3PO4 85
% with a 1:1 ratio (Brazil et al., 2022). Additional studies conducted on acid activation
without HTC resulted in a 7.3% lower colour removal efficiency and a 6.8 mg/g lower
adsorption capacity, highlighting the importance of HTC in the synthesis. The
preliminary tests were conducted with fixed operational parameters (pH 6, concentration

of MB 0.3 g/L, 95 mins of contact time, and adsorbent dosage of 2.8 g/L).

Preliminary experiments conducted using the adsorbent obtained from 450 °C
removed the highest percentage of the colour with 99.7 % with 107.6 mg/g adsorption
capacity as shown in Figure 4.9. The gradual increase in adsorption performance from
250°C to 450°C indicates that higher temperatures enhance mesoporous surface
development through depolymerization via hydrolysis and oxidation (Imad Rabichi et al.,
2025). As shown in Figure 4.9, this temperature range also enhances the colour removal
and adsorption capacity by preventing excessive biomass shrinkage and the release of
volatile matter peaking around 400°C to 500°C. However, beyond 450°C, a decline in
adsorption efficiency is observed, likely due to pore shrinkage caused by the
decomposition of chemical functional groups and dehydrogenation above 500°C (Fan et
al., 2025). Thus, the optimized hybrid adsorbent, activated at 450°C with 85% HsPOx,

was subsequently used for manganese oxide impregnation.

99



Figure 4.9 : Effect of activation temperature on the adsorbent

424  Optimization of impregnation material

The impregnation preliminary experiments were conducted using manganese oxide and
hybrid adsorbent at 0.1:1, 0.5:1, and 1:1 (Mn3O4: HA) measured in grams. From the
preliminary study Figure 4.10, it was revealed that the 0.1:1 achieved highest removal
efficiency with 99.1 % colour removal and 88.9 mg/g adsorption capacity followed by
0.5:1 and 1:1. Therefore, 1.0 g of manganese oxide was dissolved in 50 mL of distilled
water, followed by adding 10 g of HA into the beaker. The mixture was stirred at 400 rpm
for 2 hours on a magnetic stirrer and the beakers were left undisturbed on the counter for
additional 2 hours. The impregnated activated hybrid adsorbent was dried at 100°C for
12 hrs in an oven. The final adsorbent was carefully collected, stored in airtight container

and labelled as HA/Mn.
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Figure 4.10 : Adsorption performance for manganese oxide impregnation

4.2.5  Selection of optimum conditions

The preliminary tests conclude that a mixture of avocado seed and banana peel can be
successfully used to synthesize hybrid adsorbents. Two-step hydrothermal carbonization
is step one for the carbonization and acid activation followed by step two, the
functionalization using metal impregnation. Thus, this study synthesized three hybrid
adsorbents: RA, a raw hybrid adsorbent at a 1:1(RAS:RBP) ratio; HA, a hydrothermal
carbonized (200 °C) and acid activated adsorbent (450 °C); and HA/Mn, a functionalized
adsorbent with metal oxide impregnation at a ratio of 0.1:1 (Mn3O4:HA). Furthermore,
the preliminary experiments under fixed operating conditions (initial pH of 7, adsorbent
dosage of 2.8 g/L, initial dye concentration of 0.3 g/L, and contact time of 95 mins) for
colour removal and adsorption capacity were conducted. The manganese oxide-

impregnated hybrid adsorbent has the highest removal efficiency for colour removal and
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adsorption capacity (100.0 %, 109.1 mg/g) followed by an acid-activated hybrid
adsorbent at 450 °C (99.7 %, 108.6 mg/g) and the raw hybrid adsorbent at the ratio 1:1
(80.3 %, 104.9 mg/g). The metal impregnation and acid activation enhanced the

adsorption performance compared to the unmodified raw hybrid adsorbent.

4.3 Physiochemical characteristics of adsorbents

4.3.1  Surface functional groups

Figure 4.11, the raw adsorbent (RA) and acid-activated hybrid adsorbent (HA) displayed
broad peaks corresponding to O-H stretching at 3267.5 cm™! and 3177.1cm™ |, C-O
stretching at 1013.7 cm™?! and 1339.9 cm™1. RA and HA have a band at 1607.4 cm™1and
1571.1 cm™1, respectively, corresponding to C=C stretching and C-H stretching at
2920.7 cm™! and 2268.5 cm™1, respectively. Furthermore, decreasing peak intensity was
observed in HA compared to the RA, which can be related to the decarboxylation and
dehydration of the adsorbent structure after modification and activation processes (Jiang
et al., 2022). The functional groups in the adsorbents developed in this study are similar
to those identified in previously reported works using avocado seeds and banana peel (S.
P. Boeykens et al., 2019a; Mbarki et al., 2022; V. Munagapati et al., 2018; Salomon et
al., 2020; Wanja et al., 2016; Xue et al., 2022) Additionally, for HA, the bands detected
between 900 and 950 cm ™! indicate the presence of the P-OH bond after acid activation
using phosphoric acid. Furthermore, the peaks representing P-OH are in line with other
studies using H3POj4 as the activating agent. For example, a study conducted by Song and
others (2022), after H3PO4 modification phosphate groups were present between 800 to
1000 cm™'. Another study conducted by Khan et. al (2022) using phosphoric acid-
1

activated Indian jujube for cationic dye removal reported a broad peak around 1000 cm™"

suggesting phosphate group.
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Figure 4.11 : FTIR Spectra for (a) RA and (b) HA.

The functional groups of HA/Mn are provided in Figure 4.12. HA/Mn showed the
presence of hydroxyl, carboxyl, and carbonyl functional groups based on the FTIR
analysis. The band observed at 3400cm ™! arises from chemically adsorbed water and
vibrations originating from the hydrogen-bonded O—H groups present in cellulose, pectin,
and lignin (Raji et al., 2023). On the other hand, the band observed at 1173 and 1554 cm™!
corresponds to the stretching vibrations of C—O and C=0, reflecting the conversion of the
biomass's cellulosic component. Additionally, the bands detected at 930 and 892 cm™!
indicate the presence of the P-OH bond, indicating the presence of H3PO4 and confirming
successful chemical activation. The results obtained in the FTIR analysis are consistent

with research conducted on avocado waste (T Ahmad & M Danish, 2022) and banana
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peel (Rose et al., 2023) by Ahmad and Danish (2022) and Rose and others (2023),
respectively. Avocado seed or avocado skin-based studies have mostly reported the
functional groups such as phenol, hydroxyl, carbonyl, and aromatic alkene groups (Haki
etal., 2022; Ibrahim et al., 2023; Prabakaran et al., 2022). Similarly, banana-waste-based
studies also have reported the presence of hydroxyl, carboxylic acid, aromatic, cellulose,
hemicellulose, lignin polymer, amine, and amide (Hu et al., 2021; Maheshwari et al.,
2023; Sun et al., 2023). Besides, studies reported that symmetrical P-O-P vibration of
phosphate and polyphosphate bridges (Khan et al., 2022; Song et al., 2022). An additional
peak can be noticed after metal impregnation between 500 cm ™! to 700 cm ™! at 604 cm ™!,
indicating successful Mn-O stretching (Alalid et al., 2020; Brocza et al., 2024). This is in
line with previous studies that used Manganese oxide impregnated adsorbents. A study
conducted by Qu et. at. (2023), reported successful metal oxide impregnation with an
additional peak at 574 cm™!, and a study conducted by Alalid et. al. (2020), reported Mn-

O vibrations at 542 cm™'.

In summary, the raw hybrid adsorbent, acid-activated adsorbent, and metal
impregnated adsorbent consist of O-H, C-O, and C=C functional groups. Additional
functional groups were found after the modification of the adsorbent, which shows
successful acid activation with P-O vibrations and the Mn-O vibrations. The increased
oxygenated functional groups will enhance the adsorption of positively charged dye

molecules in cationic dyes.
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Figure 4.12 : FTIR Spectra for HA/Mn

4.3.2  Surface area analysis

To investigate the impact of the modification on hybrid adsorbents, BET surface area
analysis was conducted for RA, HA, and HA/Mn, as summarised in Table 4.5. The results
show a substantial increase in surface area, with HA exhibiting a 450-fold increase from
1.19 m?*/g (RA) to 535.97 m*g. This enhancement is attributed to the decomposition of
organic matter during hydrothermal carbonization and phosphoric acid activation. The
surface area was further increased to 666.36 m*g for HA/Mn, a 590-fold increase

compared to RA, due to manganese oxide impregnation, which promoted further biomass
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decomposition, reduced carbon agglomeration, and facilitated mesopore formation. The
mesoporous structure of HA/Mn is large enough to adsorb methylene blue dye molecules
of 1.7 x 0.76 x 0.33 nm (M. Arias et al., 1999). For comparison, wood-based commercial
activated carbon typically has a surface area greater than 100 m?/g, confirming that the
modified hybrid adsorbents have a significantly larger surface area suitable for dye
removal. Specifically, the surface area of HA is 5.36 times greater than the commercial

adsorbent, while HA/Mn shows a 6.66-fold increase.

Preliminary experiments under fixed conditions (pH 7, 2.5 g/L adsorbent dosage, 0.2
g/L dye concentration, and 90 min contact time) demonstrated 15-18% higher colour
removal for HA and HA/Mn than RA. Additionally, HA and HA/Mn exhibited higher
adsorption capacities than RA, with 24 mg/g and 45 mg/g, respectively. The increase in
surface area confirms successful modification via phosphoric acid activation and
manganese oxide impregnation, leading to enhanced adsorption performance. The low
surface area of unmodified adsorbents is attributed to lignocellulosic particles obstructing
pore development. A study by Patra et al. (2021) reported similar findings, where
unmodified chitosan had a surface area of 5 m?/g, while modification with a weak acid

(methanol) increased it tenfold to 53 m?%/g.

In summary, the modified hybrid adsorbents exhibited significantly higher surface area
than the raw adsorbent, with HA/Mn reaching 666 m?/g, demonstrating effective surface
modification. The mesoporous structure further enhances its ability to adsorb methylene

blue dye molecules, confirming its potential as an efficient adsorbent.
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Table 4.5 : Surface area analysis for biomass-based adsorbents.

Adsorbent SBet (m?/g) | Pore size (nm) | Ref.

HA/Mn 666.36 2.486 This study

HA 535.97 2.500

RA 1.19 5.260

Avocado seed 25.98 13.010 (Prabakaran et al.,

hydrochar 2022)

Avocado seed biochar | 299.90 0.670 (Salomon-Negrete et
al., 2018)

Banana peel biochar 112.57 3.840 (Hu et al., 2021)

Cocoa leaves biochar 957.02 7.210 (J. M. Jabar et al.,
2022)

Chitosan 5.03 3.150 (Patra et al., 2021)

Modified chitosan 53.90 97.430

Wattle bark biochar 393.15 1.980 (Cuong Nguyen et al.,

Mimosa biochar 285.53 2.160 2021)

Coffee husk biochar 2.62 11.720

43.3  Surface morphology

The surface morphology of RA, HA, and HA/Mn in Figure 4.13, 4.14 and 4.15,
respectively displays distinct characteristics before and after modification. The raw
adsorbents displayed a smoother surface with few pores and an uneven structure with
visible sticky organic matter and fibrous particles attached, as seen in Figure 4.9. This
reflects to the biomass material’s lignocellulosic surface properties (Xue et al., 2022).
After HsPOs activation, the adsorbent (HA) in Figure 4.10 exhibits a porous surface with
deep crater-like and hexagonal pores. The MnsOa, impregnated hybrid adsorbent, HA/Mn
shown in Figure 4.11, exhibits a rough texture with increased porosity and irregular rough
cavities throughout the surface. Besides, in Figure 4.11 (b), the flaky substance on the

surface of the HA/Mn are manganese particles, indicating successful metal impregnation
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of the adsorbent. It was observed that the porosity of the adsorbents gradually increased

with chemical modification and metal impregnation.

A study conducted by Georgin et al. (2018) observed increased porosity and minor
cavities in the internal structure of avocado shell after H.SOs activation. Another study
by Rose et al. (2023) on banana peel adsorbents showed limited porosity in raw
adsorbents, which increased significantly with deep ledges after NaOH acid activation.
Similarly, a study by Munagapati et al. (2018) using banana peel shows a similar porous
surface with HA, while Pauletto et al. (2021) reported avocado seed to have hexagonal
pores like HA. The differences in pore structure might be due to the presence of

lignocellulosic materials commonly found in biomass.

In summary, the SEM analysis revealed that adsorbents show an increase in
porosity after chemical modification. Additionally, a rougher texture was observed after
metal impregnation, consistent with previous studies using fruit waste biomass adsorbents
(T Ahmad & M Danish, 2022; Misran et al., 2021; Prabakaran et al., 2022; M. Silva et

al., 2021).
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(a) (b)
Figure 4.13 : SEM Images of RA with a magnification of 5000x.

(a) | (b)

Figure 4.14 : SEM Images of HA with a magnification of (a) 1000x and (b)
5000x.
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(2) (b)

Figure 4.15 : SEM Images of HA/Mn with a magnification of (a) 5000x and (b)
1000x.

43.4 Elemental analysis

The elemental analysis was conducted for the three-hybrid adsorbent: RA, HA, and
HA/Mn, in Figure 4.16, 4.17 and 4.18, respectively. The elemental analysis reveals that
the raw adsorbent, RA, consists of 71 % carbon and 27 % oxygen, as shown in Figure
4.16. In contrast, the acid-activated adsorbent, HA (Figure 4.17), exhibits increased
carbon content to 84 %, reduced oxygen to 12 %, and the presence of phosphorus 2 %
and sodium 2 %. The presence of phosphorus after modification is due to the activation
of adsorbents with H3POs. Similarly, the study conducted by Pawar et. al. (2023) on
banana peels concluded that the two main elements are carbon and oxygen. A study

conducted by Prabakaran et. al. (2022) reported that after iron activation of the avocado
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seed, the adsorbent had a carbon content of 72 % and the presence of oxygen along with
Iron. Moreover, in Figure 4.18 for HA/Mn, the carbon and oxygen content on the surface
were 18 % and 28 %, respectively. Conversely, the phosphorus content increased to 10

%, along with 40 % manganese.

In summary, after acid activation, the carbon content of HA increased compared to the
raw unmodified adsorbent. However, after metal impregnation, the carbon content
decreases while manganese on the surface increases. Besides, compared to the HA
adsorbent, the decrease in carbon content and increase in oxygen for HA/Mn is attributed

to the metal impregnation of manganese oxide, which covers the surface of the adsorbent.
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Figure 4.16 : EDX Image of RA.
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Figure 4.17 : EDX Image of HA.
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Figure 4.18 : EDX Image of HA/Mn.
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4.3.5 Point of zero charge

The point of zero charge (pH,.c) was determined using the method by Postai et al. (2016).
In this method, 0.05 g of adsorbent was added to 20 mL of 0.1 M NaCl solution, with the
pH adjusted from 2 to 11 using 0.1 M HCI or NaOH (Postai et al., 2016). After shaking
the solution for 24 hours at 150 rpm, the final pH was recorded. The pHpzc was measured
by calculating the difference between the initial and final pH of the solutions. Figures
4.19, 4.20, and 4.21 show that RA, HA, and HA/Mn have pH,.. values of 6.0, 6.2, and

6.6, respectively.

The pHp.. indicates the preferred pH level of the dye solutions for optimal
performance. For HA/Mn, it suggests that the adsorbent will be positively charged when
the initial pH is below 6.6 and negatively charged when the initial pH is above 6.6
(Gonzales-Condori et al., 2023; Rose et al., 2023). The point of zero charge results aligns
with previous pH,.. characterizations. Gonzales-Condori et al. (2023) found avocado-
based adsorbents have a pH,.. of 5.5, while Rose et al. (2023) reported banana peel
adsorbents with a pHy.. of 6.6. These studies reported that cationic dye removal was
observed above the pH,.. of the adsorbent, while anionic dyes favoured a pH below the
pHyp:c of the adsorbent (Chen et al., 2023; Mahalaxmi & Kumar, 2024; Schadeck Netto et

al., 2019).
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Figure 4.19 : Determination of point of zero charge for RA.
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Figure 4.20 : Determination of point of zero charge for HA.
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pHpzc=6.6

Figure 4.21 : Determination of point of zero charge for HA/Mn.

4.3.6 Summary of physicochemical characteristics

In summary, the modification of the hybrid adsorbent has significantly enhanced its
physicochemical properties, as shown in Table 4.6. Among the adsorbents, HA/Mn
exhibited superior physicochemical properties compared to RA and HA. It had the highest
surface area with mesoporous porosity, making it highly suitable for methylene blue
adsorption. The improved morphology and surface area enhance physical adsorption of
dye molecules, while the increase in oxygenated functional groups facilitates chemical
adsorption through hydrogen bonding. Additionally, the point of zero charge indicates
that at a solution pH above 6—6.6, electrostatic attraction is more favourable, collectively
improving adsorption performance. Moreover, elemental analysis and chemical
characterization confirmed successful surface modification with HsPOa activation and
Mns;Os impregnation. Furthermore, the increased oxygenated functional groups from
phosphorus and manganese after metal impregnation enhance cationic dye removal,

making RA, HA, and HA/Mn highly effective adsorbents.
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Table 4.6 : Physicochemical characteristics of the hybrid adsorbents

Adsorbent Surface morphology Surface elemental | Pore diameter | Surface area | pHpzc Chemical functional groups
(nm) (m*/g)
Unmodified e Compact smooth C:72% 5.26 1.19 6.0 OH (3268 cm™1)
raw adsorbent, surface with few 0:28 % C-0 (1014 cm™1)
RA pores COOH (1554 cm™1)
e Sticky organic matter
on the surface
Acid-activated | ¢  Well-developed C:85% 2.50 535.98 6.2 OH (3177 cm™1)
hybrid crater-like and 0:13% C-0O (1340 cm™1)
adsorbent, HA hexagonal pores P:2% COOH (1455 cm™1)
e Rough texture P-OH (892 cm™1)
Metal oxide e Deep pores with C:33% 2.49 666.36 6.6 OH (3400 cm™1)
impregnated rough texture 0:39% C-0(1573 cm™1)
hybrid e Manganese particles | P: 7 % COOH (1500 cm™)
adsorbent, attached to the Mn: 16 % P-OH (930 cm™1)
HA/Mn surface of adsorbent. Mn-O (604 cm™1)




4.4 Adsorption performance evaluation of hybrid adsorbents

Raw hybrid adsorbent (RA), phosphoric acid-activated hybrid adsorbent (HA), and
manganese oxide impregnated hybrid adsorbent (HA/Mn) were used to investigate
methylene blue dye removal. three of the hybrid adsorbents were compared with each
other to find the best performing adsorbent for cationic dye removal. preliminary
experiments conducted shows that the adsorption performance also increased after

surface modification through acid action and metal impregnation.

The experimental results, statistical analysis, and the effect of parameters are discussed
in this section. The experimental results for RA, HA, and HA/Mn are tabulated in Tables
4.7. 4.8 and 4.9, respectively, for colour removal and adsorption capacity. The
experimental results were used for the statical analysis to identify the significance of the
operating parameters. Besides, using the respective experimental results for the hybrid
adsorbents, the effect of each parameter, including the initial pH, adsorbent dosage, dye

concentration, and contact time, was analysed and compared.

4.4.1  Statistical analysis

Analysis of Variance (ANOVA) was used to determine the statistical analysis for RA,
HA, and HA/Mn, indicating the significance of the operation parameters for colour
removal and adsorption capacity. The F-value and P-value from ANOVA analysis are
statistical measures to determine the significance of the independent variables. While the
F-value is the variation within the samples, the p-value is the calculation for the
probability of the hypothesis testing. When the p-value is < 0.05, it indicates that the
independent variable is significant in the study. If the p-value is greater than 0.1, it
indicates that the variables are insignificant in the regression model. The insignificant

variables are removed to improve the model.
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Table 4.7: Experimental results for dye removal by unmodified hybrid adsorbent

Experimental Run

Performance Efficiency

Run Ini;_ilal A‘;i‘;’;;int concgl)t,:ation C::)irllltliCt % Coloulr AS:;;Ic)itz; "
P (g/L) (g/L) min) | "Y1 (mgg)
1 2 2.8 0.3 95 42.1 459
2 2 5.0 0.1 180 78.9 15.8
3 10 5.0 0.1 180 99.0 19.8
4 6 1.8 0.3 95 67.2 115.2
5 6 2.8 0.3 95 97.1 105.9
6 6 2.8 0.3 95 96.2 104.9
7 2 0.5 0.1 180 14.2 28.5
8 2 0.5 0.5 180 40.4 404.0
9 6 2.8 0.3 95 96.7 105.5
10 10 5.0 0.1 10 97.0 19.4
11 10 5.0 0.5 180 99.4 99.4
12 10 0.5 0.1 10 96.4 192.9
13 2 0.5 0.1 10 63.3 126.6
14 10 5.0 0.5 10 99.2 99.2
15 6 2.8 0.3 75 95.5 104.2
16 10 0.5 0.5 180 97.3 973.2
17 6 2.8 0.3 95 96.3 105.1
18 6 2.8 0.3 265 99.8 108.9
19 6 2.8 0.3 95 99.6 108.6
20 10 0.5 0.1 180 80.3 160.6
21 10 0.5 0.5 10 384 384.0
22 6 2.8 0.3 95 96.5 105.3
23 2 5.0 0.5 10 57.0 57.0
24 2 5.0 0.5 180 13.0 13.0
25 6 2.8 0.1 95 98.3 35.7
26 6 7.3 0.3 95 97.8 40.5
27 2 5.0 0.1 10 64.9 13.0
28 14 2.8 0.3 95 99.0 108.0
29 2 0.5 0.5 10 16.0 160.2
30 6 2.8 0.7 95 99.2 252.5
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Table 4.8: Experimental results for dye removal by acid-activated hybrid

adsorbent.

Experimental Run

Performance Efficiency

Run Inigal A‘;i‘;;l;nt conc:?l)t,:ation C;)ilrlrt::eCt o Coloulr Ag;;?c)itti;n
P (g/L) (g/L) min) | "V 1 (mgrg)
1 2 2.8 0.3 95 95.7 104.4
2 2 5.0 0.1 180 98.6 19.7
3 10 5.0 0.1 180 98.6 19.7
4 6 1.8 0.3 95 97.2 166.7
5 6 2.8 0.3 95 99.5 108.6
6 6 2.8 0.3 95 99.4 108.4
7 2 0.5 0.1 180 91.6 183.3
8 2 0.5 0.5 180 97.2 972.4
9 6 2.8 0.3 95 99.4 108.4
10 10 5.0 0.1 10 92.0 18.4
11 10 5.0 0.5 180 99.7 99.7
12 10 0.5 0.1 10 92.6 185.3
13 2 0.5 0.1 10 97.9 195.7
14 10 5.0 0.5 10 99.7 99.7
15 6 2.8 0.3 75 99.3 108.3
16 10 0.5 0.5 180 99.7 996.6
17 6 2.8 0.3 95 99.3 108.4
18 6 2.8 0.3 265 99.5 108.6
19 6 2.8 0.3 95 99.4 108.4
20 10 0.5 0.1 180 98.4 196.9
21 10 0.5 0.5 10 99.6 995.7
22 6 2.8 0.3 95 99.4 108.4
23 2 5.0 0.5 10 99.6 99.6
24 2 5.0 0.5 180 97.2 97.2
25 6 2.8 0.1 95 98.6 35.9
26 6 7.3 0.3 95 99.5 41.2
27 2 5.0 0.1 10 98.6 19.7
28 14 2.8 0.3 95 95.4 104.1
29 2 0.5 0.5 10 97.3 972.7
30 6 2.8 0.7 95 98.0 249.6
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Table 4.9: Experimental results for dye removal by metal-impregnated hybrid

adsorbent

Experimental Run

Performance Efficiency

Run Inigal A‘;Z‘;;l;nt conc:?l)t,:ation C(t)illlrt::eCt 7o Coloulr AS:[());Ic)itti;) '
P (g/L) (g/L) min) | " 1 (mgrg)
1 2 2.8 0.3 95 100.0 100.0
2 2 5.0 0.1 180 100.0 100.0
3 10 5.0 0.1 180 97.7 167.5
4 6 1.8 0.3 95 99.9 109.0
5 6 2.8 0.3 95 100.0 109.1
6 6 2.8 0.3 95 99.9 109.0
7 2 0.5 0.1 180 99.8 99.8
8 2 0.5 0.5 180 99.9 109.0
9 6 2.8 0.3 95 99.9 109.0
10 10 5.0 0.1 10 99.7 36.2
11 10 5.0 0.5 180 99.9 109.0
12 10 0.5 0.1 10 99.9 109.0
13 2 0.5 0.1 10 100.0 41.4
14 10 5.0 0.5 10 99.9 109.0
15 6 2.8 03 75 99.7 108.8
16 10 0.5 0.5 180 96.4 96.4
17 6 2.8 0.3 95 100.0 109.1
18 6 2.8 0.3 265 100.0 200.0
19 6 2.8 03 95 99.9 20.0
20 10 0.5 0.1 180 84.3 214.6
21 10 0.5 0.5 10 100.0 20.0
22 6 2.8 0.3 95 99.9 20.0
23 2 5.0 0.5 10 99.7 19.9
24 2 5.0 0.5 180 99.0 197.9
25 6 2.8 0.1 95 87.6 175.2
26 6 7.3 0.3 95 51.2 512.2
27 2 5.0 0.1 10 58.0 116.0
28 14 2.8 0.3 95 379 378.9
29 2 0.5 0.5 10 14.7 147 .4
30 6 2.8 0.7 95 15.8 157.9
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ANOVA analysis results for the colour removal suggest reduced quadratic models for
RA, HA, and HA/Mn as detailed in Table 4.10 to 4.12 with an R? value of 0.6785, 0.9167,
and 0.9409, respectively, for colour removal. The raw hybrid adsorbent shows initial pH
and adsorbent dosage as the significant variables with a p-value of <0.0001 and 0.0075,
respectively. The HA shows the most significant variables for colour removal to be the
initial concentration and adsorbent dosage with both p-values <0.0001. Besides, HA used
for colour removal also identified initial pH and contact time as significant variables with
p-values of 0.0389 and 0.0020, respectively. However, HA/Mn identified adsorbent
dosage and initial dye concentration as the most significant variables, with both p-values
< 0.0001. Moreover, the reduced quadratic models for RA, HA, and HA/Mn show a
precision ratio exceeding 4, with an adequate precision of 10.3481, 18.5724, and 26.9786,

respectively, for colour removal.

ANOVA analysis results for adsorption capacity for RA, HA, and HA/Mn suggest
reduced quadratic models as well with R? value of 0.8235, 0.8798, and 0.9493,
respectively. The raw hybrid adsorbent, RA, indicates three of the operational parameters
being significant with p-values of <0.0001 for adsorbent dosage and 0.0002 for initial
concentration, while initial pH has a p-value of 0.0111. The acid-activated adsorbent, HA,
suggests all the operational parameters are significant with p-values of 0.0026 for contact
time, 0.0117 for initial pH, and <0.0001 for both adsorbent dosage and initial
concentration. The most significant operational parameters for HA/Mn in the adsorption
capacity model were adsorbent dosage and dye concentration, both with p-values <
0.0001, like the colour removal model. The precision ratio for adsorption capacity
exceeded 4, with an adequate precision of 15.6409, 16.8810, and 27.0849 for RA, HA,

and HA/Mn, respectively.
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In summary, adsorbent dosage and initial concentration are the significant operational
parameters for the methylene blue dye. Comparing the R? value of the models, HA/Mn
has the highest values for both colour removal and adsorption capacity. Thus, the analysis
implies the reduced quadratic model is significant for MB dye removal, as evidenced by
the HA/Mn model with an F-value of 71.17 (p-value < 0.0001) for colour removal.
Similarly, for adsorption capacity, the HA/Mn model demonstrates significance with an
F-value of 57.59 (p-value < 0.0001). Moreover, the adequate precision over 4 for all the
reduced quadratic models for HA/Mn suggests that the model is suitable within the given

design space.
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Table 4.10: ANOVA results for colour removal and adsorption capacity using RA.

(a) Reduced Quadratic Equation for Colour Removal

Source ::11:13:"); df Mean Square | F-value p-value

Model 16578.88 4 4144.72 13.19 <0.0001

A-Initial pH 11731.97 1 11731.97 37.33 | <0.0001

B-Adsorbent Dosage | 2656.52 1 2656.52 8.45 0.0075

A? 3516.57 1 3516.57 11.19 0.0026

B2 1096.82 1 1096.82 3.49 0.0735

R? 0.6785

Adjusted R? 0.6270

Predicted R? 0.3279

Adeq Precision 10.3481

Equation 92.4+25.07A+12.37B — 14.83A% - 8.35B

(b) Reduced Quadratic Equation for Adsorption Capacity

Source ::uma::s df | Mean Square | F-value p-value

Model 8.07E+05 9 89636.44 10.37 <0.0001

A-Initial pH 67685.4 1 67685.4 7.83 0.0111

B-Adsorbent Dosage | 3.11E+05 1| 3.11E+05 35.94 <0.0001

C-Dye Concentration | 1.75E+05 1| 1.75E+05 20.19 0.0002

AB 45413.74 1 45413.74 5.25 0.0329

AC 31746.33 1 31746.33 3.67 0.0698

BC 91821.12 1 91821.12 10.62 0.0039

BD 34519.78 1 34519.78 3.99 0.0595

CD 52489.1 1 52489.1 6.07 0.0229

B2 53759.98 1 53759.98 6.22 0.0215

R? 0.8235

Adjusted R? 0.744

Predicted R? 0.3438

Adeq Precision 15.6409

Equation 106.5 + 56.85A -133.03B + 85.29C -53.28 AB + 44.54AC -
75.75BC —46.45BD +57.28CD +57.83B?
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Table 4.11: ANOVA results for colour removal and adsorption capacity using HA.

(a) Reduced Quadratic Equation for Colour Removal

Source ::11:13:"); df Mean Square | F-value p-value
Model 20639.54 8 2579.94 19.9 <0.0001
A-Initial pH 629.22 1 629.22 4.85 0.0389
B-Adsorbent Dosage | 9100.98 1 9100.98 70.2 <0.0001
C-Dye Concentration | 3796.84 1 3796.84 29.29 <0.0001
D-Contact time 1618.64 1 1618.64 12.48 0.002
BC 2542.82 1 2542.82 19.61 0.0002
BD 407.78 1 407.78 3.15 0.0907
B’ 3277.6 1 3277.6 25.28 <0.0001
D? 918.34 1 918.34 7.08 0.0146
R? 0.8835

Adjusted R? 0.8391

Predicted R2 0.7005

Adeq Precision 18.5724

Equation

96.8 + 5.48A +22.95B - 12.58C +9.72D + 12.61BC -5.05BD
—14.6B* - 7.68D?

(b) Reduced Quadratic Equation for Adsorption Capacity

Source o o df | Mean Square | F-value p-value
Squares

Model 87095.05 9 9677.23 16.27 <0.0001

A-Initial pH 4577.3 1 4577.3 7.69 0.0117

B-Adsorbent Dosage | 43784.66 1 43784.66 73.59 <0.0001

C-Dye Concentration | 13996.52 1 13996.52 23.53 <0.0001

D-Contact time 7055.61 1 7055.61 11.86 0.0026

AB 3831.34 1 3831.34 6.44 0.0196

AC 2463.02 1 2463.02 4.14 0.0554

BC 7376.74 1 7376.74 12.4 0.0021

BD 4256.26 1 4256.26 7.15 0.0146

D? 1983.08 1 1983.08 3.33 0.0829

R? 0.8798

Adjusted R? 0.8257

Predicted R? 0.6874

Adeq Precision 16.881

Equation 114.69 + 14.78A -46.73B + 24.15C + 20.11D -15.47AB +
12.41AC -21.47BC —-16.31BD — 11.06D?
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Table 4.12: ANOVA results for colour removal and adsorption capacity using
HA/Mn

(a) Reduced Quadratic Equation for Colour Removal

Source ::11:13:"); df Mean Square | F-value p-value
Model 19841.56 5 3968.31 71.17 <0.0001
B-Adsorbent Dosage | 8769.57 1 8769.57 157.28 <0.0001
C-Dye Concentration | 5019.15 1 5019.15 90.02 <0.0001
BC 193.92 1 193.92 3.48 0.0745
A? 2945.38 1 2945.38 52.82 <0.0001
B? 5019.15 1 5019.15 90.02 <0.0001
R? 0.9368

Adjusted R? 0.9237

Predicted R? 0.8225

Adeq Precision 26.9786

Equation

98.7+22.44B - 15.49C + 18.02BC - 5.31A% 13.45B*

(b) Reduced Quadratic Equation for Adsorption Capacity

Source z:uma::s df | Mean Square | F-value p-value

Model 1.17E+05 6 19516.21 57.59 <0.0001

B-Adsorbent Dosage | 88454.53 1 88454.53 261.03 <0.0001

C-Dye Concentration | 18659.73 1 18659.73 55.07 <0.0001

AC 1080.77 1 1080.77 3.19 0.0873

BC 2850.38 1 2850.38 8.41 0.0081

BD 1094.69 1 1094.69 3.23 0.0854

B2 5396.59 1 5396.59 15.93 0.0006

R? 0.9376

Adjusted R? 0.9213

Predicted R? 0.8804

Adeq Precision 27.0849

Equation 112.01 - 70.83B + 31.05C - 10.27 AC + 13.35BC - 8.27BD
+18.00B?
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44.2 Effect of operating parameters

4.4.2.1 Initial pH of the solution

(a) Colour removal

Figures 4.22, 4.23, and 4.24 show the effect of initial pH on colour removal using RA,
HA, and HA/Mn. The colour removal of RA increased from 65 % to 76 % when the pH
was increased from 2 to 10 at 180 mins. An increment in the colour removal was also
recorded for a lower contact time of 10 with the increased colour removal of 80 % from
69 %. The highest colour removal from Figure 4.22 can be seen as 80 % at 10 min of
contact time and in alkaline condition of pH 10. This is in line with the pH,.. for RA with
a pHpzc of 6, indicating the cationic dye removal takes place in alkaline conditions. Based
on the ANOVA analysis for colour removal for RA, the initial pH is a significant variable,
resulting in higher colour removal under alkaline conditions. A study conducted by Eniola
et. al. (2023) achieved high performance in alkaline conditions of pH 8 using unmodified
date seed, while a study conducted by Maheshwari et. al. (2023) reported that raw banana

peel and raw orange peel for cationic dye removal was achieved at pH 10.

In Figure 4.23, HA showed an increment in colour removal from 74 % to 85 % when
pH was increased from 2 to 10 at the lowest contact time of 10 min. At pH 2, when the
contact time was increased to 180 min, colour removal increased to 93 %. When the pH
was increased to 10 at 180 mins, complete colour removal was achieved. Hence, colour
removal for HA performed well in higher pH values ranging from 7 to 10. This is in line
with the pHpzc of the adsorbent as HA has a point of zero charge of 6.2. Previous studies
reported that the optimum pH for avocado seed adsorbent and banana peel adsorbent for
methylene blue dye removal was reported as an alkaline condition (Dhaouadi et al., 2020;
Maheshwari et al., 2023; Nallapan Maniyam et al., 2020; Schadeck Netto et al., 2019).
ANOVA analysis for colour removal for HA, the initial pH is a significant variable which

is in line as the effect of initial pH on the colour removal of MB dye using HA.
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Figure 4.22 : 2D Contour for effect of contact time against initial pH on colour
removal for RA.
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Figure 4.23 : 2D Contour for effect of contact time against Initial pH on colour
removal for HA.
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HA/Mn, as shown in Figure 4.24, achieves the highest colour removal under alkaline
conditions, which is consistent with the pH,.. indicating higher removal for cationic dye
above the pH,.. of 6.4. Increasing the pH resulted in an increase in MB dye colour removal
from 83.4 % to 92.5 % at an adsorbent dosage of 2.8 g/L. and a concentration of 0.3 g/L.
The effect of initial pH for the colour removal is in line with previous studies for cationic
dye removal using biomass material. The removal efficiency for HA/Mn is highest at
alkaline conditions at pH 8 for avocado seed hydrochar for methylene blue removal
(Prabakaran et al., 2022) and pH 11 for papaya bark fibre for methylene blue dye removal
(Nipa et al., 2023). Although, based on the ANOVA analysis, the initial pH is regarded
as an insignificant variable, HA/Mn works best under alkaline conditions with a higher

removal efficiency.

(b) Adsorption capacity

The effect of initial pH on adsorption capacity for RA, HA, and HA/Mn are shown in
Figures 4.25, 4.26, and 4.27. Furthermore, in ANOVA analysis, initial pH was a
significant variable for RA and HA. However, for HA/Mn, it was an insignificant
variable. The adsorption capacity of RA in Figure 4.25 shows the highest adsorption
capacity was achieved at pH 10 with 233.7 mg/g compared to pH 2 with 82.4 mg/g at 10
mins of contact time. However, when the time was increased to 180 mins, the adsorption
capacity was 53.2 mg/g and 205 mg/g at pH 2 and 10, respectively. As presented in Figure
4.26, the adsorption capacity for HA was highest at pH 10 with 98.8 mg/g compared to
pH 2 with 69.8 mg/g at 10 mins of contact time. Additionally, when the time was
increased to 180 mins, the adsorption capacity was 109.3 mg/g and 138.3 mg/g at pH 2

and 10, respectively.
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Figure 4.24 : 2D Contour for effect of contact time against initial pH on colour
removal for HA/Mn
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Figure 4.25 : 2D Contour for effect of contact time against initial pH on

adsorption capacity for RA.
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In Figure 4.27, it is evident that in alkaline conditions, higher adsorption capacity was
achieved for HA/Mn. Thus, the adsorption capacity was found to increase from 84.72
mg/g to 128.05 mg/g at alkaline conditions after 10 min of contact time. The effect of
initial pH for the MB dye removal is in line with previous studies for cationic dye removal
using biomass material. The high adsorption in alkaline conditions can be from the
elimination of protons from the surface functional groups of the hybrid adsorbent,
influenced by different pH conditions, along with the properties of the cationic dye being
targeted. These findings are in line with studies using banana stem (M. Silva et al., 2021),
avocado seeds (S. Boeykens et al., 2019), banana peel (Chen et al., 2023) and avocado

shells (Georgin et al., 2018).

In summary, the effect of pH on adsorption performance for RA, HA, and HA/Mn
suggests higher efficiency in alkaline conditions. All three adsorbent have a point of zero
charge between 6 to 6.6, which shows the highest adsorption performance under alkaline
conditions, which is consistent with results obtained for RA, HA and HA/Mn. It is in line
with previous studies using avocado seed and banana peel for cationic dye removal; such
activated avocado seed removed 81 % at alkaline conditions (Prabakaran et al., 2022),
Another study using iron-modified banana peel achieved 92 % colour removal in alkaline

conditions (Cathoglu et al., 2021)
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Figure 4.26 : 2D Contour for effect of contact time against initial pH on
adsorption capacity for HA.
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Figure 4.27 : 2D Contour for effect of contact time against initial pH on
adsorption capacity for HA/Mn
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4.4.2.2 Contact time.

(a) Colour removal

The effect of contact time on colour removal for RA, HA and HA/Mn are shown in Figure
4.22,4.23 and 4.24, respectively. In Figure 4.22, RA has a decrease in colour removal
from 69 % to 65 % when the contact time is increased from 10 to 180 mins, at pH 2 and
dye concentration of 0.3 g/L and adsorbent dosage of 2.75 g/L. However, an increased in
colour removal for RA is observed for 180 mins when the pH is increased. The ANOVA
analysis of RA for colour removal indicated contact time to be an insignificant variable.
However, the highest colour removal for RA was recorded at 10 min of contact time. This
is in line with previous studies, as all the active binding sites of the adsorbent are
unoccupied at the start of the adsorption process, and as contact time increases, fewer
vacant sites are available for adsorption process to occur (V. S. Munagapati et al., 2018;

Prabakaran et al., 2022)

In Figure 4.23, the effect of contact time for HA in colour removal indicates highest
colour removal for can be achieved at higher contact time. Unlike RA, HA has an increase
in colour removal from 75 % to 94 % when time was increased from 10 to 180 mins at
pH 2. Moreover, at pH 10, when the time was increased from 10 to 180 min, the complete
colour removal was achieved at 80 min using dye concentration of 0.3 g/L and adsorbent
dosage of 2.75 g/L. A slight decrease in the colour removal can be observed from 130
min to 180 min. This aligns with previous studies, where it has been observed that during
the initial stages of the adsorption process, all the active binding sites of the adsorbent
remain unoccupied. As the contact time increases, fewer binding sites are left vacant,
thereby reducing the availability of binding sites for the adsorption process to take place

(V. S. Munagapati et al., 2018; Prabakaran et al., 2022).
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In Figure 4.24 for HA/Mn, when the contact time increased from 10 min to 180 min,
colour removal increased from 84 % to 87 % at dye concentration of 0.3 g/L and adsorbent
dosage of 2.75 g/L. The rapid increase in removal rate at the initial stage of contact time
between 10 min to 44 min is due to the abundant availability of vacant active sites on the
surface of adsorbent, resulting in instantaneous adsorption of dye molecules (Waghmare
et al., 2023). Increasing the contact time from 44 min to 180 min, the adsorption
performance increases slowly as the vacant sites become fully occupied, limiting the
adsorption reaction and decreasing the adsorption rate (Hambisa et al., 2022). Although
contact time is an insignificant variable in the ANOVA analysis for HA/Mn, the
maximum dye removal is observed at 80 minutes and is within the range of fruit waste
adsorbents for dye removal . A study conducted by Waghmare et. al. (2023) reported
optimum contact time for fruit waste adsorbent as 90 mins, meanwhile a study conducted

by Nipa et. al. (2023) which reported the optimum contact time to be 100 mins.

(b) Adsorption capacity

Figure 4.25, 4.26 and 4.27 shows effect of contact time on adsorption capacity, for RA,
HA and HA/Mn, respectively. The adsorption capacity of raw combined adsorbent was
highest at lower contact time of 10 mins with 233.7 mg/g compared with 82.4 mg/g.
However, when the time was increased to 180 mins, the adsorption capacity was 53.2
mg/g and 205 mg/g at pH 2 and 10, respectively. lower contact time of 10 min — 90 mins
favours the highest adsorption capacity for RA. The ANOVA analysis of RA for
adsorption capacity indicated the contact time to be an insignificant variable. The
increases in contact time leads to a decrease in adsorption capacity because the adsorption

equilibrium was reached (Tang et al., 2021).

As presented in Figure 4.26, the adsorption capacity for HA was increased 109.3 mg/g

to138.3 mg/g at pH 2 and 10, respectively, when the contact time was increased to 180
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mins. a higher contact time of 78 min — 180 mins were favoured for the highest adsorption
capacity. Furthermore, when the time was increased from 10 to 180 mins, in initial pH of
10 the adsorption capacity increased from 100.3 mg/g to 140.0 mg/g. as contact time
increases the adsorption increases at first, then the dye removal becomes stable, and no
more adsorptions can be observed. This is because at the beginning of the adsorption
process, all the active binding sites of the adsorbent will be vacant and with allowed time

there will be fewer sites available (V. S. Munagapati et al., 2018).

Likewise, in Figure 4.27 for HA/Mn, increment in contact time from 10 min to 180
min increased the adsorption capacity, achieving 106.89 mg/g at pH 2 and 118.72 mg/g
at pH 10. The rapid increase in removal rate at the initial stage of contact time between
10 min to 44 min is due to the abundant availability of vacant active sites on the surface
of adsorbent, resulting in instantaneous adsorption of dye molecules (Waghmare et al.,
2023). Increasing the contact time from 44 min to 180 min, the adsorption performance
increases slowly as the vacant sites become fully occupied, limiting the adsorption
reaction and decreasing the adsorption rate (Hambisa et al., 2022). Although contact time
is an insignificant variable in the ANOVA analysis for HA/Mn, the maximum dye
removal is observed at 80 minutes and is within the range of fruit waste adsorbents for
dye removal as indicated in Table 4.12. The rapid increase in removal rate at the initial
stage of contact time between 10 min to 44 min is due to the abundant availability of
vacant active sites on the surface of adsorbent, resulting in instantaneous adsorption of

dye molecules (Waghmare et al., 2023).

In summary, the effect of contact time on adsorption performance for the hybrid
adsorbents indicate the rapid increase in the adsorption performance at the beginning of
the experiment is due to the availability of active binding site. However, as the time is

increased fewer active binding are aviable for the adsorption of methylene blue dye
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molecules. Besides, the decrease in the adsorption performance after around midway
through experiment is when the adsorption has reached its equilibrium. This is in line
with previous studies using biomass-based adsorbents for cationic dye removal with
optimum contact time of 90 mins (Afshin et al., 2018), date palm adsorbent for cationic
dye with optimum contact time of 200 mins (Eniola et al., 2023) and coconut shell
adsorbent for pharmaceutical removal with optimum contact time of 120 mins (Al-sareji

etal., 2023).

4.4.2.3 Adsorbent dosage
(a) Colour removal

The effect of adsorbent dosage on colour removal for RA, HA, and HA/Mn is
presented in Figures 4.28, 4.29, and 4.30, respectively. The ANOVA analysis for all three
adsorbents for both colour removal and adsorption capacity shows that adsorbent dosage
is the most significant variable for the adsorbents. The adsorbent dosage of RA was
increased from 25 mg (0.5 g/L) to 250 mg (5.0 g/L) at a concentration of 0.1 g/L, where
colour removal was increased from 64 % to 90 % as shown in Figure 4.28. Furthermore,
when the initial dye concentration is at 0.5 g/L for a maximum adsorbent dosage of 5.0
g/L, RA reached 82 % colour removal, while at 0.1 g/L, RA achieved 90 % colour
removal. This suggests that increased doses of the adsorbent offer a greater number of
active sites for successful adsorption at the fixed dye concentration. Thus, for RA, the
highest colour removal was observed when the dosage was highest at 5 g/L. This is in
line with previous studies using an optimum adsorbent dosage of 4 g/L of activated corn
(Ismail et al., 2022), 5 g/L of coffee husk biochar, and 5 g/L of mimosa plant biochar
(Cuong Nguyen et al., 2021) for wastewater treatment. After a specific adsorbent dose,
the adsorption decreases gradually, this may be because the active sites are saturated with
accumulated particles, which result in repulsion between the dye molecules and the

adsorbent (Roy et al., 2018).
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The effect of adsorbent dosage on colour removal for HA in Figure 4.29 shows when
the dosage of HA was increased from 25 mg to 250 mg (0.5 g/L at a concentration of 100
mg/L where colour removal was increased from 81 % to complete colour removal.
Similarly, an increasing trend was investigated in colour removal from 50 % to 100 %
when the HA adsorbent dosage increased from 25 mg to 200 mg at a highest initial
concentration of 0.5 g/L. The results are in good agreement with previous studies. For
example, Danish and others (2018) reported the adsorption process was noted to be
increased with increasing dosage for removal of methylene blue dye using banana waste.
Like the research conducted by Prabakaran and others (2022) using avocado seed, dye
removal was increased, attaining 95% colour removal with the increase in adsorbent
dosage up to 1.5g/L. The results revealed that HA shows higher removal efficiency at
higher adsorbent dosages due to the presence of more active sites available for adsorption

(Jiang et al., 2021).

Figure 4.30 shows that when HA/Mn adsorbent dosage increases from 0.5 g/L to 5.0
g/L, complete colour removal was achieved at a dye concentration of 0.35 g/L. This
suggests that increased doses of the adsorbent offer a greater number of active sites for
successful adsorption at the fixed dye concentration. These observations align with
previous studies on dye removal using biomass adsorbents (Dhaouadi et al., 2021; Leite
et al., 2018b; Prastuti et al., 2019; Yu et al., 2018). For example, Iron-modified banana
peel and HCL-activated papaya bark has an optimum adsorbent dosage of 2.5 g/L
(Cathoglu et al., 2021; Nipa et al., 2023), while 1 g/L of adsorbent dosage is the optimum
dosage for avocado seed biochar, raw orange peel, and raw banana peel (Dhaouadi et al.,

2020; Maheshwari et al., 2023).
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Figure 4.28 : 2D Contour for effect of initial dye concentration against

adsorbent dosage on colour removal for RA
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Figure 4.29 : 2D Contour for effect of initial dye concentration against
adsorbent dosage on colour removal for HA
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Figure 4.30 : 2D Contour for effect of initial dye concentration against
adsorbent dosage on colour removal for HA/Mn
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In summary, the optimum adsorbent dosage of HA/Mn for MB dye removal was
determined to be 0.5 g/L, based on ANOVA analysis, which identified adsorbent dosage
as the most significant operational parameter influencing both colour removal and
adsorption capacity. The findings indicate that HA/Mn achieves high removal efficiency
even at lower dosages, outperforming many conventional biomass-based adsorbents. This
efficiency can be attributed to the enhanced surface area, improved pore structure, and
increased availability of active sites resulting from hydrothermal activation and
manganese oxide impregnation. Notably, the ability of HA/Mn to achieve substantial dye
removal at a lower dosage also has practical benefits, as reducing the required adsorbent
amount lowers the overall treatment cost and minimizes secondary waste generation,

making the process more sustainable and economically viable.

(b) Adsorption capacity

In Figure 4.31, RA has a decrease in adsorption capacity from 150 mg/g to lower than
50 mg/g when the dosage is increased from 25 mg to 160 mg/g. The maximum adsorption
capacity reached for RA was at 300 mg/g at lower adsorbent dosages of 25 mg to 70 mg,
between 0.4 g/L to 0.5 g/L of initial dye concentration. As for HA in Figure 4.32, the
adsorption capacity is highest (163.7 mg/g) with the lowest adsorbent dosage of 25 mg
and the initial concentration of 500 mg/L. With the same adsorbent dosage of HA at an
initial concentration of 100 mg/L, a lower adsorption capacity was recorded at 156.9
mg/g. The lowest adsorption capacity for HA was recorded as 24.9 mg/g at 250 mg of
adsorbent dosage and the lowest dye concentration at 95 min, indicating higher adsorption
capacity occurs when low adsorbent dosages are used. Similar results were reported for
biomass-based adsorbents for dye removal using high adsorbent dosage for higher

efficiency (Ozdemir et al., 2023; Rose et al., 2023).
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Figure 4.31 : 2D Contour for effect of initial dye concentration against

adsorbent dosage on adsorption capacity for RA
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Figure 4.32 : 2D Contour for effect of initial dye concentration against
adsorbent dosage on adsorption capacity for HA
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Figure 4.33 : 2D Contour for effect of initial concentration against adsorbent

dosage on adsorption capacity for HA/Mn
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For HA/Mn, as can be seen in Figure 4.33, using lowest initial concentration of 0.1
g/L, pH of 6, contact time of 95 minutes, an increase in the adsorbent dosage of HA/Mn
to 5.0 g/L results in a decrease in adsorption capacity from 186.4 mg/g to 19.93 mg/g.
The decrease in adsorption capacity from an increased adsorbent dosage is due to the
reduced effective surface area and agglomeration (Batool & Valiyaveettil, 2021). The
reduction in adsorption capacity as the adsorbent dosage is increased is in line with the
study conducted by Batool et al. (Batool & Valiyaveettil, 2021), which noted a decrease
in adsorption capacity from 94 mg/g to 23.4 mg/g as the adsorbent dosage increased. In
this study, maximum removal efficiency for HA/Mn is observed at the lower adsorbent
dosage of 0.5 g/L to 1.4 g/L, which is lower than most of the recent studies using biochar

and hydrochar for cationic dye removal.

In summary, while the three hybrid adsorbents achieve higher colour removal in large
adsorbent dosage, higher adsorption capacity was achieved from lower adsorbent dosage.
This suggests that increasing the adsorbent dose provides a greater number of active sites
for successful adsorption at a fixed dye concentration, while the decrease in adsorption
capacity with increased adsorbent dosage is attributed to the reduced effective surface

area and agglomeration.

4.4.2.4 Initial dye concentration
(a) Colour removal

The effect of initial dye concentration on the colour removal using RA, HA, and
HA/Mn are shown in Figures 4.28, 4.29, and 4.30, respectively. For RA, the colour
removal was decreased from 90 % to 83 % when the initial dye concentration increased
from 0.1 g/ 1 to 0.5 g/L using an adsorbent dosage of 250mg. A similar decreasing trend
was investigated at an RA dosage of 25 mg, where colour removal decreased from 63 %

to 57 % when the dye concentration was increased to 0.5 g/L. The colour removal was
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observed to be higher under low initial dye concentration because more active sites are
available for the adsorption of dye molecules. For HA, in Figure 4.29, when the
concentration was increased from 100 mg/L to 500 mg/L, the colour removal decreased
to 35 % at the lowest dosage (25 mg). At 500 mg/L of concentration and 250 mg of HA
dosage, the removal was at 100 %, whereas at the lowest concentration (100 mg/L) and
lowest adsorbent dosage (25 mg), the removal was recorded as 84%. Furthermore, 100 %
removal can be achieved using HA using 0.1 g/L to 0.2 g/L of dye concentration and HA
dosage in the range of 200 mg to 250 mg. While the ANOVA analysis indicated the initial
concentration of dye to be insignificant for RA in colour removal, it is a significant

variable for HA.

In HA/Mn for colour removal, the initial dye concentration is the second most
significant operation parameter in this study based on the ANOVA analysis. As can be
seen in Figure 4.30, when the concentration increases from 0.1 g/L to 0.5 g/L, the colour
removal reduced from 83 % to 60 % when the adsorbent dosage of 25 mg is used.
Similarly, when using a maximum adsorbent dosage of 250 mg, the colour removal for a
dye solution concentration of 0.5 g/L was only 91.85 %. In contrast, when using a
concentration of 0.3 g/L, almost complete colour removal of 99.9 % was achieved.
However, when the dye concentration increases, the adsorbents could not provide
sufficient active sites for the adsorption of dye molecules, which leads to decreases in
colour removal. Besides that, surface complications can occur at high concentrations due
to the adsorbents’ surface and the dye molecules' interaction, which could affect the

diffusion of dye molecules to adsorption sites (Khamwichit et al., 2022)

(b) Adsorption capacity
In figure 4.31, unlike for colour removal, the adsorption capacity for RA is highest

when the initial concentration is increased to 500 mg/L with 25 mg of adsorbent dosage.
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With the same adsorbent dosage at 100 mg/L concentration, the adsorption capacity was
recorded at 172.1 mg/g. When the concentration was increased from 300 mg/L to 500
mg/L at the highest adsorbent dosage of 250 mg, the adsorption capacity increased from
24.4 mg/g to 115.3 mg/g. The highest adsorption capacity for HA is 163. 7 mg/g was
recorded at the highest initial concentration of 500 mg/L at 25 mg of adsorbent dosage.
Similarly, for adsorption capacity in Figure 4.33 for HA/Mn, when the dye concentrations
are lower, there are more active sites available for the dye molecules to be adsorbed.
Higher concentrations can hinder adsorption because there are limited active sites and
potential surface complications. These findings are consistent with previous studies on

dye removal (Batool & Valiyaveettil, 2021; Prabakaran et al., 2022).

In summary, the effect of initial dye concentration on colour removal for RA, HA, and
HA/Mn suggests higher colour removal in lower dye concentration. On the other hand,
for higher adsorption capacity, higher dye concentration is required. The effect of
concentration was similarly reported for dye removal using avocado and banana

adsorbents (Dhaouadi et al., 2021; Leite et al., 2018a; Prastuti et al., 2019; Yu et al., 2018)

4.5 Optimization study

The optimization study was conducted using numerical optimization, with each of the
operational parameters set to 'in range' and the response for colour removal and adsorption
capacity set to 'maximum. ' The RSM model provides optimum values with simulated
point prediction values, which was used for the validation of the model. To confirm the
validity of the suggested models, verification experiments were conducted using the
optimized conditions obtained. Validation experiments achieved 99.9 % colour removal
and 199.0 mg/g adsorption capacity, while the numerical optimization predicted 99.4 %

colour removal and 185.1 mg/g adsorption capacity. The optimal conditions for achieving
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the highest adsorption performance were at a pH of 10, an adsorbent dosage of 0.5 g/L, a

dye concentration of 0.1 g/L, and a contact time of 80 minutes.

In addition, the adsorption efficiency of HA/Mn was compared with HA and RA. HA
obtained 81.1 % colour removal and 162.2 mg/g adsorption capacity at an initial pH of
10, 0.5 g/L adsorbent dosage, 0.1 g/L dye concentration, and contact time of 90 mins. At
the optimum condition of pH 9, the adsorbent dosage of 1.1 g/L, dye concentration of 0.5
g/L, and 180 min of contact time, raw adsorbent resulted in 78.2 % colour removal and
71.1 mg/g adsorption capacity. The optimization study revealed that raw adsorbent
requires a higher dosage and more contact time to reach maximum colour removal and
adsorption capacity than HA and HA/Mn. Besides, HA/Mn is in line with the biomass-

based adsorbents for methylene blue dye removal, as summarized in Table 4.13.

Based on the optimization study, higher adsorption performance can be obtained using
HA/Mn, with lesser adsorbent dosage and lower contact time. Thus, HA/Mn is chosen
over HA and RA as a potential adsorbent for methylene blue dye removal. Based on the
adsorption study and physiochemical characteristics of HA/Mn is chosen as the best
hybrid adsorbent dye to the high colour removal of 99.9 %, the adsorption capacity of
199 mg/g, increased porosity, high surface area of 666 m?/g, additional oxygenated
functional groups from acid activation (phosphate group) and metal impregnation
(manganese groups). Therefore, HA/Mn was used for model validation for the adsorption

kinetics and adsorption isotherms.
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Table 4.13 : Biomass-based adsorbents for methylene blue dye removal

Colour Adsorption
Optimum conditions
Adsorbent removal capacity Ref.
(%0) (mg/g)
Initial pH: 6
H3POq4 (Waghmar
Adsorbent dosage: 0.3g/L
activated 96.2 47.0 eetal,
Dye conc: 0.01g/L
papaya peel 2023)
Contact time: 90 min
Initial pH: 11
HCL
Adsorbent dosage: 2.5g/L (Nipa et
activated 81.2 66.7
Dye conc: 0.10 g/ al., 2023)
papaya bark .
Contact time: 100 min
Initial pH: 8
Fes304 (Prabakara
Adsorbent dosage: 1.0g/L
activated 99.5 62.1 netal.,
Dye conc: 0.015
avocado peel . _ 2022)
Contact time: 120 min
NaxCOs3 Initial pH: 10 (Dhaouadi
activated Adsorbent dosage: 1.0g/L 72.0 103.1 et al.,
avocado seed | Dye conc: 1.00 g/LL 2020)
Iron Adsorbent dosage: 2.5g/L. (Cathoglu
Modified Dye conc: 0.05 g/L 92.0 28.1 et al.,
banana peel | Contact time: 50 min 2021)
Initial pH: 10
Adsorbent dosage: 0.5g/L
HA/Mn 99.9 199.0
Dye conc: 0.10 g/L
Contact time: 80 min
Initial pH: 10
Adsorbent dosage: 0.5g/L This study
HA 81.1 162.2
Dye conc: 0.10 g/L
Contact time: 90 min
Initial pH: 9
Adsorbent dosage: 1.1g/L
RA 78.2 71.1

Dye conc: 0.50 g/LL

Contact time: 180 min

151




4.5.1 Model validation

For the utilization of HA/Mn in industrial application, a validation study was conducted
for COD removal. The effect of operational parameters on the COD removal using
HA/Mn is in figure 4.34. When the contact time was increased from 10 min to 180 mins,
the COD removal increased from 70 % to 86 %, with an adsorbent dosage of 137.5mg at
300mg/L initial dye concentration at acidic condition. Conversely, when the initial pH is
increased, the COD removal increases to 95 % at pH 10 and a contact time of 180 mins.
gradual increase of COD removal can be observed till the pH reaches 8 and at a contact
time of 140, where COD removal is maximum with 98%. However, a 2 % decrease in
COD removal is recorded when the pH is increased from 8 to 10. This aligns with
previous studies conducted on COD removal using biomass materials, which reported
that when the pH was above the neutral value of >70%, COD removal was achieved,

followed by a decrease in the removal efficiency (Atiyah et al., 2024; Detho et al., 2022)

Similarly, in Figure 4.35, it can be observed that the higher COD removal is achieved
at the highest adsorbent dosage of 250 mg (5 g/L) at an initial dye concentration between
250 mg/L and 500 mg/L. When the adsorbent dosage is 25 mg and the initial
concentration is 100 mg/L, the COD removal is 77 %. It increased to 91% when the
dosage is increased from 25 to 250 mg at 100 mg/L dye concentration, pH 6, and contact
time of 95 mins. However, when the adsorbent dosage is maintained at 25 mg and when
the concentration is increased to 500 mg/L, the COD removal gradually decreases,
achieving just 47%. Complete COD removal can be achieved at higher concentrations

and higher adsorbent dosage.
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In conclusion, HA/Mn has efficient COD removal, which can be used for the industrial
application. For higher COD removal, HA/Mn works best under alkaline conditions, at
lower initial concentrations, and when in contact for around 120 mins. these results are in
line with the adsorption performance of HA/Mn for colour removal and adsorption
capacity. Thus, HA/Mn has the potential to remove COD from wastewater with a large

amount of adsorbent dosage, increasing the active binding site.
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Figure 4.34 : 2D Contour for effect of contact time against initial pH on COD
removal for HA/Mn
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Figure 4.35 : 2D Contour for effect of initial dye concentration against
adsorbent dosage on colour removal for RA
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4.6 Modelling and prediction using machine learning

The prediction of methylene dye removal using HA/Mn was evaluated using the
experimental data set. The prediction evaluation of removal efficiency utilized the
Random Forest machine learning algorithm within Visual Studio Code, using Python
(version 3.11.5). Random Forest, a widely used supervised learning method, is versatile

in handling both regression and classification tasks with labelled target variables.

4.6.1 Random forest regression model analysis

The experimental data from DOE, including adsorbent dosage, pH, concentration, and
contact time, were input variables to train the machine learning model, while the model
outputs the COD removal, colour removal, and adsorption capacity as performance
parameters. Two regression models were used to test the efficacy of the models.
Assessing the efficacy of the model relies on evaluating MSE and R? values. The data
from the experimental design for HA/Mn in Table 4.9 are utilized to train the RF ML
model. Pandas, NumPy, Sklearn, and Random Forest Regressor modules from Python
libraries are imported to create the RF regression model and evaluate the performance of
the model. The module Pandas is utilized to load the data in a 2D array format and has
various functions to analyse the model. The NumPy module can perform efficient
computation tasks in a short time. The module Sklearn is utilized for data pre-processing
in model development and evaluation. The “RandomForestRegressor” is the main

regression model utilized for the ensemble learning in this article.

For the regression model, the recommended setting for the number of randomly
selected predictors to choose from at each split for mtry (‘k’) is one-third of the number
of predictors. For the classification model, the recommended setting mtry (‘k’) is the
square root of the number of predictors. Another important tuning hyper-parameter is the

decision trees' depth. Higher depth can result in overfitting to the training data but also
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less correlation. It may improve the performance of the ensemble learning. Effective
depth is in the range of 1 to 10. In this article, since the number of input features is only

4, the default setting by Python is adequate to create the efficient model.

In Table 4.14, where n estimators are 100 and max features are 6, the model with 20%
data shows the highest R? value of 0.9671. The low value in the iterations is due to the
randomness of the Bootstrapping in addition to the low available data sets of 30. It is in
line with previous studies for cationic dye removal. In the study conducted by Kooh and
others (2022), the modelling of malachite green dye adsorption using jackfruit seed
exhibited high accuracy, with a reported predicted R? value of 0.986 (Kooh et al., 2022).
Bootstrapping randomly performs row sampling and feature sampling from the dataset,
forming sample datasets for every model. When the test data is increased to 30 %, there
are improvements in the values of the R? test and the MSE test. However, there are
decrements in the values of R? train and MSE train. This is due to the huge variance in
the data set run numbers 2, 3, 8, 10, 16, 21, and 29 from the HA/Mn experimental dataset.
The highest value of mean squared error, 8.0956, means that the predicted data of that
specific model has 8 value differences from actual experimental data. This happens when
the high variance data set is selected randomly in some iteration. Thus, the RF 20% is

chosen as the regression model with a higher R? value of 0.9671.

Table 4.14 : Performance of the random forest regression model

20% Test Data 30% Test Data
131t 2nd 1t 131t 2nd 1t
R? Train 0.9671 0.9189 0.9572 0.9517
R? Test 0.8511 0.4508 0.7023 0.7850
MSE Train 0.5497 0.5841 0.6979 1.2434
MSE Test 8.0956 7.8081 2.4520 1.1012
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4.6.2 Validation of RF 20% regression model

RF 20% model validation considers various scores, including the bag score or OOB
(out-of-bag) score, essential for validating the bagging algorithm. This score involves
extracting a small portion of the validation data from the main dataset, making predictions
on this subset, and comparing the results. The actual performance of the bagging
algorithm is reflected by the true outcomes of the OOB score, set as True in the random
forest regression model. As depicted in Table 4.15, the OOB score for raw data is 0.4652,
while for clean data, it improves significantly to 0.8862. Enhancing the model's efficiency
involves critical steps, such as data processing to remove high variance data sets. It is
crucial in RF modelling to address anomalies and missing data points, which significantly
impacting model performance due to overfitting and underfitting. Here, adequate dataset
numbers and a simple RF algorithm are employed to mitigate these issues. For effective
model training, accurate input variables representing fundamental factors influencing the
target variable are utilized. During data preprocessing, features are precisely scaled, and
no missing or noisy data exists. Consequently, the RF 20% model validates the RSM-

CCD experimental dataset with an accuracy rate ranging from 70% to 90%.

Table 4.15 : OOB Score for clean data and raw data

Clean Data Raw Data
R? Train 0.9859 0.9126
R? Test 0.9981 0.7935
MSE Train 0.0010 1.0345
MSE Test 0.0001 0.6894
OOB Score 0.8862 0.4652
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4.6.3 Predictive accuracy of Design-Expert and machine learning models

The significance of the Design-Expert, RSM-CCD model for COD removal, colour
removal, and adsorption capacity have a coefficient of determination, R? value of 0.9676
(COD removal, 0.9717 (colour removal), and 0.9564 (adsorption capacity). Meanwhile,
a higher R? value of 0.9981 can be observed for the Machine Learning, RF 20% model
for the removal efficiency combining the three output parameters. The RSM-CCD
prediction value is lower than the RF 20% value, suggesting that the RF 20% provides
high accuracy in predicting the experimental results for HA/Mn dye removal (Fathalian
et al., 2022). The RSM-CCD model provides predictions for identified parameters and
generates an equation for the relationship between the input variables and outputs (Ahmad
et al., 2024), whereas machine learning RF models can be used to predict the outcomes
for any specific input value or combination of varied input and output values (Waqas et
al., 2024). The RSM-CCD model has limitations, such as its inability to generate
predictions for multiple variables or operational parameters using an output value for
prediction. In contrast, the RF model allows predictions to be generated for multiple
variables in both input and output values, providing greater flexibility and scope for
prediction. The RSM-CCD model, along with ANOVA analysis, can preprocess the data
by removing insignificant variables for the RF model. For example, in this study,
significant independent variables such as adsorbent dosage and concentration of the dye
solution can serve as input values for the RF model while maintaining constant levels of
initial pH of the solution and contact time at their optimum values. However, the four
variables that were used to design and evaluate the adsorption study using RSM-CCD
were utilized in the RF model to maintain a uniform basis for both regression models

using Design-Expert and Machine Learning.

Furthermore, for a comparative predictive study, five experiments predictions were

selected from RSM-CCD simulated data generated using the experimental data for
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HA/Mn. The five predictions from RSM-CCD were used for the RF 20% model as well
to see the accuracy of the models as presented in Table 4.16. COD removal of HA/Mn
for methylene blue dye removal had an accuracy of 99.4 % using RSM-CCD prediction
while RF 20% had an accuracy of 99.7%. Though the prediction for the COD removal is
very similar with just a 0.3 % difference, the comparative study revealed that the RF 20%
model exhibited better accuracy at 99.2% compared to RSM, which had an accuracy of
98.1% for colour removal. Furthermore, the adsorption capacity demonstrates that the
20% RF model achieved the highest accuracy, with a prediction accuracy of 97.4%,
followed by 94.8% for RSM. Consequently, the RF 20% model surpasses the RSM-CCD
model in predicting data sets by 0.3% for COD removal, 1.1% for colour removal, and

4.3% for adsorption capacity.

In summary, the RF models developed in this study could reduce the time and cost of
screening tests for different adsorbents used in various scenarios for dye removal, thus
promoting cost-effective and cleaner production for sustainability. The initial
experimental data set can be accurately evaluated and used to assess the significance of
independent variables using RSM-CCD. Additionally, combining the RSM and RF
models can improve predictability by eliminating insignificant variables. The dataset
assessed with RSM-CCD can train and validate the machine learning RF regression
models. Hence, the ML model, RF 20%, can be employed to predict efficiency more
accurately compared to the RSM model. Furthermore, the developed regression model
can be used to predict methylene dye removal using other adsorbents with similar

physiochemical characteristics.
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Table 4.16 : Prediction vs actual for HA/Mn

COD removal accuracy using HA/Mn

No. Actual RSM Prediction RF 20% Prediction
(%) (%) (%)
1 92.3 94.9 94.8
2 89.4 97.8 93.4
3 93.8 96.3 94.3
4 95.2 97.1 92.8
5 89.1 95.9 95.6
Accuracy 99.4 % 99.7 %
Colour removal accuracy using HA/Mn
No. Actual RSM Prediction RF 20% Prediction
(%) (%) (o)
1 98.3 97.2 99.4
2 99.4 100 99.3
3 97.8 97.7 97.9
4 98.6 97.9 95.2
5 95.8 94.1 95.6
Accuracy 98.1 % 99.2 %
Adsorption capacity accuracy using HA/Mn
No. Actual RSM Prediction RF 20% Prediction
(mg/g) (mg/g) (mg/g)
1 196.6 194.2 181.6
2 159.9 198.2 172.1
3 195.5 199.0 197.4
4 197.3 197.7 188.3
5 191.6 185.2 188.2
Accuracy 93.1 % 97.4 %
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4.6.4 Scale-up prediction RF 20% model validation

For the industrial application of the HA/Mn, a scale-up prediction was conducted using
the RF 20 % model. For the scale-up prediction data collection, the initial pH, dye
concentration, and contact time were kept constant at the optimized level of pH 10,
concentration of 0.1 g/L, and contact time of 80 mins. The adsorbent dosage of HA/Mn
and the volume of the solution varied from 1L to SL. The predictions in Table 4.17
indicated that the volume of the solution used has no effect on the adsorption performance
as the adsorption for 3L and 5L have significantly similar results. The validation of the
predictions was determined by validation experiments under the same operation
condition. The results of validation experiments for the selected predictions are
summarized in Table 4.17 for fixed operation conditions of initial pH 10, contact time of
80 min, initial concentration of 0.1 g/L, and adsorbent dosage of 0.5 g/L. In summary,
HA/Mn can potentially be used for dye removal in industrial applications. The predictions
for dye removal using HA/Mn indicate >85% COD removal, >99% colour removal, and

>100mg/g adsorption capacity.

Table 4.17 : Scale-up predictions vs actual for HA/Mn

COD removal (%) | Colour removal (%) Adsorption capacity
(mg/g)
Volume | Prediction | actual | Prediction | actual Prediction actual
3L 99.8 99.9 99.5 99.5 86.2 86.1
5L 99.9 86.1 100.0 99.9 86.1 89.5
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4.7 Adsorption isotherms

Adsorption isotherms describe the interaction between the adsorbent and adsorbate,
determining how adsorbate molecules distribute between the solid and liquid phases at
equilibrium. Selecting an appropriate isotherm model is crucial for optimizing adsorbent
utilization and designing effective adsorption systems. In this study, four non-linear
isotherm models were applied to fit the HA/Mn experimental data: the two-parameter
models of Temkin (1930), Freundlich (1906), and Langmuir (1918), and the three-

parameter Redlich-Peterson model (1959).

The Freundlich isotherm is an empirical model that assumes a heterogeneous surface
with a non-uniform distribution of adsorption heat. It describes multilayer adsorption and
suggests that stronger binding sites are occupied first (Longchar et al., 2024). The model
effectively captured the HA/Mn adsorption behaviour, achieving an R? value of 0.9200.
The Freundlich constant, denoted by n = 10.35 (greater than 1), indicates a favourable
adsorption process. The model provided a better fit than Langmuir, which had a lower R?
value of 0.8988. The Langmuir isotherm assumes a homogeneous surface with uniform
binding energies and monolayer adsorption. The model predicted a maximum adsorption
capacity of 257 mg/g for MB dye removal. However, its lower value suggests that the
adsorption process in HA/Mn leans more toward heterogeneous adsorption. Besides, the
Temkin isotherm accounts for adsorbate-adsorbent interactions, assuming a linear
decrease in adsorption heat with surface coverage. With an R? value of 0.9389, it
highlights the significance of adsorption energy variations during the process. This model
accurately describes adsorption by accounting for surface heterogeneity and interaction

forces like van der Waals, especially in the early stages and under temperature effects

(Al-Ahmed, 2024).
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Among the four models, the Redlich-Peterson isotherm achieved the highest R? value
(0.9529), followed by Temkin (0.9389), Freundlich (0.9200), and Langmuir (0.8988).
These results suggest that HA/Mn exhibits both homogeneous and heterogeneous
adsorption behaviour. The Redlich-Peterson model is a hybrid of the Langmuir and

Freundlich models, adapting to different adsorption conditions (Munonde et al., 2023).

The exponent [ (ranging from 0 to 1) determines the model's behaviour. When =0, it

follows Freundlich (heterogeneous adsorption), and when B = 1, the model follows
Langmuir (homogeneous adsorption). Hence, it can be applied for either homogeneous
or heterogeneous systems and may be used as a compromise between Langmuir and
Freundlich models. For HA/Mn, = 0.9412, indicating a predominantly homogeneous
adsorption process. It indicates uniform, homogeneous adsorption sites on the

mesoporous surface, where adsorption ceases once all active sites are occupied (Khan et

al., 2023a).

Table 4.18: HA/Mn Adsorption isotherm study

Isotherm model Parameters HA/Mn
Langmuir R? 0.8988
gm (Mmg/g) 257.51
Ky 14.65
Freundlich R? 0.9200
Kr 184.09
n 10.35
Temkin R? 0.9389
AT 1.9513
B 0.0945
Redlich-Peterson | R? 0.9529
B 0.9412
or 32.29
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Overall, the results confirm that HA/Mn adsorption follows the Redlich-Peterson
isotherm with predominantly homogeneous adsorption behaviour. This aligns with
previous studies, such as Zhu et al. (2016), which found a similar trend using avocado
seed adsorbents. The isotherm curves obtained for the HA/Mn are illustrated in Figure
4.36, further confirming the best-fitting model to be the Redlich-Peterson isotherm,
confirming that the adsorption mechanism involves both homogeneous and
heterogeneous characteristics. Moreover, from Figure 4.36, the maximum adsorption
capacity is around 250-260 mg/g. This suggests that HA/Mn is an effective adsorbent for

dye removal with strong adsorption properties.

Figure 4.36 : Nonlinear plot of isotherm models
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4.8 Adsorption Kkinetics

The adsorption kinetics of HA/Mn for MB dye removal were analysed using three non-
linear kinetic models: Pseudo-First-Order, Pseudo-Second-Order, and Elovich under
optimum conditions. Kinetic studies provide valuable insights into reaction pathways and
adsorption mechanisms, helping to determine the dominant adsorption process (Mukkanti

& Tembhurkar, 2021).

To identify the best-fitting model, correlation coefficients (R?) were calculated, and
the non-linear plots of all kinetic models are shown in Figure 4.37, while detailed results
are presented in Table 4.19. The kinetic plots indicate that adsorption equilibrium is
reached between 60 and 80 minutes, aligning with the optimum contact time for
maximum adsorption at 80 minutes. The rapid initial adsorption phase suggests abundant
active sites, but as these sites become occupied, the adsorption rate slows down until

equilibrium is achieved (Tshemese et al., 2021).

Figure 4.37 : Nonlinear plots of kinetic models
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Among the models, the Pseudo-Second-Order model provides the best fit, closely
following the experimental data points. This suggests that the adsorption process is
primarily chemisorption, involving physiochemical interactions between HA/Mn and MB
dye molecules (Rajoriya et al., 2021). Additionally, from the calculations in Table 4.19,
the Pseudo-Second-Order model exhibits the highest R? value for HA/Mn, which is
0.9997, followed by Elovich (R? value of 0.9993) and pseudo-first order (R? value of
0.9982). Conversely, Table 4.19 also shows strong agreement between the experimental

and the predicted adsorption capacity at equilibrium.

Table 4.19 : HA/Mn Adsorption kinetics study

Kinetics model Parameters HA/Mn
Pseudo-First- Ky 0.1299
Order ge (Predicted) 197.61 mg/g

ge (Experimental) 199.49 mg/g

R? 0.9982
Pseudo-Second- K> 0.0026
Order ge (Predicted) 201.13 mg/g

ge (Experimental) 199.49 mg/g

R? 0.9997
Elovich a 8.8891

B 0.1665

R? 0.9993

These results are in line with previous studies where it follows the pseudo-second order
of kinetics for cationic dye removal using avocado (Ukpong et al., 2023) and banana
adsorbents (Rose et al., 2023). Additionally, the pseudo-second-order model further

supports the idea that methylene blue adsorption onto HA/Mn involves a two-body
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interaction, meaning adsorption depends on both the available adsorption sites and the
number of dye molecules in the system(Watwe et al., 2023). In summary, HA/Mn
exhibits both physisorption and chemisorption mechanisms. However, based on the non-
linear plots and kinetic model calculations, chemisorption is the dominant adsorption

mechanism in MB dye removal.

4.9 Adsorption mechanism

The adsorption mechanism of MB dye onto HA/Mn, illustrated in Figure 4.38 and the
FTIR conducted after the adsorption process, as shown in Figure 4.38. The Pseudo-
Second-Order model provided the best fit, indicating that the adsorption rate is dominated
by chemisorption. The strong correlation with the Freundlich and Temkin isotherms
suggests that adsorption occurs on both homogeneous and heterogeneous surfaces.
Additionally, the high R? value (0.9529) for the Redlich-Peterson isotherm confirms this
dual nature. However, the B value close to 1 in the Redlich-Peterson model indicates a
predominantly homogeneous adsorption surface with some heterogeneity, likely due to

surface modifications from manganese oxide impregnation.

As shown in Figure 4.38, chemisorption occurs via electrostatic attraction between the
negatively charged functional groups, such as carboxyl and phosphate in HA/Mn, and the
positively charged N* sites of MB dye (CisHisNsS), facilitating ion-exchange interactions
(Du et al., 2022). The optimum pH level of 10 for HA/Mn enhances adsorption efficiency
after protonation as the HA/Mn surface gains a tendency to attract positively charged
adsorbate ions in the solution through electrostatic forces (Qu et al., 2023). Additionally,
hydrogen bonding between hydroxyl, amine, and carbonyl groups in HA/Mn and
heteroatoms (N and S) in MB dye further stabilizes adsorption. The presence of
manganese oxide (Mn—O) sites also enables surface complexation, providing additional

binding sites and enhancing adsorption stability for MB dye removal (Wan et al., 2018).
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Figure 4.38 : Adsorption mechanism of MB dye onto HA/Mn
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Beyond chemisorption, physisorption also plays a role through n—n interactions, where
the aromatic rings of MB dye stack onto the aromatic structures in HA/Mn (Liu et al.,
2025). The electrostatic attraction, hydrogen bonding, and the m—m interactions between
the MB dye and the HA/Mn are further supported by the FTIR conducted after the

adsorption process.

FTIR analysis before and after adsorption in Figure 4.39 confirms successful MB dye
binding. The decrease in peak intensity for carboxyl between 1000—1300 cm™' suggests
successful hydrogen bonding of MB. It also reduced the free C—O availability, showing
a decreased peak intensity. The slightly lower hydroxyl peak at 3200-3600 cm™ and
fluctuation in amine peaks at 3300-3500 cm™ further confirm hydrogen bonding (T.
Ahmad & M. Danish, 2022). Additionally, an increase in C—N peak intensity from 1200
cm' to 1350 cm™ supports the electrostatic attraction between cationic MB dye and

negatively charged HA/Mn sites.

The new S=0 and C-S peak, from -SOs in MB dye, reflects electrostatic interactions,
while a shift in C-O peaks (1000-1300 cm™) and an increase in C=C peak intensity
(1400-1600 cm™) confirm n—m interactions between the n electrons of aromatic structure
of the HA/Mn (Zhao et al., 2017). In summary, the adsorption of MB dye onto HA/Mn is
predominantly driven by chemisorption mechanisms, with electrostatic attraction and
hydrogen bonding as the main contributors. Additionally, physisorption through n—n
stacking provides further contributions to the adsorption process. This combination of
mechanisms ensures high adsorption efficiency and strong dye removal, making HA/Mn

an effective adsorbent for cationic dyes like MB dye.
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Figure 4.39 : FTIR spectra before and after the adsorption process
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4.10 Economic evaluation

The economic evaluation of an adsorbent is essential for assessing its feasibility and
commercial viability in industrial applications. Biomass-based adsorbents offer both
economic and environmental benefits, making their cost-effectiveness a key factor in
large-scale implementation. A critical aspect of economic evaluation is the regeneration
study, which determines the reusability of the adsorbent, especially crucial for industries
that generate millions of litres of wastewater daily. Additionally, assessing raw material
costs, synthesis expenses, and overall production costs provides valuable insights into the
feasibility of an adsorbent. This study evaluates the economic viability of the metal-
impregnated hybrid adsorbent (HA/Mn) through a ten-cycle regeneration study, followed
by a detailed cost analysis. Finally, the adsorbent's effectiveness was tested in real

wastewater treatment applications to validate its practical industrial feasibility.

4.10.1 Regeneration study

The regeneration study evaluates the reusability of HA/Mn to minimize process costs and
reduce the need for continuous adsorbent replenishment. Regeneration consists of two
key stages: desorption, which removes adsorbed pollutants, and regeneration, which
restores the adsorbent’s effectiveness for reuse. Effective regeneration directly influences

the total cost of the adsorption process and waste generation (Skwierawska et al., 2022).

Successful desorption depends on the method used and the mechanical stability of the
adsorbent. Industrial applications often favour weak solvents like ethanol and methanol
due to their low boiling points and cost-effectiveness. Moreover, acidic solutions are
commonly used as eluents to desorb cationic substances. Their acidic nature protonates
the adsorbent surface, diminishing the electrostatic attraction between the cationic

methylene blue molecules and the adsorbent (Chaima et al., 2024). Desorption not only
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recovers contaminants but also prolongs the adsorbent’s usability, making it a critical

factor in industrial feasibility.

A ten-cycle regeneration study was conducted to assess HA/Mn’s reusability. The first
cycle was performed under optimum conditions, followed by desorption using 50 mL
sulfuric acid and 50 mL ethanol. The adsorbents were then filtered, rinsed with distilled
water, and oven-dried before reuse. As shown in Figure 4.38, HA/Mn exhibited an initial
colour removal efficiency of 99.8%, while commercial activated carbon (COM-AC)
achieved 98.0%. Over ten cycles, HA/Mn maintained 91.5% colour removal,
demonstrating strong reusability. In contrast, COM-AC showed a steep decline, with
removal efficiency dropping below 80% by the 3rd cycle and reaching only 34.5% by the

10th cycle.

The decline in adsorption at the end of the 10th cycle can be attributed to a combination
of factors. The MB dye saturation on the HA/Mn adsorbent after continuous usage has
reduced the available active sites (Telli et al., 2024). Additionally, the adsorbed MB
molecules have partially formed permanent chemical bonds with the inner porous surface,
which ethanol and sulfuric acid were unable to completely breakdown (Wang et al.,
2024). Another significant factor is the structural degradation of HA/Mn over repeated
adsorption-desorption cycles. The continuous exposure to acidic and thermal conditions
may alter the porosity and mechanical integrity of the adsorbent, leading to a gradual loss
of adsorption capacity. Furthermore, pore blockage caused by residual dye molecules or
impurities from the desorption process may reduce the available surface area for
adsorption (Chaima et al., 2024). These combined effects explain why HA/Mn
maintained high efficiency for multiple cycles but showed a gradual decline by the 10th

cycle.
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Figure 4.40 : Reusability of HA/Mn and commercial AC

These findings align with previous studies emphasizing the role of regeneration in cost
minimization (Postai et al., 2016). For instance, Gao et al. (2023) achieved 88%
desorption efficiency using 75% ethanol after three cycles for phenolic compounds.
Similarly, iron oxide-loaded biochar maintained 99% methyl orange removal over five
cycles. Other studies as summarized in Table 4.20 have reported a decline in adsorption
performance after multiple cycles, such as HsPOs-modified papaya peel, which initially
removed 92% methylene blue but dropped to 54.4% and 58.9% after three cycles using
NaOH and HCI, respectively (Waghmare et al., 2023). Chen et al. (2023) observed that
functionalized banana peel biochar had an initial adsorption capacity of 1790-2300 mg/g,

which was reduced to 400—450 mg/g by the fifth cycle.
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In conclusion, HA/Mn demonstrated superior regeneration capacity compared to

commercial alternatives, confirming its cost-effectiveness and sustainability for industrial

applications.

The metal-impregnated hybrid structure retained high adsorption

performance over multiple cycles, making it a viable long-term solution for wastewater

treatment. These findings suggest that HA/Mn and similar hybrid adsorbents can be

efficiently regenerated and reused, reducing overall operational costs and environmental

impact.
Table 4.20 : Regeneration of biomass-based adsorbents
Adsorbent Adsorbate | Elution Cycles | Adsorption | Ref.
Solution Efficiency
Modified Crystal Ethanol 4 76.4 % (Haki et al.,
avocado shell | violet 2022)
Magnetic Methylene | HCL 4 46.0 % (Prabakaran et
avocado seed | blue (0.1M) al., 2022)
biochar
Sulphuric Alizarin NaOH 4 61.0 % (Bharath Balji
acid activated | Red S (0.1M) et al., 2022)
avocado seed
biochar
H3POg4 Methylene | HCL 3 59.0 % (Waghmare et
activated blue (0.1M) al., 2023)
papaya peel
H3PO4 Methylene | NaOH 3 54.0 % (Waghmare et
activated blue (0.1M) al., 2023)
papaya peel
Banana peel | Malachite Ethanol 5 90.0 % (Chen et al.,
biochar green 2023)
HA/Mn Methylene | Sulphuric 10 91.5 % This study
blue acid and
ethanol
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4.10.2 Cost analysis

The cost analysis of the metal-impregnated hybrid adsorbent (HA/Mn) includes expenses
from raw materials, washing, drying, and chemical reagents, as detailed in Table 4.21.
The cost in this research is represented as the amount required per litres of wastewater
treated in US dollars (USD). The raw materials and chemical reagents cost USD 1.64/g,
while the synthesis process costs USD 1.24/kg, accounting for 43% of the total production
cost per kilogram of adsorbent. The overall production cost of HA/Mn sums up to USD
2.88/kg, while commercial activated carbon (COM-AC) is available in the market for
USD 2.40/kg. However, it is important to note that COM-AC is synthesized through
pyrolysis without additional chemical activation, while HA/Mn undergoes hydrothermal
carbonization (HTC), activation, and manganese oxide functionalization. The synthesis
process for HA/Mn is less expensive (USD 1.24/kg) than the pyrolysis process for
commercial AC (USD 2.40/kg). This suggests that the additional cost of HA/Mn
primarily arises from the use of chemical reagents rather than the synthesis method itself.
According to a study conducted by Rangel et al (2021), collection of raw material,

pretreatment, and activation sum up to USD 4.63/kg.

Although HA/Mn has a 16% higher initial production cost, its superior adsorption
performance and reusability make it significantly more cost-effective over multiple
cycles. HA/Mn requires an optimum dosage of 0.5 g/L for maximum adsorption capacity,
while COM-AC requires 1.24 g/L, meaning that COM-AC requires more than double the
dosage needed for HA/Mn. This difference in dosage efficiency directly affects the cost
of wastewater treatment. The cost to treat 1000 litres of wastewater with HA/Mn is USD
1.44, compared to USD 2.98 for COM-AC. Over multiple adsorption cycles, the cost
difference becomes even more significant. Treating 10,000 litres of wastewater in 10
cycles, assuming each cycle contains 1000L, HA/Mn costs only USD 1.44, whereas using

COM-AC costs USD 11.92, leading to an 88% reduction in cost when using HA/Mn.
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Moreover, considering the optimal conditions for HA/Mn, which achieves higher removal
efficiency in alkaline conditions (pH 10), this presents a significant advantage. Most dye
wastewater naturally falls within a pH range of 6—10, meaning that in many cases, no
additional pH adjustment is required (Yaseen & Scholz, 2018). As a result, no extra
chemical reagents are needed, effectively reducing operational costs and making HA/Mn
a more cost-efficient option for industrial wastewater treatment.(Rangel et al., 2021;

Yaseen & Scholz, 2018).

One of the key advantages of HA/Mn is its high regeneration efficiency, as it maintains
its adsorption performance over 10 cycles without significant loss of efficiency. In
contrast, COM-AC requires replacement every three cycles to maintain 80% colour
removal efficiency, leading to a higher operational cost over time. This regeneration
ability translates into substantial cost savings, making HA/Mn a more economical choice
despite its higher initial production cost. However, additional cost factors related to the
regeneration process should be evaluated, such as whether HA/Mn requires extra
chemical or energy input for regeneration and whether its adsorption efficiency decreases
with each regeneration cycle. These factors will influence the long-term cost-

effectiveness of HA/Mn compared to COM-AC

The economic feasibility of HA/Mn becomes even more evident in large-scale
wastewater treatment applications. For example, in the textile industry, daily wastewater
discharge can reach 1.6 million litres (Jorge et al., 2023). Treating this volume would
require approximately 800 kg of HA/Mn, costing USD 2,304 per day, whereas COM-AC
would require 1,984 kg, costing USD 4,762 per day, more than twice the cost of HA/Mn.
This substantial cost difference demonstrates that HA/Mn is not only viable for large-

scale treatment but also provides a clear economic advantage over COM-AC.
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In summary, while HA/Mn has a slightly higher initial production cost, its lower
dosage requirement and superior reusability lead to substantial long-term cost savings
compared to COM-AC. The potential cost reductions, particularly for large-scale
wastewater treatment, highlight the economic feasibility of HA/Mn. However, further
research is needed to evaluate transportation, storage, regeneration, and disposal costs to

ensure its widespread industrial application.

4.11 Industrial wastewater treatment

The applicability of metal-impregnated hybrid adsorbent (HA/Mn) for real industrial
wastewater treatment was evaluated alongside commercial activated carbon (Com-AC),
as summarized in Table 4.22. Both adsorbents were tested on batik wastewater (800
mg/L), printing wastewater (490 mg/L), palm oil mill effluent (POME, 680 mg/L), and
plastic fabrication wastewater (1500 mg/L) to assess the applicability of HA/Mn in

industrial wastewater treatment.

The optimum conditions for methylene blue dye removal using HA/Mn adsorbent
dosage of 0.5 g/L, contact time of 80 min, and initial pH of 10 were used as the
comparative operating conditions for all wastewater treatments. To evaluate the potential
of HA/Mn in wastewater treatment, the original solution concentrations were used
without pre-treatment. A UV-spectrophotometer, along with a COD cell kit and a cuvette
filled with a filtered wastewater sample, was used to determine the initial COD, colour,
and concentration before treatment. All wastewater samples exhibited distinct visible
colouration, with their respective maximum absorbance wavelengths (Amax) recorded.
Batik wastewater appeared blue-purple with a Amax of 478 nm, printing wastewater was
dark violet with a Amax of 646 nm, POME had a dark amber hue with Amax of 620 nm,

and plastic fabrication wastewater was light blue with Amax of 297 nm.
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Table 4.21: Cost estimation of HA/Mn and commercial AC

Chemical and Unit Price Usage Cost (USD) | Total cost Total cost Total cost for
Materials (USD/ kg or L) (USD) (USD) to treat 10 cycles
1000 L
HA/Mn Banana peel - 5.00 - 2.88 1.44 1.44
Avocado seed - 5.00 -
Phosphoric acid 0.8 2.00 1.60 (Optimum
Manganese (ILIII) | 0.15 0.25 0.04 adsorbent dosage of
oxide 0.5 g/L)
Synthesis process
Washing
Grinding 0.05/kWh 1.10kW, 1h | 0.02
Hydrothermal 0.05/kWh 3.60kW, 2h 0.36
carbonization at 200
Heating 0.05/kWh 1.70 kW, 1h | 0.08
Carbonization 0.05/kWh 4.0 kW, 4h 0.78
Commercial 2.40 2.98 11.92
activated
carbon (Optimum

adsorbent dosage of
1.24 g/L)




The results, summarized in Table 4.22, indicate that HA/Mn achieved a higher removal
efficiency than the COM-AC. For batik wastewater, HA/Mn removed over 50% of the
colour and 67 % COD removal with an adsorption capacity of 33 mg/g. In comparison,
COM-AC achieved 64 % COD removal, 46 % colour removal, and an adsorption capacity
of 32 mg/g. HA/Mn demonstrated significant performance for printing wastewater,
achieving more than 50% COD removal and 60% colour removal with an adsorption
capacity of 132 mg/g. COM-AC treating printing wastewater achieved 52 % COD

removal, 47% colour removal, and an adsorption capacity of 106mg/g.

Among the four wastewater types, HA/Mn exhibited the highest adsorption
performance for POME and plastic fabrication wastewater. HA/Mn achieved 75 % COD
removal and over 85 % colour removal for POME, with an adsorption capacity of 268
mg/g. For plastic fabrication wastewater, HA/Mn removed 67 % of COD and 82 % of
colour, with an adsorption capacity of 578 mg/g. In comparison, Com-AC removed 55 %
of COD and 57 % of colour for POME, with an adsorption capacity of 178 mg/g. For
plastic fabrication wastewater, COM-AC achieved 19 % COD removal, 64 % colour
removal, and an adsorption capacity of 448 mg/g. The higher performance of HA/Mn in
POME may be attributed to the presence of natural organic matter, which could interact
favourably with HA/Mn, enhancing adsorption efficiency. Moreover, the high efficiency
observed in plastic fabrication wastewater suggests that simpler dye structures or fewer

interfering compounds allowed HA/Mn to perform more effectively.

In summary, HA/Mn outperformed COM-AC in COD and colour removal, as well as
adsorption capacity. However, its removal efficiency was limited due to the complex
composition of industrial wastewater, including organic matter, heavy metals, and
varying pH, which can interfere with adsorption. Despite this, HA/Mn holds strong

potential as an alternative adsorbent for industrial applications.
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Table 4.22: Comparison of HA/Mn with COM-AC

COD Colour Adsorption
Adsorbate Adsorbent
removal (%) | removal (%) | capacity (mg/g)
Batik wastewater | HA/Mn 67 52 33
(800 mg/L)
COM-AC |64 46 32
Printing HAMn |59 60 132
wastewater
(490 mg/L) COM-AC |52 47 106
Palm OIMIll v [ 75 85 268
Effluent
L
(680 mg/L) COM-AC |55 57 178
Plastic
. HA/Mn 67 82 567
Fabrication
Wastewater
(1500 mg/L) COM-AC |19 64 448

181




CHAPTER 5: CONCLUSION

5.1 Conclusion

This study successfully developed a hybrid adsorbent from mixed fruit wastes,
specifically banana peels and avocado seeds, using a two-step hydrothermal
carbonization process. Optimal synthesis was achieved with a 1:1 mixing ratio of raw
avocado seed (1.5 g) to raw banana peel (1.5 g). The highest carbonization yield and
adsorption efficiency were obtained at 200 °C, while subsequent phosphoric acid
activation (85% HsPOa, 1:1 ratio) and carbonization at 450 °C for 2 hours produced the

most effective adsorbent.

The acid-activated and manganese-impregnated hybrid (HA/Mn) showed significantly
enhanced physicochemical properties, with a surface area increase from 1.73 m?/g (raw
hybrid adsorbent) to 666 m?/g and well-developed crater-like pores, resulting in superior
adsorption performance compared to RA and acid-activated (HA) adsorbents. Among the
three, HA/Mn demonstrated the highest removal efficiency, followed by HA and RA,
making it the most effective formulation. ANOVA analysis confirmed that HA/Mn
follows reduced quadratic models for colour removal, COD removal, and adsorption
capacity. Under optimized conditions (initial pH 10, dye concentration 0.1 g/L, adsorbent
dosage 0.5 g/L, and contact time of 80 minutes), HA/Mn achieved 99.9% colour removal,
and an adsorption capacity of 199 mg/g. Validation tests further confirmed its

effectiveness, with COD removal exceeding 85%.

Kinetic studies revealed that HA/Mn best fits the pseudo-second-order model,
indicating chemisorption as the dominant mechanism. Isotherm analysis showed strong
alignment with the Redlich—Peterson model, suggesting both monolayer and multilayer
adsorption, while also indicating dominantly homogeneous surface interactions. The
adsorption mechanisms involves electrostatic attraction, hydrogen bonding, and n—n
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stacking, all contributing to the high performance of HA/Mn in methylene blue dye

removal.

Moreover, the integration of machine learning using the Random Forest (RF)
algorithm demonstrated high predictive accuracy. The 20% RF model achieved an R?
value of 0.9671, while the 30% RF model reached 0.9572, indicating strong model
performance for methylene blue dye removal. In terms of prediction accuracy, the 20%
RF model achieved 99.7% for COD removal, 99.2% for colour removal, and 97.4% for
adsorption capacity. In comparison, the RSM-CCD approach achieved a similar COD
removal accuracy of 99.4%, but lower values for colour removal (98.1%) and adsorption
capacity (93.1%). These results highlight the superior predictive performance and

robustness of the Random Forest model over traditional statistical methods.

The scalability and reusability of HA/Mn were also validated. At 3L and 5L, it
maintained over 85 % COD removal and 99 % colour removal efficiency, with adsorption
capacities of 86.1 and 89.5 mg/g, respectively. In regeneration studies, HA/Mn retained
91.5% efficiency after 10 cycles, outperforming commercial adsorbent (COM-AC),
which declined to 34.5% at the end of the 10™ cycle. Although HA/Mn has a slightly
higher production cost (USD 2.88/kg vs. USD 2.40/kg for COM-AC), its extended
reusability led to an 88% reduction in total treatment cost over 10,000 L of wastewater.
Furthermore, in real industrial wastewater applications, including batik, printing, palm oil
mill effluent (POME), and plastic fabrication, HA/Mn consistently outperformed COM-
AC, achieving 6-18% higher removal efficiencies for COD, colour, and adsorption

capacity.

In summary, HA/Mn exhibited excellent dye removal efficiency, strong reusability,
enhanced surface and functional properties, and outstanding economic viability. Its

performance in various real-world wastewater scenarios highlights its potential as a
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sustainable, high-performance, and cost-effective alternative to conventional commercial

adsorbents for industrial dye wastewater treatment.

5.2 Recommendations

This research has achieved significant results for the hybrid adsorbent, which
demonstrates a high potential for removing recalcitrant pollutants from wastewater.
However, several aspects require further discussion and investigation. For instance, the
synthesis method can be optimized through a one-step hydrothermal carbonization
process using wet biomass with chemicals, which would minimize the need for additional
heating and moisture removal, as well as reduce the requirement for further activation

and use of high-temperature furnaces.

Beyond wastewater treatment, hybrid adsorbents hold the potential for carbon
capture in industrial settings. Quantum-level modelling and experimental studies could
help understand CO: adsorption mechanisms and improve their efficiency for carbon
sequestration. Additionally, their application in soil remediation should be explored,
particularly for heavy metal immobilization and improving soil aeration, which could

support agricultural and environmental restoration.

The management of spent adsorbents is another key research area. While hybrid
adsorbents exhibit excellent regeneration capacity, long-term reuse may eventually lead
to saturation, necessitating proper disposal or repurposing. Potential applications include
their incorporation into cement and brick manufacturing to enhance mechanical strength.
Additionally, a full life-cycle assessment (LCA) should be conducted to evaluate their
environmental footprint, including greenhouse gas emissions, energy consumption, and

overall sustainability.
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Furthermore, a molecular-level study on the interactions between the adsorbent surface
and the adsorbate could optimize targeted pollutant removal. Lastly, the incorporation of
the hybrid adsorbent into membrane technology should be explored, as it could be used

in advanced wastewater treatment filtration systems.

53 Novelty

This study presents a novel approach to developing a hybrid adsorbent from mixed fruit
waste using two-step hydrothermal carbonization combined with acid activation and
metal oxide impregnation. Unlike conventional biomass adsorbents, the optimized
HA/Mn adsorbent exhibits a remarkably high surface area, well-defined pore structure,
and enhanced functional groups, significantly improving its adsorption efficiency and
stability. A key innovation lies in the integration of machine learning with Response
Surface Methodology for precise optimization and prediction of methylene blue removal,
demonstrating superior accuracy in adsorption performance modelling. Additionally, the
study provides an economic analysis, proving that HA/Mn is not only more effective but
also more cost-efficient than commercial activated carbon, maintaining high regeneration
efficiency while reducing operational costs. Furthermore, the study aligns with circular
economy principles, offering a sustainable, scalable alternative for industrial wastewater
treatment. HA/Mn outperforms commercial absorbents in treating printing wastewater,
palm oil mill effluent, and synthetic wastewater, making it a practical and eco-friendly
solution for real-world applications. This research bridges the gap between waste
valorisation, advanced adsorption technologies, and machine learning-driven

optimization, setting a new benchmark for sustainable dye removal strategies.
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5.4 Knowledge contribution and significance of the study

This study presents a significant advancement in sustainable wastewater treatment

through the development of a novel hybrid adsorbent (HA/Mn), synthesized from

avocado seeds and banana peels via a two-step hydrothermal carbonization process.

Enhanced by acid activation and manganese oxide impregnation, this adsorbent

demonstrates superior adsorption performance, high reusability, and cost-effectiveness,

offering a practical alternative to commercial activated carbon. It contributes

meaningfully to circular economy practices and sustainable resource management

through the following key contributions:

1.

Development and optimization of a hybrid adsorbent from agricultural waste
using an innovative two-step hydrothermal carbonization approach, transforming
biomass into value-added adsorbents with enhanced surface functionality and
porosity.

Significant enhancement in physicochemical properties through manganese oxide
impregnation, increasing the surface area from 1.73m?*g to 666 m?*g and
producing crater-like pore structures that significantly improve colour removal,
COD reduction, and adsorption capacity.

The establishment of optimal adsorption conditions for methylene blue removal,
including an initial pH of 10, dye concentration of 0.1 g/L, adsorbent dosage of
0.5 g/L, and 80-minute contact time, achieving up to 99.9% colour removal and
199 mg/g adsorption capacity.

Integration of machine learning with statistical optimization, where the Random
Forest (RF) regression model demonstrated superior predictive performance over
Response Surface Methodology (RSM-CCD), achieving higher accuracy in
predicting COD removal (99.7%), colour removal (99.2%), and adsorption
capacity (97.4%).
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5. High reusability and operational stability, with HA/Mn maintaining 91.5%
efficiency after 10 regeneration cycles, significantly outperforming commercial
activated carbon, which dropped below 35% after just three cycles

6. Proven effectiveness in real-world wastewater treatment, including batik,
printing, palm oil mill effluent (POME), and plastic fabrication effluents, where
HA/Mn consistently achieved 6-18% higher removal efficiencies than

commercial adsorbents.

The significance of this study lies in its comprehensive and novel approach to
addressing both environmental pollution and biomass waste utilization. By combining
advanced material synthesis with machine learning- driven process optimization, the
study offers a scalable, cost-effective, and sustainable solution for industrial dye
wastewater treatment. The integration of Random Forest algorithms into adsorption
performance modelling sets a new benchmark for predictive accuracy in adsorption
studies. This research bridges the gap between waste valorisation, advanced adsorption
material development, and data-driven process optimization. It supports key Sustainable
Development Goals by promoting responsible consumption, sustainable industrial
processes, and the transformation of agricultural waste into value added materials for

environmental remediation.
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