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ABSTRACT 

Industrial effluents, especially from the chemical industry sectors like textiles, printing, 

food processing, pharmaceuticals, and paints, contribute significantly to global water pollution. 

The main pollutants include dyes (such as Congo Red, Acid Black 1, and Indigo Carmine), heavy 

metals, phenols, and nutrients like nitrogen and phosphorus, which lead to soil contamination. To 

address these environmental issues, we employed polymer and biochar as fundamental materials. 

Initially, our focus was on removing dyes from water using polymer and biochar composites 

through adsorption methods. 

1. Composites of hydrogel beads made from sodium alginate and cetyltrimethylammonium 

bromide were found to remove congo red dye at a capacity of 153.24 mg/g. 

2. Porous sodium alginate/poly (acrylic acid) composites achieved a 95.43% removal rate for 

acid black 1 dye under conditions of pH 8.9, a 90-minute contact period, and a temperature 

of 45 °C. 

3. The effectiveness of unactivated and activated coffee husk biochar for adsorbing indigo 

carmine dye from water was studied under room temperature conditions using HNO3 and 

NaHCO3, with results showing that chemical activation increased adsorption capacity.  

In addition, to combat challenges like water scarcity and soil degradation including salinity, 

heavy metals, and glyphosate contamination, which adversely impact food production. We 

developed hydrogel beads and biochar composites derived from sodium alginate and coffee husk. 

The hydrogel bead composites demonstrated an ability to retain up to 30% more water in soil 

compared to untreated soil, significantly enhancing soil nutrients and reducing heavy metals like 

iron and arsenic by 89.6% and 87.81%, respectively. Furthermore, we designed hydrogel bead 
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composites containing struvite (MgNH4PO4·6H2O) for use as slow-release fertilizers to improve 

salt-affected soils. These materials effectively released Mg, P, and N-NH4 (P<0.05) and 

successfully reduced soil salinity to normal levels while boosting soil nutrient content. 

Additionally, we synthesized MgO-biochar composites for the removal of glyphosate. 

Findings showed that higher temperatures resulted in an increased specific surface area (BET-

SSA) and total pore volume while decreasing the average pore diameter. Glyphosate removal 

reached up to 50.42% after a week of soil incubation. The addition of biochar-MgO to the soil 

increased the pH and significantly raised (P<0.05) electrical conductivity (EC) and exchangeable 

cation contents (Mg, Ca, and Na). 

Finally, to further improve the functionality of these materials, we developed: 

1. Porous biochar through in-situ techniques using a combination of materials, including ZrO, 

chitosan, and Fe3O4, to remove NH4, PO4, and phenol from water via adsorption. 

2. Hydrogel bead composites with and without oleic acid as slow-release NH4 fertilizers for 

use in mitigating soil acidity. 

The application of biochar demonstrated that this combination could enhance the simultaneous 

removal of NH4, P, and phenol. Additionally, the inclusion of oleic acid led to greater porosity, an 

increased swelling rate, and reduced NH4 release, indicating a potential role in controlling NH4 

ion release from the polymer matrix. Soil CO2 release studies revealed that hydrogel bead-oleic 

acid composites had lower CO2 emissions compared to those without oleic acid, suggesting their 

potential in reducing CO2 emissions. Both studies highlight the potential of these materials in 

addressing soil acidity. 
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Chapter 1: Background 

1.1 Motivation 

 The study of materials has always been essential for significant societal advancements and 

technological progress across various fields. With the rapid growth of manufacturing industries 

and increasing societal demands, there is a growing need for advanced materials to create 

innovative products. The limitations of traditional materials have become apparent due to rising 

demands and the optimization of industrial techniques, leading to the development of advanced 

materials (Yashas Gowda et al., 2018). Recently, polymer and biochar matrices have largely 

replaced traditional materials because of their advantages over conventional options. Polymer and 

biochar have emerged as the fastest-growing and most widely used composite materials due to 

their unique properties and versatile applications, including environmental and agricultural uses. 

The aim of this dissertation is the remediation of water and soil pollutants to promote sustainable 

soil health. The problem statement and an overview of the dissertation are illustrated in Figures 1 

and 2, respectively.  

Figure. 1. Illustration of problem statements 
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Figure. 2. Overview of dissertation regarding problem statements 

1.2 Organization of chapters 

The end of the first chapter contains a review of the most recent published literature 

relevant to polymers and biochar as materials for wastewater treatment, soil immobilization, and 

amelioration. 

The second chapter focuses on the fabrication of polymers as hydrogel beads derived from 

sodium alginate and biochar composites. The goal of this study was to optimize methods for dye 

removal by adsorption from aqueous solutions. Scanning electron microscopy (SEM) and Fourier 

transform infrared spectroscopy (FTIR) were used to visualize and characterize functional groups 

before and after adsorption. Additionally, adsorption isotherms, kinetics, and thermodynamics 

were calculated to understand the adsorption mechanisms. This research has been published in 

Desalination and Wastewater Treatment (2024, 319, 100407 and 2024, 318, 100313) and accepted 

as a book chapter by Elsevier (ISBN: 9780443298776). 

The third chapter presents a study that developed materials to immobilize salinity, heavy 

metals, and glyphosate contamination while improving soil health. Soil incubation techniques were 
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used to determine the effects of samples on the immobilization rate. The chapter explores the extent 

to which hydrogel beads and biochar composites are related to sample properties and their 

interactions with soil contamination. This research has been published in the Arabian Journal of 

Chemistry (2024, 17(9), 105877) and Case Studies in Chemical and Environmental Engineering 

(2024, 9, 100642, 1-8). 

The fourth chapter develops materials from the previous chapters. We developed (1) porous 

biochar composites via an in-situ technique to remove NH4, P, and phenol from water through 

adsorption, and (2) hydrogel bead composites with oleic acid as slow-release NH4 fertilizers and 

their application in soil acidity amelioration. This technique demonstrated multifunctionality in 

remediating water pollutants and enhancing soil acidity properties. This research has been 

published in Environmental Technology (2024, 1-20). 

The fifth chapter describes the general conclusions from the combined studies on polymers 

as hydrogel beads and biochar, and outlines future work to be done in the area of polymer and 

biochar characterization and engineering. 

1.3 Recent literature review 

1.3.1 Dyes contamination and sources 

Water contamination resulting from the improper disposal of wastewater by textile 

industries is a major global concern. The textile sector plays a significant role in both the global 

economy and environmental pollution in many countries (Al-Tohamy et al., 2022). Annually, 

around 70 million tons of synthetic dyes are produced worldwide, with textile industries 

consuming over 10,000 tons of these dyes (Chandanshive et al., 2020). Dyes are classified based 

on their origin, structure, and usage (Akpomie & Conradie, 2020). The most commonly used 

synthetic dyes in the textile industry include azo, direct, reactive, mordant, acid, basic, disperse, 
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and sulfide dyes (Figure 3). Some textile factories treat their wastewater to decompose the free azo 

dyes before discharging it into the environment, while others release untreated industrial effluents 

directly into water bodies, posing significant ecotoxicological threats and harmful effects on living 

organisms (Figure 1). In developing countries, it is common for farmers to irrigate their 

agricultural lands with wastewater containing untreated industrial effluents, which adversely 

affects soil quality and crop germination rates (Sojobi & Zayed, 2022).  

Figure. 3. Various type of dyes and its possible applications (Al-Tohamy et al., 2022) 

Although water covers more than 71% of the Earth's surface, the scarcity of pure, high-

quality drinking water remains one of humanity's most urgent challenges. The demand for clean 

drinking water is rapidly increasing, with agriculture, industry, and households consuming 70%, 

19%, and 11% of available water, respectively (Gupta et al., 2015). The textile industry 

significantly contributes to the degradation of water quality, leading to long-term environmental 
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pollution. Human activities have adversely affected natural habitats by introducing pollutants into 

both land and water ecosystems (Soni et al., 2021). This pollution results in considerable ecological 

impacts, such as changes in aquatic ecosystems and a reduction in photosynthesis among aquatic 

plants (M. D. Khan et al., 2015). Additionally, wastewater from the textile industry can cause 

allergies, dermatitis, skin irritations, cancers, and genetic mutations in humans, while also 

degrading water quality by altering its odor and color, making it toxic (Sarvajith et al., 2018). The 

presence of high concentrations of textile dyes in water depletes oxygen levels, blocks sunlight, 

and disrupts the biological activities of aquatic plants and animals (Ghaedi et al., 2015).   

1.3.2 Polymer for wastewater treatment 

The recent rapid expansion of industries has resulted in significant environmental 

challenges. Effluents from various sectors, including paint, metal plating, food, pharmaceuticals, 

and battery manufacturing, often contain heavy metal ions, dyes, and organic materials that are 

directly discharged into water bodies, leading to pollution. When these pollutants exceed 

permissible levels, they pose serious risks to humans and other terrestrial and aquatic life. They 

infiltrate and accumulate in organisms through food chains (Fu & Wang, 2011). To address and 

purify contaminated water, several methods are used, including chemical precipitation, ion 

exchange, biological processes, membrane separation, reverse osmosis, coagulation and 

flocculation, catalysis, photodegradation, and adsorption. Among these, adsorption is regarded as 

an economical, efficient, and environmentally friendly approach for wastewater treatment 

(Rehman et al., 2019). 

The adsorption process can be categorized into chemisorption and physisorption. 

Chemisorption, or chemical adsorption, involves the creation of a chemical bond between the 

adsorbate and the adsorbent, making it an irreversible process. On the other hand, physisorption, 
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or physical adsorption, occurs through physical interactions like hydrogen bonding, van der Waals 

forces, and hydrophobic interactions between the adsorbate and adsorbent, and it is a reversible 

process (Cruz et al., 2018). Key factors influencing the adsorption efficiency of hydrogels include 

conditions such as pH, ionic strength, the dosage of both adsorbate and adsorbent, contact time, 

and temperature. Optimizing these factors is essential, particularly when scaling up the adsorption 

process.  

Hydrogels are three-dimensional, cross-linked, and flexible polymer networks that contain 

hydrophilic groups such as hydroxyl, carboxyl, and amide, allowing them to swell in water (Cruz 

et al., 2018). This swelling capability is reversible and highly sensitive to environmental conditions, 

which is why hydrogels are often termed intelligent or smart materials. Sodium alginate, a bio-

based polymer, can be used to form hydrogels. It is a linear copolymer consisting of β-D-

mannuronic acid (M) and α-L-guluronic acid (G) residues, connected through 1,4-glycosidic bonds. 

These residues can either form homopolymers made of a single type of monosaccharide or 

heteropolymer blocks that contain both types (H. Guo et al., 2023). Alginates are natural 

polysaccharides produced by bacteria or extracted from brown algae, comprising β-D-

mannuronate (M blocks) and α-L-guluronate (G blocks) linked by 1→4 bonds (Figure 4). These 

bonds alternate between mannuronate-guluronate structures and guluronate-mannuronate dyads 

(Da Costa et al., 2024). 

The versatility of sodium alginate is evident in its ability to undergo chemical modifications, 

making it adaptable to specific treatment conditions. It is particularly effective as an adsorbent in 

water treatment, thanks to its unique capacity to form gels in the presence of calcium ions, creating 

hydrogel matrices that enhance adsorption (Duru Kamacı & Kamacı, 2024). However, its linear 

structure (H. Guo et al., 2023) limits the effectiveness of using sodium alginate alone in complex 
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water environments. When employed for pollution remediation, sodium alginate encounters 

challenges such as poor mechanical strength, low structural stability, and inadequate heat 

resistance (Ates et al., 2020). To address these issues, modifying sodium alginate with synthetic 

polymers like poly (acrylic acid) and surfactants such as cetyltrimethylammonium bromide 

(CTAB) offers a promising solution to improve its mechanical strength and stability.  

Figure. 4. Sodium alginate structure (a). Chain segment structure of alginate (MGMM) (b). Blocks 

of acid groups in grouping (guluronicz) GG (c), (mannuronic) MM (d), and GGMMG (e). (Bustos-

Terrones, 2024). 
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1.3.2.1 Poly (acrylic acid) 

Polyacrylic acid (PAA) is a polymer formed through the polymerization of acrylic acid 

monomers. PAA can produce hydrogels with varying properties through covalent and physical 

cross-linking, as well as hydrogen bond formation (Zhao et al., 2017). The high concentration of 

carboxyl groups in PAA enhances the water absorption capacity of its hydrogels. Additionally, the 

sensitivity of these carboxyl groups to pH and ionic strength affects the swelling ratio of PAA 

hydrogels. PAA hydrogels can also evolve into smart hydrogels that are useful in wastewater 

treatment and agricultural applications.  

1.3.2.2 Cetyltrimethylammonium bromide  

Cetyltrimethylammonium bromide (CTAB) is a cationic quaternary ammonium surfactant 

commonly used as an emulsifying agent because of its ability to form micelles in aqueous solutions. 

CTAB can emulsify two immiscible liquids by interacting with both the hydrophilic and 

hydrophobic components of the liquids. As an amphiphilic compound, CTAB reduces surface and 

interfacial tension between two phases. Furthermore, CTAB is recognized for its properties in 

dispersion, suspension, solubilization, and transport (Mohyaldinn et al., 2023), making it ideal for 

mixing or interacting with other solutions like sodium alginate.  

1.3.3 Biochar for wastewater treatment 

Biochar is a porous carbon-rich material produced through the thermochemical 

decomposition of biomass feedstock in a low-oxygen environment. The biomass feedstock can 

include various organic waste materials, such as crop residues, forest residues, wood chips, algae, 

sewage sludge, manures, and organic municipal solid wastes (Xiong et al., 2019). The selection of 

feedstock is influenced by factors like availability, cost, energy content, and the desired properties 
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of the biochar, resulting in differences in composition, porosity, and reactivity among biochars 

derived from different feedstocks (Wan Mahari et al., 2022). 

Biochar can be produced through methods such as pyrolysis, gasification, and 

hydrothermal carbonization. Pyrolysis, the most commonly used method, involves heating 

biomass in the absence of oxygen, breaking down the organic matter into char. The properties of 

the resulting biochar are greatly influenced by the temperature and heating rate, with higher 

temperatures typically leading to increased carbon content and enhanced stability (Yek et al., 2021). 

Gasification entails the controlled combustion of biomass to produce syngas, which can then be 

further processed into biochar. Hydrothermal carbonization converts biomass into biochar by using 

high temperatures and pressures in the presence of water (Mishra & Mohanty, 2022), each method 

offers distinct advantages and produces biochar with unique characteristics (Okiemute Akpasi et 

al., 2023). 

Biochar is increasingly being utilized in water and wastewater treatment. Its large surface 

area, high pore volume, rich organic carbon content, mineral components, and diverse functional 

groups give biochar a notable ability to adsorb both organic and inorganic contaminants from 

aqueous solutions (Ahmad et al., 2014). However, a significant challenge with biochar use is its 

reusability and regeneration after adsorption, which can potentially result in secondary pollution 

(Ambaye et al., 2021). To mitigate this issue, biochar has been modified with iron oxide 

nanoparticles, a technique that has been shown to be effective in regeneration without causing 

secondary pollution, thereby ensuring environmental safety (El-Naggar et al., 2022). Various 

chemical methods, including acid and base treatments, metal salt or oxidizing agent modifications, 

and carbonaceous material enhancements, have been used to improve the properties of biochar 

specifically for wastewater treatment applications (El-Naggar et al., 2022). 
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1.3.4 Polymer as soil conditioner 

The increasing global demand for water, combined with the impacts of climate change, is 

exerting significant pressure on water resources, leading to shortages in arid, semi-arid, and other 

regions worldwide. Additionally, sectors such as urban development, industry, and agriculture, 

which together consume more than two-thirds of the world's freshwater, are competing for the 

limited water supply (Oladosu et al., 2019). Abiotic stresses like temperature extremes, acidity, 

salinity, heavy metals, and drought heavily affect agricultural productivity, and these challenges 

are expected to intensify with urbanization and land degradation. As irrigation water becomes 

scarcer, there is a global emphasis on adopting agricultural practices that improve water use 

efficiency. One of the most crucial factors influencing crop growth and yield is the ability of plants 

to survive under water stress, which can be mitigated through irrigation. Therefore, it is essential 

to research and develop new materials for water management and sustainability. In light of water 

scarcity and the growing emphasis on environmental conservation, there is significant interest in 

exploring biodegradable hydrogels for commercial agricultural applications (Oladosu et al., 2022). 

Water-absorbing polymers, commonly known as hydrogels, were first introduced for 

agricultural use in the 1980s (Oladosu et al., 2022). Hydrogels are crosslinked, hydrophilic 

polymers capable of absorbing large amounts of water, up to a hundred times their dry weight, 

without dissolving, and they release that water when subjected to mechanical pressure (Ahmed, 

2015). In arid regions, hydrogels improve soil water retention by gradually releasing the absorbed 

water into the soil, earning them the name superabsorbent polymers (SAPs). With the increasing 

focus on environmental conservation, manufacturers of hydrogels are now prioritizing the 

development of biodegradable superabsorbents. Recent research has concentrated on creating eco-
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friendly absorbent materials derived from renewable resources, as opposed to using synthetic, 

petroleum-based hydrogels (Mali et al., 2018). 

Alginate and poly(acrylic acid) are examples of natural polymers that can form hydrogels. 

Traditionally, synthetic polymers used for hydrogel production have been synthesized through 

chemical polymerization processes. A hydrogel is composed of networks of polymer chains linked 

together on a macroscopic scale, resulting in a single large molecule or a gel-like substance with 

physical properties that are neither fully solid nor completely liquid. The terms "gel" and 

"hydrogel" are often used interchangeably. These materials display interesting relaxation 

behaviors due to their semi-solid, semi-liquid nature, characteristics that are not present in purely 

solid or liquid states. Hydrogels can undergo significant volume changes in response to external 

stimuli, such as electric fields, pH shifts, solvent quality, and temperature variations (Neethu et al., 

2018). However, concerns about their potential toxicity, particularly in agricultural or human-

related applications, have led to hydrogels being considered potential soil pollutants (Ben Ammar 

et al., 2020). 

As soil conditioners, hydrogels can be combined with fertilizers to control nutrient release 

and enhance soil water retention, functioning as agents for slow-release fertilizers (Pourjavadi et 

al., 2012; Ramli, 2019). This combination has the potential to improve plant nutrition, reduce the 

environmental impact associated with conventional fertilizers, and minimize both evaporation 

losses and the frequency of irrigation (R. Liang et al., 2009). 

1.3.5 Biochar as soil conditioner 

The imperative to develop more sustainable agricultural systems and bolster weak rural 

economies necessitates significant changes in agricultural management. Soil degradation, which 

includes reduced fertility and increased erosion, poses a major global agricultural concern 
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(Jianping, 1999). Prolonged soil cultivation can lead to degradation characterized by acidification, 

depletion of soil organic matter, and severe erosion (De Meyer et al., 2011). Furthermore, the 

decline in soil organic matter diminishes soil aggregate stability (Annabi et al., 2011). Hence, it is 

crucial to remediate degraded soils using simple and sustainable methods. 

Manures and composts contain pathogens, heavy metals, and pharmaceuticals, potentially 

causing long-term contamination of farmland. Additionally, they can release ammonia and 

methane, exacerbating global warming and leading to significant nutrient pollution in groundwater 

and streams. Biochar, being a renewable resource with economic and environmental benefits, 

holds promise for managing soil fertility (Ding et al., 2016). 

Biochar typically contains carbon, nitrogen, hydrogen, and various minor nutrient elements 

such as K, Ca, Na, and Mg (H. Zhang et al., 2015). Generally, carbon content increases with higher 

pyrolysis temperatures (300 to 800 °C), while nitrogen and hydrogen contents decrease. Biochar 

has been shown to enhance soil chemical, physical, and microbial properties. Studies indicate that 

integrating biochar with soils can improve soil structure, increase porosity, reduce bulk density, 

enhance aggregation, and improve water retention (Baiamonte et al., 2015). Moreover, biochar can 

increase soil electrical conductivity by 124.6%, decrease soil acidity by 31.9% (Oguntunde et al., 

2004), and raise cation exchange capacity by 20% (Laird et al., 2010). 

1.3.5.1 Soil contamination 

Soil contamination is a major environmental issue. It can arise in numerous ways, with 

various substances acting as pollutants, which can be either natural or synthetic chemicals resulting 

from environmental changes or human activities. These pollutants infiltrate the soil, occupying the 

pores around soil particles, or are retained through chemical adsorption. Since both soil and 

contaminants are mostly inert, they tend to remain in soil pores or as liquid on soil particles due to 
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capillary forces. Changes in the chemistry of subsurface soil fluids and their environmental 

interactions affect their characteristics and behavior. It's well established that changes in pore fluid 

chemistry significantly influence soil strength properties. The sensitivity of soil to contaminants 

depends on factors such as the local environment, mineral structure, particle bonding qualities, 

particle size, ion exchange capacities, and other variables (Singh et al., 2009). Examples of soil 

contamination include pollution in sanitary landfill soils and acidic pollutants in river and 

groundwater. 

1.3.5.2 Soil heavy metals contamination 

Soil contamination by heavy metals has emerged as a global environmental concern, 

drawing considerable public attention due to the growing worries about the safety of agricultural 

products (Hu et al., 2017). Across the globe, there are 5 million contaminated sites spanning 500 

million hectares, where soils are polluted with various heavy metals or metalloids, and the 

concentrations in these soils surpass geo-baseline or regulatory standards (Liu et al., 2018). The 

global economic impact of heavy metal pollution in soils is estimated to exceed US$10 billion 

annually (Wuana & Okieimen, 2011). 

Heavy metals enter the agroecosystem through both natural processes and human activities. 

Numerous studies suggest that natural sources of heavy metals in the environment are generally 

less impactful compared to those arising from human activities (Dixit et al., 2015). Some soils 

naturally contain high levels of heavy metals inherited from parent material, which can negatively 

affect plants and organisms. Human activities such as fossil fuel burning (Muradoglu et al., 2015), 

pesticide application (Ogunlade & Agbeniyi, 2011), mining and smelting (Chen et al., 2015), 

sewage irrigation (Sun et al., 2013), municipal waste disposal (I. Khan & Ghani, 2016), and 
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fertilizer use (Atafar et al., 2010) significantly contribute to the increased levels of heavy metals 

in agricultural soils (Li et al., 2019). 

1.3.5.3 Soil acidity contamination 

Soil acidification is a gradual, natural process associated with soil weathering, but it can 

be accelerated by human activities such as intensive agriculture (Bolan et al., 2022). In agricultural 

soils, the continuous application of nitrogen (N) and sulfur (S) fertilizers leads to higher 

concentrations of H+ ions, which can negatively impact plant growth, soil properties, and microbial 

activity (Fageria & Nascente, 2014). Elevated levels of H+ ions increase the mobility and solubility 

of toxic metals like Al and Mn, which can impair plant growth and development and pose health 

risks to humans when these metals enter the food chain (Briffa et al., 2020). Additionally, soil 

acidity reduces the availability of essential nutrients such as phosphorus (P), molybdenum (Mo), 

calcium (Ca), and magnesium (Mg), further hindering plant growth and development (Briffa et al., 

2020). Although soil acidification naturally occurs through processes like mineral weathering and 

rainfall, the extensive use of nitrogen fertilizers, acid rain, and industrial emissions are the primary 

factors contributing to the global increase in soil acidification (J. H. Guo et al., 2010). 

Soil pH plays a crucial role in plant health by affecting nutrient uptake. In acidic soils, 

plants are exposed to three primary toxicities from H+, Mn, and Al ions, which inhibit root growth, 

cell division, and nutrient absorption, while also disrupting the cytoskeleton (Kaur et al., 2019). 

Al toxicity often manifests as phosphorus deficiency, with symptoms such as dark green leaves, 

stunted growth, delayed maturity, and purpling of stems, leaves, and veins (Kaur et al., 2019). 

While Mn is an essential nutrient, it becomes toxic in excess and is the second most significant 

toxin in acidic soils (Sumner et al., 1991). Low soil pH also inhibits root growth due to the influx 

of H+ ions, which causes membrane depolarization and disrupts cytoplasmic acidity (Babourina et 
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al., 2001). Elevated H+ levels also damage root tissues, significantly reducing growth and 

development (Msimbira & Smith, 2020). 

Soil acidification increases the concentration of toxic metals like Fe and Al, leading to 

higher phosphorus (P) retention in the soil through adsorption and precipitation, which ultimately 

hinders plant growth (Ng et al., 2022). Acidic conditions also worsen the deficiency of base cations 

such as Ca and Mg by promoting the leaching of exchangeable forms of these nutrients (Maathuis, 

2009). Although low soil pH may not significantly impact zinc (Zn) availability for plants, it does 

elevate Mn levels, which can be detrimental to crops, as many plants are sensitive to high Mn 

concentrations (Alejandro et al., 2020). Generally, Fe has low solubility in acidified soils (Zhu et 

al., 2021), making redox reactions essential for dissolving Fe to meet plant requirements (Jin et al., 

2014). Additionally, soil acidity can increase the availability of other elements, further influencing 

plant growth (Sá & Ernani, 2016). 

1.3.5.4 Soil salinity contamination 

Soil salinity is a significant stressor that hampers plant growth by disrupting various plant 

processes, including morphological, physiological, biochemical, and molecular functions (Imran 

et al., 2022). Annually, 1-2% of cultivated soils worldwide are lost to salinity, and approximately 

23% of arable land (800 million hectares) is affected by salt, posing a serious threat to food 

production (Alqahtani et al., 2019). By 2050, it is estimated that 50% of arable land will be salt-

affected due to rising groundwater levels with high salt concentrations, poor irrigation and 

drainage systems, and the excessive use of chemical fertilizers (Raza et al., 2023). Salinity stress 

leads to substantial yield losses, with potential reductions of up to 65% in many cultivated regions 

(Nawaz et al., 2022). Under saline conditions, plants experience reduced germination, stunted 

seedling growth, and lower yields, along with disruptions in physiological and molecular processes 
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(Hassan et al., 2023). Salinity also triggers the production of reactive oxygen species (ROS), which 

damage proteins, DNA, and lipids, while also increasing the loss of essential osmolytes (Kamran 

et al., 2019). Additionally, salinity stress affects plant growth and development by causing ionic 

and osmotic stress (K. Liang et al., 2022). Ionic toxicity from salinity increases the concentration 

of harmful ions and reduces essential nutrients like Ca, and K (Akhtar et al., 2015). Osmotic stress 

due to salinity decreases soil water availability by lowering soil water potential, which limits 

nutrient and water uptake and reduces the photosynthetic rate, thereby inhibiting plant growth 

(Hussain et al., 2019; W. Zhang et al., 2023). 

The main causes of global soil salinity include factors like low rainfall, high evaporation 

rates, climate change, increasing global temperatures, the movement of saline groundwater, and 

salt deposition from oceans (Tavakoli Kivi & Bailey, 2017). Recently, these issues have been 

intensified by rapid industrialization and economic growth. Moreover, intensive agricultural 

practices, such as improper irrigation, overuse of fertilizers, and pesticide application, are 

contributing to the rising levels of soil salinity around the world (Bello, 2021). Among these 

human-induced factors, the excessive use of salts combined with inadequate drainage systems is 

the primary reason for rising water tables and the accumulation of salts on the soil surface 

(Tavakoli Kivi & Bailey, 2017). This not only hinders plant growth but also poses serious risks to 

soil health. For example, salinity stress can reduce nutrient availability, destabilize organic matter, 

and lower the soil’s redox potential (Rengasamy, 2010). Research shows that soil salinity 

decreases organic matter content, water-holding capacity, infiltration rates, and disrupts the 

stability of soil aggregates (Gonçalo Filho et al., 2019). High levels of sodium in the soil lead to 

salt stress, which depletes soil fertility and creates osmotic potential that can cause cell death due 

to reduced water uptake (Ahanger et al., 2018). Excess sodium also leads to plant wilting (Assaha 
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et al., 2017), and negatively impacts soil microbial activity, microbial populations, enzyme activity, 

and biomass production (M. Zhang et al., 2019). Additionally, soil salinity reduces carbon fixation, 

disrupts nutrient cycling, lowers porosity, and weakens plant growth and vigor (Almeida et al., 

2017). The excessive absorption of toxic ions also harms plant growth by reducing the availability 

of water and essential nutrients such as N, P, K, Ca, Mg, Fe, and Zn (A. Khan et al., 2019). 
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Chapter 2: Performance of hydrogel beads and biochar composites toward dyes 

adsorption from aqueous solution 

2.1 Introduction 

The continued expansion of the industrial sector inevitably leads to various environmental 

problems, due to the usage of enormous amounts of chemicals (Karimifard & Alavi Moghaddam, 

2018). In particular, the availability of safe water is one of the most serious global challenges 

owing to the limited access to freshwater. Rivers are important sources of drinking water and also 

help maintain diverse aquatic ecosystems that provide food sources for humans and animals. 

Rivers are an important component of Earth's landforms and carry nutrients to the oceans by 

flowing water from sedimentary areas. However, they have been considered sites for dumping 

undesirable materials and chemicals by careless people and businesses. The primary threat to water 

security is the unmitigated release of pollutants of diverse origins directly into aquatic ecosystems 

without sufficient treatment (Wong et al., 2020). Organic dyes, which are commonly used to color 

clothing, are pollutants that need to be treated for environmental protection. In particular, azo dyes, 

identified by the presence of azo (-N=N-) groups, are toxic, carcinogenic, and mutagenic to 

organisms. 

Several traditional chemical, physical, and biological techniques have been shown to 

effectively eliminate azo dye pollutants. However, concerns persist regarding their operational 

expenses, removal efficacy, and the potential creation of secondary pollutants (Piaskowski et al., 

2018). Amongst all the efficient removal method, adsorption has emerged as a successful strategy 

for removing azo dyes from water. This method is not only economically viable, but also boasts a 

remarkable retention efficiency while avoiding the generation of secondary pollution (Liang et al., 

2020; Srivatsav et al., 2020). In this regard, different types of materials have been explored as 
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potential adsorbent which are classified into two types: porous and non-porous. Examples of 

nonporous adsorbents include barium sulfate and graphite soot (Wiśniewska et al., 2017) whereas 

porous adsorbents such as metal-organic frameworks (MOF) (Au, 2020) and polymer-coated 

MCM-41 (Torabinejad et al., 2017) have been utilized for the adsorption of synthetic dyes. 

However, better adsorbent qualities, such as fast adsorption and superior mechanical strength for 

repeated use, are still required. 

Hydrogel beads are three-dimensional, crosslinked polymer networks capable of absorbing 

and retaining large volumes of water or aqueous solutions (Baigorria et al., 2020). Their tuneable 

properties, such as porosity, swelling behaviour, and surface chemistry, make them highly suitable 

for various applications, including water purification (Chen et al., 2022). By integrating specific 

functional groups or additives, hydrogel beads can be tailored to selectively adsorb target 

pollutants, such as dyes. Among the materials used in hydrogel bead synthesis, sodium alginate 

derived from brown algae, stands out as a biocompatible, renewable, and economically viable 

option (Frent et al., 2022; Hidayat, Sarbani, Lahiri, et al., 2024; Tang et al., 2018). Calcium cations 

are frequently employed in crosslinking sodium alginate, leading to ion exchange and the 

formation of Ca alginate hydrogel. Furthermore, its molecular structure contains numerous 

hydroxyl (-OH) and carboxyl (-COOH) groups, making it an environmentally friendly choice for 

variety of dye molecules productivity (Merakchi et al., 2019; Thakur & Arotiba, 2018).  

On the other hand, biochar has appeared as one of the potentially effective adsorbents in 

recent years owing to its low cost, environmental friendliness, abundance, and carbon-rich nature. 

Biochar was created by pyrolysis in the temperature range between 500-800 °C under oxygen-

limited conditions (Chatterjee et al., 2020). Owing to its highly porous structure and large surface 

area, it is ideal for adsorption applications (Lita et al., 2023). Several studies have successfully 
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used biochar from biomass, including the brown seaweed Turbinaria conoides (Vijayaraghavan 

& Ashokkumar, 2019), Cocos nucifera shell (Saravanan et al., 2020), mycelia biomass from 

Exserohilum rostratum NMS1.5 (Hidayat, Khaekhum, et al., 2022), agriculture waste (Moharm et 

al., 2022), sewage sludge (Jellali et al., 2022), and cattle manure (Zhu et al., 2018).  

Moreover, it is noteworthy that coffee is a very profitable commodity globally, ranking 

second only to petroleum in terms of revenue (Campos-Vega et al., 2015). By 2021/2022, it 

amounted to 2.4 billion kilograms of global coffee production (Silveira Junior et al., 2023). Coffee 

processing produces by-products, one of which is coffee husk. The total quantity of coffee 

husk produced is estimated to be 0.3 billion tons, calculated by considering that 6% of coffee husk 

is generated by 48% of coffee plants (Hidayat et al., 2021). Typically, this coffee husk is discarded 

after coffee processing by producers, which could pose an environmental risk if not appropriately 

managed. Thus, these materials have the potential to be viable alternatives as biochar. The 

chemical activation of biochar adsorbents is necessary to increase the adsorption capacity. This 

can be successfully attained by reinforcing the functional groups and increasing the surface area 

and the adsorption capacity (Tran et al., 2021). Several chemicals, such as potassium hydroxide 

(KOH), peroxymonosulfate, sodium hydroxide (NaOH), aluminium chloride (AlCl3), and 

phosphoric acid (H3PO4), have been used to remove water pollutants, including Methylene blue 

(Tran et al., 2021), Tetracycline (H. Liu et al., 2021), Ciprofloxacin (Sun et al., 2016), Methyl 

orange (B. Zhang et al., 2020), Rhodamine B (Ouyang et al., 2023), and Reactive black 5 (Tsoutsa 

et al., 2023). However, these studies used a hydrothermal approach at temperatures above 100 °C 

to activate biochar, which requires much energy. Thus, activation at room temperature (25-30 ºC) 

is a practical technique for enhancing the number of adsorbent surface sites, as well as improve 

the adsorption capacity, and as a novel material. 
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In this chapter, we would like to evaluate the feasibility of using hydrogel bead derived 

from sodium alginate and biochar from coffee husk for dyes adsorption. It is expected that this 

research could address the lack of comprehensive studies on the properties, characterization, and 

application of both hydrogel bead and biochar composite as adsorbent.   

2.2 Material and method 

2.2.1 Materials 

Congo red dye (CR), Acid Black 1 dye (AB1), and Indigo Carmine (IC), calcium chloride 

(CaCl2), Ferric Chloride (FeCl3), hydrochloric acid (HCl) and sodium hydroxide (NaOH) were 

supplied from Kanto Chemical Co. Inc., Japan. Sodium alginate (SA) and 

Cetyltrimethylammonium bromide (CTAB) were purchased from Wako Chemical Industries, 

Osaka, Japan. Poly (acrylic acid) (MW: 100,000) was purchased from Scientific Polymer Products, 

INC, New York. 

2.2.2 Sample preparation 

2.2.2.1 Performance of hydrogel beads composites derived from sodium alginate-

cetyltrimethylammonium bromide toward congo red dye adsorption from aqueous solution 

Preparation of hydrogel beads was done by mixing 20 mL of 1 wt.% SA solution and 2 mL 

of CTAB aqueous solution with difference concentration: 0.1 wt.%, 1 wt.% and 3 wt.%, referred 

as SC1, SC2 and SC3, respectively. After the solution was put into bottle flasks, it was shaken for 

30 minutes at ambient temperature using a rotary shaker (Rotator RT-50). The solution was then 

gradually injected into 4 wt.% CaCl2 aqueous solution by using a 10 mL syringe. Next, the sample 

was allowed to cure for a full night in order to produce hydrogel beads. Afterward, the beads were 

allowed to dry in an oven for 24 hours at 60 °C after being cleaned with ethanol and deionized 

water (DI). 
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2.2.2.2. Porous sodium alginate/poly (acrylic acid) composites cross-linked with FeCl3 for 

acid black 1 dye removal from aqueous solution 

The SA/PAA-Fe adsorbents were synthesized using the following procedure. A mixture 

containing 6 mL of aqueous SA solution with 1 wt% concentration, 6 mL of aqueous PAA solution 

(5 wt%), 1 mL of 3M NaOH solution, and 1 mL of distilled water was prepared in a bottle flask. 

The mixture was then stirred with a magnetic stirrer for one hour at room temperature. The mixture 

was introduced dropwise into a 10 wt% aqueous FeCl3 solution using a syringe. After 90 min, the 

SA/PAA-Fe was then washed using ethanol and distilled water and then dried at 60 °C for 24 h. 

The collected adsorbent was pulverized using a mortar and sieved to ≤ 425 µm for further 

experiments. 

2.2.2.3 Performance of unactivated and activated coffee husk biochar under room 

temperature using HNO3 and NaHCO3 for indigo carmine dye adsorption from water 

2.2.3 Adsorption experiments 

A series of experiments were executed to examine the impacts of several factors, such as 

initial pH, dyes concentration, and adsorption duration, on the elimination of dyes. Batch 

adsorption trials were performed by submerging the sample in 50 mL of dyes solution. The 

remaining concentration of dyes after the experiment was analyzed using a UV-Vis 

spectrophotometer (JASCO V-530) at a wavelength of 562, 621, and 612 nm for congo red, acid 

black 1, and indigo carmine, respectively. The formulas utilized for computing the removal 

percentage (Removal, %) (Eq. 1) and adsorption equilibrium quantity (qe, mg/g) (Eq. 2) are 

outlined below. 

Removal % = Ci -Ce
Ci

×100                  (1) 

qe =
Ci -Ce

W
×V                             (2) 
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where Removal % represents the efficiency of removal, with Ci and Ce denoting the initial and 

equilibrium concentrations of dyes (mg/L), respectively. qe stands for the adsorption capacity at 

equilibrium of the adsorbent (mg/g), while W signifies the quantity of adsorbent (g), and V 

indicates the volume of the dyes solution (L). 

2.2.4 Determination of carboxyl groups  

A technique of conductometric titration was utilized to quantify the carboxyl (COOH) 

group of the hydrogel beads (H. Yang et al., 2012). To achieve homogenous distribution, the dried 

hydrogel bead was incorporated with 2.5 mL of 20 mM NaCl solution for 30 min. Then, HCl was 

added into the mixture until the pH to achieve pH 3.0. Afterward, the mixture solution then 

incrementally adjusted to pH of 11.0 using a NaOH solution. The content of COOH group inside 

the hydrogel beads was assessed using the following Eq. (3). 

Carboxyl group content, COOH (mmol/g) = VNaOH × MNaOH
Wd

             (3) 

where VNaOH (mL) is the NaOH volume needed to deprotonate COOH groups. MNaOH (mol/L) is 

the concentration of NaOH, while Wd (g) represents the initial weight of dry hydrogel beads.   

2.2.5 Swelling properties 

The swelling properties of the hydrogel composites were assessed using DI by performing 

the experiment using batch shaker for 24 h at room temperature. The percentage of swelling was 

estimated by applying the Eq. (4). 

Swelling, % = Ws-Wd
Wd

 × 100                 (4) 

where Ws and Wd represent the weights of swollen hydrogel beads and dried hydrogel beads, 

respectively.  
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2.2.6 Analytical measurements 

FTIR spectra were acquired utilizing a Thermo Scientific Nicolet iS10 instrument (Thermo 

Fisher Scientific Inc., Waltham, MA, USA) both prior to and after CR adsorption. The morphology 

of adsorbent were observed via scanning electron microscopy (SEM) (Miniscope TM3000, 

Hitachi-hitech, Tokyo, Japan). The pHzpc value, indicative of the neutral surface charge was 

determined. Dried hydrogel beads were immersed with 10 mM NaCl with different pH between 2 

and 10, then mixed for 24 h under room temperature. The pHzpc calculated using the equation: ΔpH 

= pH-final − pH-initial (Hidayat, Yoshino, et al., 2022). 

2.3 Results and discussion 

2.3.1 Performance of hydrogel beads composites derived from sodium alginate-

cetyltrimethylammonium bromide toward congo red dye adsorption from aqueous solution 

2.3.1.1 Characterization of hydrogel beads 

The morphology of hydrogel beads before and after CR adsorption acquired using 

Scanning electron microscopy (SEM) is presented in Figure. 5. According to Figure. 5, all samples 

exhibit a rough and wrinkle surface before adsorption experiment. The SC3 sample which contains 

the highest percentage of CTAB (3 wt.%) has a rougher surface with multiple crystal-like shapes 

on its surface. After CR adsorption process, all of the samples showed changes on their 

morphology by becoming slightly smooth. It can be observed that there is a pore present on the 

surface of SC1 sample after adsorption. 

Table 1. Characteristics of hydrogel bead 

Sample Swelling (%) COOH (mmol/g) 

SC1 49.67 ± 5.84 0.40 ± 0.06 

SC2 96.50 ± 0.98 0.38 ± 0.03 

SC3 162.28 ± 8.92 0.28 ± 0.06 
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Table 1 depicts the swelling percentage and the carboxyl groups content present in the 

hydrogel beads. The swelling percentage data demonstrate that higher CTAB concentration led to 

increase in swelling percentage. This is probably due to CTAB molecules that are amphiphilic, 

meaning they have both hydrophilic and hydrophobic parts. When CTAB concentration is high, 

the hydrophilic parts of the molecules may interact more strongly with the polymer chains, making 

the hydrogel beads more hydrophilic overall. This increased hydrophilicity can increase the 

affinity of the hydrogel towards water, thereby increasing swelling percentage. 

Likewise, increase CTAB concentrations may lead to a decline in the COOH content of 

the hydrogel bead composite. This could be attributed to the competitive binding of CTAB, which 

competes for available binding sites on the alginate polymer chains. As CTAB molecules bind to 

these chains, they may occupy sites that would otherwise be utilized by Ca ions for cross-linking 

the alginate molecules. This competition for binding sites ultimately reduces the overall cross-

linking density of the hydrogel beads, subsequently decreasing the COOH content. 

The FTIR spectra of the hydrogel bead before and after CR adsorption are depicted in 

Figure. 6. The peak in the range of 3200 cm-1 to 3500 cm-1 corresponds to OH groups 

(Modrzejewska, 2013a). A new peak emerged after CR adsorption in the range of 2849 cm-1 to 

2920 cm-1, attributed to methylene group (Aslam & Javed, 2023). Another peak at approximately 

1590 cm-1, assigned to the stretching of –COO- (Patel et al., 2021; Qurrat-Ul-Ain et al., 2019), and 

a peak at around 1023 cm-1 representing the C-O stretching vibrations (Merakchi et al., 2019). IR 

analysis suggest that intermolecular forces involving the functional components of hydrogel beads 

and CR dye molecules likely contribute to dye adsorption, alongside with electrostatic attraction. 

Possible mechanisms of CR dye adsorption onto hydrogel bead composite as shown in Figure. 13.  
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2.3.1.2 Initial pH effect analysis 

The pH level of solution influences both the charged state of the CR and the charge surface 

of the hydrogel bead (Naushad et al., 2017). Figure. 8a illustrates the adsorption behaviour of CR 

as the pH of the CR solution varies. The removal percentage initially increases, and then decreases 

within the pH range of 2 to 9. The graph shows that pH 2 provides optimal condition for SC1, SC2 

and SC3, resulting in an optimum removal percentage of 70.75%, 78.55% and 77.47%, 

respectively. Figure. 8b show the surface charges of the hydrogel bead. The data revealed that the 

samples, namely, SC1, SC2 and SC3 exhibited negative charges below pHzpc values of 4.2, 2.6 

and 4.0, respectively, while CR dye exhibits a positive charge under acidic conditions due to 

protonation. This observation indicates that the electrostatic attraction between the hydrogel beads 

and CR dye. A comparable outcomes of CR adsorption onto CTAB modified pumice (Shayesteh 

et al., 2016) and tea waste (Foroughi-dahr et al., 2015) have been reported. 

The adsorption of CR onto hydrogel beads was examined by adjusting the initial CR 

concentration in the range of 5 to 40 mg/L. This experiment was conducted for 30 min, at pH 4 for 

SC1, SC2 and SC3, respectively, and an adsorbent dosage of 10 mg/50 mL. The results 

demonstrated that increasing the CR concentration to 40 mg/L resulted in enhanced CR adsorption 

capacity in the hydrogel beads for all samples (Figure. 9). As the initial CR concentration increases, 

a greater concentration gradient is established between the CR solution and the hydrogel bead 

surface. This amplifies the driving force for adsorption, thereby attracting and capturing more CR 

dye molecules onto the hydrogel bead material. 
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Figure. 5. SEM morphology of hydrogel beads (a) SC1 (b) SC2 (c) SC3.  
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b 
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Figure. 6. FTIR spectra of hydrogel bead before and after CR adsorption. (a) SC1 (b) SC2 (c) SC3.  
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Figure. 7. Proposed mechanisms of CR adsorption.   
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Figure. 8. (a) Effect of pH versus removal percentage (b) surface charge of hydrogel beads. 
 
2.3.1.3 Initial concentration effect analysis 

 
Figure. 9. Effect of initial CR concentration versus adsorption capacity. Initial pH 4 for SC1, SC2 

and SC3.   
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2.3.1.4 Adsorption isotherm analysis 

The adsorption isotherm helps to clarify the relation between the adsorbent hydrogel bead 

and CR dye, thereby enhancing our comprehension of the adsorption process. In this study, we 

utilized Langmuir (Eq. 5) and Freundlich (Eq. 6) models to evaluate the data derived from the 

adsorption experiments. Table 2 presents the linear regression coefficient (R2) values obtained 

from Figure. 7, along with additional characteristics of the adsorption isotherms. The result 

observed show that Freundlich model suit the adsorption data compared to the Langmuir model 

across all samples, as indicated by the higher R2 values. The 1/n values showed indicate a 

favourable adsorption process as the value being less than 1. These results suggest that a 

multilayer-like adsorption occurred at the adsorption sites of hydrogel beads.  

Ce/qe = ( Ce
qmax

)+1/(KLqmax)                                (5) 

ln qe = lnKF + 1
n

 lnCe                                               (6) 

In this context, qe (mg/g) represents the adsorption capacity, Ce (mg/L) denotes the equilibrium 

concentration, qmax (mg/g) signifies the maximum adsorption capacity, RL indicates a coefficient 

reflecting the stronger of adsorption, KL (L/mg) and KF (mg/g) represent the equilibrium constants 

of adsorption, and 1/n signifies the adsorption intensity. 
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Figure. 10. Isotherm model of CR adsorption (a) SC1 (b) SC2 (c) SC3. 
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2.3.1.5 Adsorption kinetic analysis  

An adsorption kinetic model serves as a mathematical framework employed to depict the 

pace of adsorption progression as time elapses. These models are designed to elucidate the 

underlying mechanisms and dynamics of adsorption phenomena by quantifying alterations in the 

concentration of the adsorbate (CR dye) within the adsorbent (hydrogel bead) over time. The 

impact of varying adsorption durations (30-1440 min) on the adsorption of CR using hydrogel 

bead at a concentration of 40 mg/L is shown in Figure. 11. The observations indicate that the 

adsorption of CR fluctuated over a period of 1440 minutes for all hydrogel bead samples. This 

evidenced that a higher concentration of CTAB in the hydrogel beads resulted in an increased 

adsorption capacity for the CR dye. This suggests that the swelling rate and COOH group content 

(Table 1) affect the adsorption of CR dye. Ultimately, equilibrium was reached after 1440 minutes, 

with adsorption capacity of 141.08 mg/g, 144.50 mg/g, and 153.24 mg/g for SC1, SC2, and SC3, 

respectively. 

The kinetic data provided significant insights on the adsorption process. The data collected 

from the CR adsorption on the hydrogels were examined using kinetic models: the first-order in 

Eq. (7) and second order models in Eq. (8).   

Table 2. Isotherm model parameters for adsorption CR dye. 

Isotherm models Parameters 
Sample 

SC1 SC2 SC3 

Langmuir 
R2 

0.3645 0.8217 0.2124 

Freundlich 0.996 0.9956 0.9815 

Freundlich 
Kf (g/mg min-1)n 301.0243 778.2555 583.2367 

1/n 0.9479 0.8231 0.8820 
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Figure. 11. Effect of contact time versus adsorption capacity. Initial pH: 4, Initial CR 

concentration: 40 mg/L. 

log (qe- qt) = log qe -K1t                                     (7) 

t/qt=1/(K2qe
2)+t/qe                                                 (8) 

where K1 (min−1) is the rate constant of the pseudo-first-order model and t (min) is the time. K2 is 

the constant rate of pseudo-second-order models.   

Table 3. Kinetic model parameters for adsorption CR dye. 

Kinetic models Parameters 
Sample 

SC1 SC2 SC3 

First-order 
R2 

0.1528 0.882 0.6605 

Second-order 1 1 1 

Second-order 
qe (mg/g) 140.8451 144.9275 153.8462 

K2 (g/mg min-1) 0.0034 0.0015 0.0016 
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Figure. 12 and Table 3 show the linear correlation coefficients and kinetic variables for CR 

adsorption. The first-order kinetic model obtained a significantly lower R2 value than the second-

order kinetic model for all hydrogel bead samples. Thus, the adsorption process is regulated by 

chemisorption. The finding was corresponded with previous studies conducted by K(Hidayat, 

Mohamad Sarbani, et al., 2023a; Sami et al., 2018) who used CS/ZL/ZrO/Fe3O4 and chitosan 

polyacrylamide hydrogels for phosphate and CR adsorption, respectively.   

2.3.1.6 Regeneration of CR dye adsorption 

Studying the regeneration of CR dye adsorption is crucial for comprehending the 

adsorbent's efficacy in capturing CR molecules repeatedly. In the analysis of hydrogel bead 

regeneration, a combination of acetone and DI water was employed to cleanse the CR dye from 

the adsorbent surface. Figure. 10 illustrates the reusability of this hydrogel for up to three cycles. 

The findings indicate that SC1 exhibited fluctuating trends of increase and decrease, whereas SC2 

displayed a consistent decrease. Conversely, SC3 demonstrated a stable performance in adsorption 

capacity. From this, it can be inferred that the concentration of CTAB has an impact on CR dye 

adsorption. 

2.3.1.7 Comparison between SC1, SC2, SC3 and other adsorbents to remove CR dye 

To evaluate the efficacy of this adsorbent, it is notable to compare the adsorption capacity 

(qe) of the SC1, SC2, and SC3 adsorbents towards the anionic CR dye, with those of previously 

published adsorbents, as shown in Table 4. Of all the adsorbents reported in the literature, it can 

be certainly differentiated that SC1, SC2, and SC3 show the greatest qe for CR dye adsorption.   
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Figure. 12. Kinetic model of CR adsorption. (a) SC1 (b) SC2 (c) SC3. 
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Figure. 13. Regeneration of CR adsorption.   

Table 4. Comparison adsorbents for CR adsorption. 

Adsorbent qe (mg/g) Reference 

Fly ash 22.12 (Harja et al., 2022) 

ZnCr2O4 oxide 44.03 (Gao et al., 2021) 

MgCr2O4 oxide 43.59 (Gao et al., 2021) 

CoCr2O4 28.71 (Gao et al., 2021) 

2Clph-BU-Cs 93.46 (Alharbi et al., 2023) 

CS-DE@CA 23.28 (D. Zhao & Shen, 2023) 

DE@CA  38.84 (D. Zhao & Shen, 2023) 

Na2SiO3-CTAB 73.04 (Fadimatou et al., 2024) 

SC1 141.08 This study 

SC2 144.50 This study 

SC3 153.24 This study 
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2.3.2 Porous sodium alginate/poly (acrylic acid) composites cross-linked with FeCl3 for acid 

black 1 dye removal from aqueous solution 

2.3.2.1 Characterization of SA/PAA-Fe 

Figure. 14a. displays the N2 adsorption/desorption isotherms and Table 5 summarizes the 

Brunauer-Emmett-Teller (BET) specific surface area (SBET), total pore volume (Vtotal), and pore 

size (Dmeso) of the adsorbent. The adsorbent exhibited a mesoporous structure with a size of 19.1 

nm. However, it possessed only a small specific surface area and total pore volume of 1.6 m2 g-1 

and 0.008 cm3 g-1, respectively. X-ray diffraction (XRD) spectra of the SA/PAA-Fe adsorbent is 

shown in Figure. 14b. The XRD peaks at 2θ = 7.00° and 16.01° suggest that SA/PAA-Fe was 

amorphous, which might be explained by the major components of SA and PAA. Moreover, the 

diffraction peaks seen at 2θ = 41.16°, 47.91°, 70.08°, 89.35°, 108.60°, and 130.34° may be 

attributed to Halite (JCPDS 01-076-3452), which may be slightly contaminated on the collection 

process of SA/PAA-Fe.  

 Figure. 14. (a) N2 adsorption/desorption of SA/PAA-Fe (b) XRD spectra of SA/PAA-Fe. 
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The morphology of SA/PAA-Fe before and after AB1 adsorption was obtained by using 

scanning electron microscopy (SEM) is presented in Figure. 15. The surface of the adsorbent was 

rough before adsorption, and became flat and smooth after AB1 adsorption. Table 6 presents the 

weight percentage (wt%) of the element from EDS data. The analysis revealed that the synthesized 

SA/PAA-Fe compound consisted of carbon (C), oxygen (O), iron (Fe), chloride (Cl), and sodium 

(Na). Moreover, the detection of sulfur (S) and nitrogen (N) components after AB1 adsorption 

suggests that AB1 molecules were captured at the surface of the SA/PAA-Fe adsorbent. 

Table 5. Characteristics of SA/PAA-Fe. 

Adsorbent SBET [m2 g-1] Vtotal [cm3 g-1] Dmeso [nm] 

SA/PAA-Fe 1.6 0.008 19.1 

 

Figure. 15. SEM images (a) before and (b) after the adsorption of AB1.  
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Table 6. EDS data of SA/PAA-Fe before and after adsorption. 

Parameters (wt%) Before adsorption After adsorption 

C 48.94 49.54 

O 19.95 18.62 

Fe 21.27 28.85 

Cl 8.97 0.68 

Na 0.87 0.15 

S  0.12 

N  2.05 

 

Figure. 16. FTIR spectra of SA/PAA-Fe before and after AB1 adsorption.   
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Figure. 17. Proposed AB1 adsorption mechanisms. 

The FT-IR spectra of the adsorbent and the AB1-loaded adsorbent are shown in Figure. 16. 

The peak decrease after AB1 adsorption from 3170 cm-1 to 2936 cm-1 is expected to be due to the 

functional groups that engage in the process of adsorption through the interactions of 

intermolecular bonds, such as van der Waals and (-OH) bonding interactions (Modrzejewska, 

2013b). The peak at 1701 cm-1 was assigned to C=O. A decrease in the peak intensity was detected 

at 1570 cm-1 to 1541 cm-1, which was assigned to the stretching of –COO- (Qurrat-ul-Ain et al., 

2019). The peak at 1172 cm-1 represents the C-O bond. A shifted peak occurred from 656 cm-1 to 

648 cm-1 and 604 cm-1 to 599 cm-1, corresponding to Fe-O. While most of the peaks were consistent 

after adsorption, some were shifted to lower wavenumbers, indicating the influence of stronger 

intermolecular interactions between SA/PAA-Fe and the AB1 dye. According to the IR analysis, 

both electrostatic attraction and intermolecular interactions connecting the functional 

compositions of SA/PAA-Fe and AB1 dye molecules likely contribute to dye adsorption. The 

proposed mechanism of AB1 adsorption onto SA/PAA-Fe is shown in Figure. 17. 
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2.3.2.2 Initial pH effect and surface charge of adsorbent (pHzpc) 

Figure. 18. (a) Initial pH effect versus removal percentage (b) Surface charge (pHzpc) of SA/PAA-

Fe. 

The pH of the adsorption system influences the ionization of the adsorbates and surface 

charge of the adsorbent material (Naushad et al., 2017). Figure. 18a. shows the adsorption of AB1 

when the pH of the AB1 solution was changed. The percentage of removal decreased and then 

increased within this pH range (2.7 to 10). A pH of 8.9 was optimal for adsorption, resulted in a 

removal percentage of 97.7%. Figure. 18b. shows that the adsorbent exhibited a negative surface 

charge, whereas AB1 had a positive charge under alkaline conditions. This finding demonstrates 

that the electrostatic connection of the SA/PAA-Fe and AB1 dyes has a greater impact than the pH 

of the solution. 

2.3.2.3 Effect of initial concentration 

The adsorption removal of AB1 on SA/PAA-Fe was studied by varying the initial AB1 

concentration in the range of 10 to 50 mg/L. The adsorption experiment was performed under a 

contact period of 30 min, pH of 8.9, adsorbent amount of 0.05 g/50 mL, and temperature of 25 °C. 
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SA/PAA-Fe surface (Figure. 19). The adsorbed amount of AB1 was calculated to be 10–21 mg/L, 

which is almost independent of the initial concentration of AB1. This is because of the presence 

of excess AB1 molecules, which are much larger than the number of available sites of SA/PAA-

Fe for adsorption.  

Figure. 19. Effect of the initial AB1 dye concentration on the removal percentage. 

2.3.2.4 Effect of adsorbent dosage 

To assess the impact of the quantity of adsorbent used in the adsorption of AB1, several 

quantities of SA/PAA-Fe were introduced, ranging from 0.05 to 0.5 g, in a 50 mL solution. The 

research were conducted using an initial AB1 concentration of 50 mg/L adjusted to pH 8.9 at 25 °C. 

Figure. 20 shows the effects of adsorbent quantity on AB1 adsorption. Increasing the adsorbent 

dosage can increased the removal percentage from 24.0% to 77.8%. This could be ascribed to the 

increase in the SA/PAA–Fe active sites, leading to an enhanced removal percentage due to the 
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0

20

40

60

80

100

120

10 20 30 40 50

R
em

ov
al

 (%
)

Initial concentration (mg/L)



 58 

particles (Zeydouni et al., 2019). This study matches the findings of (Hidayat, Harada, et al., 2022), 

in which a zeolite/chitosan hydrogel was used to remove Acid Red 88.  

Figure. 20. Effect of adsorbent dosage on removal percentage and adsorption capacity of AB1. 

2.3.2.5 Adsorption isotherm analysis 

The adsorption isotherms were analysed by applying the Langmuir in Eq. (9) and 

Freundlich in Eq. (11) models to the adsorption experimental data. Table 7 depicts the value of the 

linear regression coefficient (R2) obtained from Figure. 21. in conjunction with the additional 

adsorption isotherm characteristics. The Langmuir model fits the AB1 dye adsorption data better 

than the Freundlich model, as evidenced by the higher R2 values. The RL and 1/n values are 

<1. Therefore, the adsorption process using this indicator was verified to be favorable. These 

findings suggest that adsorption process occurred in a monolayer condition at the adsorption sites 

on the surface of SA/PAA-Fe. 
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ln	q! 	= 	lnK" 	+
#
$
	lnC!                           (11) 

where q (mg/g) is the adsorption capacity, Ce (mg/L) is the equilibrium concentration, qmax (mg/g) 

is the maximum adsorption capacity, C0 (mg/L) is the initial concentration, RL is a greater 

coefficient indicating a stronger adsorption capacity, RL > 1 (unfavorable), RL = 1 (linear), and 0 

< RL (favorable). KL (L/mg) and KF (mg/g) are the equilibrium constants of adsorption and 1/n is 

the adsorption intensity.  

2.3.2.6 Effect of contact time and kinetic experiment studies 

The effect of adsorption durations (30-90 min) towards the adsorption of AB1 using 

SA/PAA-Fe at a dye concentration of 50 mg/L and adsorbent concentration of 0.5 g/50 mL of 

adsorbent is shown in Figure. 22. The original pH was maintained and the adsorption data are 

shown in Figure. 15. Observations indicate that the removal percentage declined between 30 and 

45 min but then significantly increased at 60 min. It eventually reached equilibrium after 90 min, 

with 84.1% dye removal and an adsorption capacity of 4.20 mg/g.  

Table 7. Isotherm model for adsorption AB1 onto SA/PAA-Fe. 

Isotherm models Parameters Value 

Langmuir 

qmax (mg/g) 12.0952 

KL (L/mg) 7.3905 

R2 0.9841 

RL 0.0014 

Freundlich 

KF (g/mg min-1)n 331.8751 

1/n 0.0597 

R2 0.2210 
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Figure. 21. Adsorption isotherms of AB1 analyzed by (a) Langmuir (b) Freundlich models. 

 

Figure. 22. Removal percentage and adsorption capacity of AB1 vs. contact time (min). 
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 Figure. 23. Adsorption kinetics were analyzed using pseudo-first-order (a) and pseudo-second-

order (b) curves. 

Table 8. Kinetic model parameters for adsorption AB1 onto SA/PAA-Fe. 

Kinetic models Parameters Value 

Pseudo-first-order 

qe (mg/g) 2.2628 

K1 (min -1) 0.00004 

R2 0.0116 

Pseudo-second-order 

qe (mg/g) 4.4307 

K2 (g/mg min-1) 0.04391 

R2 0.9971 

The results from kinetic models provided valuable insights into the adsorption process. The 

data obtained from the AB1 adsorption on the SA/PAA-Fe surface were evaluated using two 

kinetic models: the pseudo-first-order model in Eq. (12) and pseudo-second order in Eq. (13).  

log (qe- qt) = log qe -k1t                                    (12) 

t/qt=1/(k2qe
2)+t/qe                                                (13) 
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where k1 (min−1) is the rate constant of the pseudo-first-order model and t (min) is the time. Linear 

plots of log t against log (qe-qt) and t against t/qt were used to determine k1 and k2 from the slope 

of the linear plots of the pseudo-first-order and pseudo-second-order models, respectively.   

The kinetic variables and linear correlation coefficients for AB1 adsorption are displayed 

in Figure. 23. and Table 8. The R2 value of the pseudo-second-order kinetic model (R2 = 0.9971) 

was much higher compared to the pseudo-first-order kinetic model (R2 = 0.0116), demonstrated 

that the adsorption process is regulated by chemisorption. The findings were related with previous 

works conducted by (Hidayat et al., 2023b; Lita et al., 2023; Mohamad Sarbani et al., 2023), who 

utilize CS/ZL/ZrO/Fe3O4 for phosphate adsorption, Coffee husk biochar-Fe3O4 for glyphosate 

adsorption and carboxyl methyl cellulose-chitosan magnetite for Cr (VI) and Pb (II) adsorption, 

respectively.  

2.3.2.7 Adsorption thermodynamic study 

 

 

 

 

 

 

 

 

Figure. 24. Effect of temperature on AB1 adsorption onto SA/PAA-Fe 
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temperatures can enhance the removal percentage and adsorption capacity from 84.08 to 95.43 % 

and 4.20 to 4.77 mg/g, respectively. The adsorption capacity increased, which may be due to the 

enhanced interaction between SA and PAA, leading to the formation of more active adsorption 

sites at high temperatures, leading to an increase in the adsorption amount.   

The following Gibbs` and Van`t Hoff equations were used to visually derive the 

thermodynamic parameters (ΔGº, ΔHº and ΔSº): 

ΔG° = -RTlnK                            (14) 

ΔG° = ΔH°-TΔS°                           (15) 

lnK = ΔS°
R

 - ΔH°
RT

                            (16) 

Where K is the equilibrium constant, R (J.mol −1 K −1) is the gas constant, T (K) is the 

temperature, ΔG° is the Gibbs free energy (kJ mol −1), ΔS° is the entropy (kJ mol −1), and ΔH° is 

the enthalpy (kJ mol −1). ΔH° and ΔS° were obtained from the slope and intercept of the plot of 

lnK versus 1/T. 

Table 9. Thermodynamic parameters of AB1 adsorption onto SA/PAA/Fe. 

Temp (K) K 
ΔGº  

(kJ.mol-1) 

ΔHº  

(kJ.mol-1) 

ΔSº  

(kJ.mol-1 K-1) 
R2 

298 0.528 1.583 54.157 176.390 0.9999 

308 1.060 -0.149 

318 2.088 -1.947 

 

The effect of temperature on the adsorption of AB1 on the Van`t Hoff diagram is 

illustrated in Figure. 25. Table 9 presents a list of plot parameters. The Gibbs free energy (ΔG°) 
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value at 308 and 318 K are negative, which corresponds with the thermodynamic constants shown 

in Table 9 and is consistent with the ΔS °value (ΔS > 0 = spontaneous process). The positive ΔH° 

values indicate an endothermic adsorption process (Cordova Estrada et al., 2021). This 

endothermic condition in the adsorption process has also been demonstrated in several previous 

studies on the adsorption of RB5 dye onto powdered banana peel (Munagapati et al., 2018), and 

heavy metal adsorption onto FCPNC (El-Sabbagh et al., 2023). 

Figure. 25. Thermodynamic adsorption of AB1 onto SA/PAA-Fe. 

2.2.3 Performance of unactivated and activated coffee husk biochar under room temperature 

using HNO3 and NaHCO3 for indigo carmine dye adsorption from water 

2.2.3.1 Characterization 

Figure. 26 shows a 3D picture of CH-B, which shows that the adsorbent has many porous 

internal structures that are beneficial for the adsorption of IC molecules from water. Figure. 27 

shows the images of the scanning electron micrographs for each adsorbent. Figure 27(a) depicts 

the surface of CH-B, which was wrinkled, porous, and uneven. In contrast, the surface properties 
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HNO3 and slightly rough (Figure. 27(c)). It can be presumed that the activating chemicals 

influence the surface of biochar. During further experiment, the adsorbent’s surface becomes 

smoother after IC adsorption, which indicated that IC dye molecules trapped to the adsorbent 

surfaces. 

Figure. 26. 3D picture morphology of CH-B. 

Figure. 28 demonstrates the FTIR spectra for IC adsorption (before and after). The O-H 

stretching peak overlapped with the N-H groups from 3000 to 3800 cm-1 (T. Yang et al., 2020). 

Moreover, many peaks appeared in this region after IC adsorption for all adsorbents, indicating a 

strong interaction between the IC and the adsorbent. The peak at 2353 cm-1 from CH-B decreased 

to 2161 cm-1 and 2322 cm-1 for CH-B-HNO3 and CH-B-NaHCO3, respectively, which were 

assigned to C=C stretching vibrations (Md Salim et al., 2021). While a new peak appeared for CH-

B-HNO3 at 1694 cm-1 is associated with the –COOH groups (Barroso-Bogeat et al., 2019). The 

peak at 1557 cm-1 from CH-B shifted to 1574, 1557, 1538, and 1506 cm-1 and 1567, 1557, 1538, 

and 1506 cm-1 for CH-B-HNO3 and CH-B-NaHCO3, respectively, which were ascribed to 

C=C/C=O stretching (Shamsuddin & Munajat, 2023). The existence of these peaks after chemical 

activation could improve the hydrophilicity of the biochar surface, leading to an active surface 
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charge of the biochar, thus enhancing its ability to absorb IC dye (Wang et al., 2020). The peaks 

at 1042 shifted to 1138 and 1035 cm-1 for CH-B, CH-B-HNO3, and CH-B-NaHCO3, respectively, 

which were attributed to C-O-C. Many peaks also appeared after IC adsorption for CH-B-HNO3 

and CH-B-NaHCO3 between 1000 and 650 cm-1, in contrast to CH-B, which was assigned to C-H 

bending (Md Salim et al., 2021). These results indicate that CH-B-HNO3 and CH-B-NaHCO3 were 

more efficient IC adsorption compared than CH-B.   

2.2.3.2 Initial pH effect and surface charge of adsorbent (pHzpc) 

 In the adsorption process, the initial pH of adsorbate is a significant influence because it 

can alter the physicochemical features of the adsorbent’s surface, as well as the speciation of the 

adsorbate in the solution (S. Zhang et al., 2021). Figure. 29 shows the variation in the adsorption 

capacity of the adsorbents under pH ranging from 2.2 to 10.2. It can be clearly observed that the 

best condition was obtained at pH 2.2 for IC adsorption for all adsorbents. Moreover, the 

adsorption capacity increased by 87.3% and 90.4% for CH-B-HNO3 and CH-B-NaHCO3, 

respectively, compared with the CH-B (without activation). The surface charges of the adsorbents 

are presented in Figure. 30. The data revealed that the adsorbents, namely, CH-B, CH-B-HNO3, 

and CH-B-NaHCO3, exhibited positive charges below pHzpc values of 10.1, 2.3, and 8.9, 

respectively. pHzpc is the pH where the adsorbent's surface charge becomes neutral. Owing to the 

presence of sulfuric groups in the molecular structure of the IC dye which comprises a negative 

charge, an electrostatic interactions may occur between the dye and the adsorbent material 

(Sánchez-Rodríguez et al., 2015) 
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Figure. 27. SEM morphology of adsorbents (a) CH-B (b) CH-B-HNO3 (c) CH-B-NaHCO3. 
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Figure. 28. FTIR spectra of adsorbent before and after IC adsorption. 

Figure. 29. Initial pH effect versus adsorption capacity (qe). (IC concentration: 10 mg/L, contact 

time: 30 min, experiments were conducted under room temperature). 

0.00

8.00

16.00

24.00

32.00

40.00

2.2 4.4 6 8.3 10.2

q e
(m

g/
g)

Initial pH effect

CH-B CH-B-HNO3 CH-B-NaHCO3



 69 

Figure. 30. pHzpc of the adsorbent.  

2.2.3.3 Initial IC concentration effect and isotherm studies 

An adsorption isotherm is required to evaluate the functionalities of an adsorbent and the 

reaction between the adsorbate (IC) and the adsorbent (biochar). The contact time for CH-B was 

1020 min, while that for CH-B-HNO3 and CH-B-NaHCO3 was 90 min because the isotherm data 

followed the kinetic equilibrium results. Figure. 31 shows an increase in the adsorption capacity 

when the IC dye concentration increases. The highest of adsorption capacity was observed in CH-

B-NaHCO3, followed by CH-B-HNO3, and CH-B with values of 24.11 mg/g, 19.49 mg/g, and 7.11 

mg/g, respectively. The low concentration of IC dye has resulted in less concentration gradient 

and therefore produces insufficient force to propel the dye molecule toward overcoming the 

transfer barrier between the biochar and the IC molecules. Consequently, the IC molecules unable 

to fully occupy the sites of adsorbent surface. However, when the initial amount of IC dye rose, 

the equivalent driving force provided by the concentration gradient also increased, providing a 

greater boost to the adsorbate (IC). Thus, more dye molecules will transfer and trap onto the 

adsorbent surface and resulted in an increase in the adsorption capacity. 
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Figure. 31. Initial IC dye concentration effect onto adsorbent. (pH: 2.2, contact time for CH-B: 

1020 min, for CH-B-HNO3 and CH-B-NaHCO3: 90 min, experiment was conducted under room 

temperature). 

Langmuir and Freundlich isotherm models were employed to construct an effective 

adsorption system. The Langmuir model explains homogenous surfaces as well as monolayer 

sorption. The Freundlich model assumes a heterogeneous multilayer sorption. Figures. 32 and 33 

show fitting diagrams for the Langmuir and Freundlich isotherm models, respectively. The results 

for the corresponding parameters are calculated as shown in Table 10. The Freundlich model's 

linear correlation coefficient (R2) provided a better fit for CH-B and CH-B-NaHCO3. The 

Langmuir model was ideally fitted to the CH-B-HNO3. The models for the adsorption process 

were determined based on their strong linear correlation (R2) values. More importantly, the values 

of RL and 1/n were smaller than one for all adsorbents. Thus, this indicator provide confirmation 

that the adsorption process was favourable. 
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Figure. 32. Langmuir isotherm model for IC adsorption. (pH: 2.2, contact time for CH-B: 1020 

min, for CH-B-HNO3 and CH-B-NaHCO3: 90 min, experiments were conducted under room 

temperature). 

Table 10. Isotherm model for adsorption IC onto adsorbent 

Isotherm Parameters 
Adsorbent 

CH-B CH-B-HNO3 CH-B-NaHCO3 

Langmuir 

qmax (mg/g) 6.7681 20.4126 27.9668 

KL (L/mg) 2.1514 8.5026 2.9649 

R2 0.8381 0.9981 0.9851 

RL 0.0046 0.0012 0.0034 

Freundlich 

Kf (g/mg min-1)n 5.8905 408.5193 99.5091 

1/n 0.3541 0.0926 0.3040 

R2 0.9007 0.9079 0.9900 
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Figure. 33. Freundlich isotherm model for IC adsorption. (pH: 2.2, contact time for CH-B: 1020 

min, for CH-B-HNO3 and CH-B-NaHCO3: 90 min, experiments were conducted under room 

temperature). 

2.2.3.4 Equilibrium time effect and kinetic studies 
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enhanced the adsorption sites on the surface, consequently producing a greater adsorption capacity. 

Furthermore, the adsorption capacity was slow and fast up to 1020 min. The amount of available 

adsorption sites either decreased or increased throughout the experiment, resulting in either strong 

or weak concentrations that were able to overcome the resistance against mass transfer and settle 

on the surface of adsorbent. 

Figure. 34. Contact time for IC dye adsorption. (pH: 2.2, IC concentration: 50 mg/L, experiments 

were conducted under room temperature). 

 The fitted kinetic data for the P-F-O and P-S-O responses are presented in Figures. 35 

and 36, respectively. The P-S-O model generated the most appropriate calculations of the 

experimental kinetic data for the adsorption capacity of all adsorbents. Table 11 lists the 

parameters derived by applying the kinetic models to the data of our research. The R2 parameter 

with the highest value in Table 11 confirmed that the P-S-O kinetic model could be the best to 

characterize the adsorption process in this study. This model suggests that the IC dye adsorption 

onto the surfaces of the adsorbents CH-B, CH-B-HNO3, and CH-B-NaHCO3 is a chemisorption 
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Figure. 35. P-F-O kinetic model for IC dye adsorption. (pH: 2.2, IC concentration: 50 mg/L, 

experiments were conducted under room temperature). 

Table 11. Kinetic model parameters for adsorption IC dye. 

Kinetics Parameters 
Adsorbent 

CH-B CH-B-HNO3 CH-B-NaHCO3 

P-F-O 

qe (mg/g) 1.7210 1.9117 1.8331 

K1 (min -1) 0.00000118 0.0000067 0.00000044 

R2 0.9424 0.0983 0.1636 

P-S-O 

qe (mg/g) 52.7390 230.2657 241.8678 

K2 (g/mg min-1) 0.00267 0.00411 0.00537 

R2 0.9904 0.9962 0.9940 
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Figure. 36. P-S-O kinetic model for IC dye adsorption. (pH: 2.2, IC concentration: 50 mg/L, 

experiments were conducted under room temperature). 

Table 12 presents a comparative analysis of the adsorption capacity described in published 

research on IC removal. These findings suggest that CH-B, CH-B-HNO3, and CH-B-NaHCO3 had 

higher adsorption capacity than fly ash, zeolite ZM, and calcium hydroxide. This indicates that all 

the adsorbents used in this study were effective for IC removal from water.  
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Table 12. Various adsorbent for IC dye removal from water 

Adsorbents Qe (mg/g) Conditions 
Initial IC 

concentration (mg/L) 
References 

Fly ash 1.48 Room temperature 14.7 
(De Carvalho et 

al., 2011) 

Zeolite ZM 1.23 Room temperature 11.0 
(De Carvalho et 

al., 2011) 

nWTRs 172.4 45 ºC 500 
(El-Kammah et 

al., 2022) 

WTR 30.86 45 ºC 500 
(El-Kammah et 

al., 2022) 

Composite 

Nanofibers 

(PAN/Fe3O4-

MPA) 

154.5 Room temperature 20 
(Yazdi et al., 

2018) 

Calcium 

hydroxide 
0.95 Room temperature 50 

(Ramesh et al., 

2017) 

CH-B 

CH-B-HNO3 

CH-B-

NaHCO3 

7.1 

19.5 

24.1 

Room temperature 

Room temperature 

Room temperature 

50 

50 

50 

This study 

This study 

This study 

 

2.4 Conclusion 

2.4.1 Hydrogel beads derived from SA-CTAB crosslinked CaCl2 for congo red dye 

adsorption 

This research uncovered the remarkable effectiveness of the hydrogel beads composite in 

removing CR from aqueous solutions. Factors influencing the sorption process of CR dye included 

CTAB concentrations (0.1 wt.%, 1 wt.%, and 3 wt.%, referred to as SC1, SC2, and SC3, 
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respectively), pH levels, initial CR concentration, and duration. The results demonstrated that 

increasing CTAB concentration led to increased swelling percentage and decreased carboxyl group. 

Impressively, the adsorption capacity for CR were measured at 141.08 mg/g, 144.50 mg/g and 

153.24 mg/g for SC1, SC2 and SC3, respectively. Isotherm and kinetic models were fitted 

Freundlich and pseudo-second-order models. These results strongly suggest a complex adsorption 

mechanism characterized by multilayer formations and chemical interactions. 

2.4.2 Porous SA-PAA crosslinked FeCl3 for acid black 1 dye adsorption 

This investigation revealed the exceptional efficacy of SA/PAA-Fe in eliminating AB1 

from aqueous solution. Several factors such as dosage of adosrbent, pH, initial concentration, and 

temperature were identified as influential parameters for the sorption of AB1. The adsorption 

capacity of AB1 was 4.77 mg/g, and the removal percentage was 95.43%. Langmuir and pseudo-

second-order models were used on this study to obtain information on the isotherms and kinetics 

of the adsorption process. These findings suggest that the adsorption process is a monolayer and 

involves chemical adsorption. Thermodynamic analyses (ΔG°, ΔH°, and ΔS°) demonstrated that 

the adsorption process of AB1 was endothermic and spontaneous.  

2.4.3 Performance of unactivated and activated coffee husk biochar under room temperature 

using HNO3 and NaHCO3 for indigo carmine dye adsorption from water 

Indigo carmine (IC) dye pollution in water has become a serious environmental hazard 

owing to the rising industrialization worldwide. Therefore, scientists must prioritize developing 

effective methods and materials to address these challenges as soon as possible. In this study, an 

adsorption technique was used to remove IC from water. Coffee husk biochar in unactivated (CH-

B) and activated with HNO3 (CH-B-HNO3) and NaHCO3 (CH-B-NaHCO3) were prepared as 

adsorbent. The results show that pH 2.2 is the best condition for all adsorbents. The equilibrium 
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time for CH-B-HNO3 and CH-B-NaHCO3 was within 90 min, whereas that for CH-B was 1020 

min. The adsorption capacity was increased by 63.59% and 70.53% for CH-B- HNO3 and CH-B- 

NaHCO3, respectively. The Freundlich isotherm model was fitted for CH-B and CH-B-NaHCO3, 

whereas the Langmuir isotherm model was fitted for CH-B-HNO3. P-S-O kinetic models were 

fitted for all adsorbents. This indicates that the adsorption process was chemisorption. These 

studies indicate that activating HNO3 and NaHCO3 is effective in increasing the adsorption 

capacity for IC removal from water.  
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Chapter 3: Harnessing of hydrogel beads and biochar composite to immobilize 

salinity, heavy metals and glyphosate and improvement of soil health 

3.1 Introduction 

The global agricultural landscape confronts significant challenges arising from the increase 

in global population and the growing impact of climate change. This has resulted in a rising need 

for innovative approaches to tackle the interconnected problems of water scarcity and soil 

degradation (Tomadoni et al., 2020). The productivity of agricultural food production is heavily 

dependent on soil quality and the availability of sufficient water. Human activities, such as 

unsustainable agricultural practices, deforestation, and soil pollution, can lead to soil 

mismanagement, erosion, and diminishing fertile land, which may negatively impact the 

production of food (Wantzen & Mol, 2013). Inadequate rainfall and ineffective utilization of 

accessible water substantially affect the quantity and quality of food produced. Consequently, crop 

productivity is declining annually, endangering the global food security. To ensure sufficient 

availability of food, it is crucial to rehabilitate deteriorating soils and optimize the utilization of 

limited natural resources, such as rainfall. A key research challenge involves devising innovative 

solutions to overcome existing limitations and enhance soil quality and yield to meet global 

demands (Bibi et al., 2019; Vundavalli et al., 2015). 

Furthermore, soil salinization significantly threatens crop development and productivity, 

especially in arid and semiarid regions (Qadir et al., 2017). The overall extent of soil salinization 

affects approximately 1 billion hectares, accounting for about 7% of the Earth's continental area, 

nearly ten times the size of Venezuela or twenty times France (Metternicht & Zinck, 2003). Soil 

salinity represents a notable environmental stress caused by excessive salt concentrations or 

significant amounts of exchangeable sodium ions (Na) in soil contents (Shahid et al., 2018). The 
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build-up of salts in soils results in the degradation of soil properties, leading to a decline in osmotic 

potential, which can restrict water availability to root cells, consequently hampering plant growth 

(Ahammed et al., 2020; Ashraf and Harris, 2004). Cevheri et al. (2022) and Leogrande and Vitti 

(2019) have illustrated the adverse effects of soil salinity on plant development, primarily ascribed 

to its detrimental impact on organic matter and nutrient cycling. 

The solubility of chemical fertilizers is intimately tied to nutrient cycling processes and 

organic matter in the soil. Nutrient cycling involves the uptake of nutrients by plants, their release 

into the soil upon the breakdown of organic matter, and their subsequent availability for plant use 

(Grzyb et al., 2020). Organic matter is vital as it stores nutrients, supports microbial activity, and 

makes nutrients, including those in chemical fertilizers, more soluble and accessible to plants 

(Jamir et al., 2019; Rashid et al., 2016). High levels of organic matter enhance the soil's capacity 

to retain water and nutrients, facilitating the gradual release of nutrients from organic sources and 

chemical fertilizers. This improves overall nutrient availability to plants while reducing the risk of 

nutrient leaching (Malcolm et al., 2019). Additionally, organic matter contributes to soil aggregate 

stabilization, further impacting nutrient solubility and availability by influencing soil structure and 

porosity. 

Conversely, nutrient cycling may not be as efficient in soil with low organic matter content, 

necessitating a greater reliance on soluble chemical fertilizers to meet plants' essential nutrient 

requirements. However, the effectiveness and solubility of these chemical fertilizers can be 

influenced by various factors, including pH level, electrical conductivity (EC), and the content of 

sodium (Na), potassium (K), magnesium (Mg), and calcium (Ca) (Fageria et al., 2014; Moreira et 

al., 2015). Moreover, metrics such as sodium absorption ratio (SAR) and exchangeable sodium 

percentage (ESP) provide valuable insights into establishing optimal chemical conditions within 
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the soil component (Shirokova et al., 2000). Evaluating soil salinity and sodicity typically involves 

measuring EC, SAR, and ESP parameters. Soils containing lower values of EC (<4 mS/cm), SAR 

(<13), and ESP (<15%) are generally considered natural and non-sodic soil (Shrivastava & Kumar, 

2015; Tanehgonbadi & Qaderi, 2023). EC values indicate soil salinity levels, while SAR and ESP 

values reflect the amount of sodium in the soil. 

On the other hand, arsenic (As) and iron (Fe) contamination has received significant 

attention due to its greater mobility in soil than other metals. As is a metalloid which naturally 

occurs in the environment, often found at concentrations up to 40 mg/kg (Tchounwou et al., 2004). 

Furthermore, usually farmers used glyphosate to remove unwanted plant such as grass which 

cultivated around industrial activity. Nonetheless, uncontrolled application of glyphosate in 

agricultural area can cause serious damage to environmental ecosystems. As, Fe and Glyphosate 

enters the water system through several sources such as agricultural runoff from rainfall or 

irrigation and groundwater leakage from contaminated crop residues. These contamination can be 

washed into water bodies during rain events and then settled in surrounding soils leading to become 

saline condition. As a result, this highly poisonous As, Fe and glyphosate can contaminate clean 

water and food supplies, posing a risk of As, Fe, and glyphosate poisoning that may have fatal 

consequences to human health and plant life (Shankar et al., 2014). 

Recently, hydrogel and biochar presented a promising alternative to counter the detrimental 

impacts of saline, As, Fe, and glyphosate contamination, with particular emphasis on 

immobilization techniques (Tefera et al., 2022). It absorbs water and gradually releases it to the 

surrounding soil (Z. Li & Zhang, 2023). These polymers are not only capable of soaking up and 

holding substantial quantities of water, but they also show potential as pollutant immobilization 
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agents in soil. When immobilizing in solution, pollutant molecules captured by the hydrophilic 

functional groups within, such as the hydroxyl (-OH) groups.  

Moreover, many studies have been reported to increase the porosity and surface properties 

of biochar through the use of additives during pyrolysis (H. Yang et al., 2024). For instance, (L. 

Yang et al., 2018) found that co-pyrolyzing sawdust with Ca(H2PO4)2 at 600 °C significantly 

increased the surface area of the resulting biochar. Similarly, (H. Chen et al., 2019) demonstrated 

that adding H3PO4 during pyrolysis not only increased the surface area but also the concentration 

of oxygen-containing functional groups such as carboxyl and hydroxyl groups. (H. Zhang et al., 

2022) showed that K3PO4 enhanced the pore structure and surface chemical properties of biochar, 

significantly boosting its capacity to adsorb cadmium (II). Further, (Crombie & Mašek, 2015) 

observed that adding MgO to biochar enhanced porosity and phosphorus removal  (H. Liang et al., 

2023) phosphorus removal and provided benefits as a slow-release phosphorus source due to the 

formation of Mg-P precipitates. With growing interest in improving biochar as for pollutant 

remediation, concerns about the stability of its carbon content have increased. The stability of 

biochar's carbon is crucial for its long-term effectiveness in carbon sequestration. 

Increasing the stable carbon content in biochar is one method to enhance its carbon 

sequestration potential; this generally involves intensifying the pyrolysis conditions, such as higher 

temperatures and longer residence times, which, while reducing solid yield, increase carbon release 

as gas, leading to higher CO2 emissions when these gases are burned (Crombie et al., 2013). In 

terms of carbon capture and storage, enhancing the stable carbon obtainable from a given amount 

of biomass is particularly relevant, as it effectively reduces the biomass required to sequester a 

unit of carbon. 
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The stability of biochar's carbon is linked to its condensed aromatic structure, which is 

influenced by the biomass composition and the pyrolysis conditions, especially the highest 

treatment temperature (HTT) (Ameloot et al., 2013). Some studies have shown increased carbon 

retention in biochar using additives (biomass-to-additive ratios), for example, (Ren et al., 2018) 

used Ca(OH)2 in a 1:9 ratio, and (Zhao et al., 2017) used H3PO4 in ratios of 0.359:1 and 0.718:1. 

However, to the best author knowledge, no studies have reported the use of MgO-containing 

additives in biochar to assess carbon stability. We hypothesize that MgO additions significantly 

affect the structure and stability of biochar. Our extensive investigations into the effects of MgO 

on biochar's chemical composition, porosity, surface area, organic functional groups, and chemical 

stability can broaden the understanding of how MgO-containing additives impact biochar's 

capacity for carbon sequestration. 

In this chapter, we employed various fabrication of hydrogel beads and biochar composites 

to remove saline, As, Fe, and glyphosate contamination. This study investigated a promising 

sustainable approach to managing mineral fertilizers' discharge and identified environmentally 

acceptable alternatives to enhance and mitigate soil quality in contamination areas.  

3.2 Materials and method 

3.2.1 Materials 

Calcium chloride (CaCl2, 99%), hydrochloric acid (HCl, 36.5-38%), sulfuric acid (H2SO4, 

95%), potassium chloride (KCl, 99.5%), sodium carbonate (Na2CO3, >99.8%), sodium hydrogen 

phosphate (NaHPO4, >99.95%), sodium bicarbonate (NaHCO3, >99.5%), ammonium acetate 

(CH3COONH4, >97%), potassium dichromate (K2Cr2O7, 99.5%) and sodium hydroxide (NaOH, 

99.99%) were purchased from Kanto Chemical Co. Inc., Japan. Sodium alginate was purchased 
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from Wako Chemicals, Tokyo, Japan. Poly (acrylic acid) (molecular weight: 100.000) was 

purchased from Scientific Polymer Products, INC., New York.  

3.2.2 Preparation of samples 

3.2.2.1 Effects of sodium alginate-poly (acrylic acid) cross-linked hydrogel beads on soil 

conditioner in the absence and presence of phosphate and carbonate ions 

Hydrogel beads were formed by combining 6 mL of 1 wt% sodium alginate aqueous 

solution, 6 mL of 5 wt% poly (acrylic acid) aqueous solution, 1 mL of 3 M NaOH, and 1 mL of 

distilled water (DW) for the base S-Alg/P-Acc. To create functionalized variants, S-Alg/P-

Acc@PO43- and S-Alg/P-Acc@CO32-, 1 mL of 2000 mg/L PO43- and 1 mL of 2000 mg/L CO32- 

were added, respectively, in place of DW. The samples were placed in bottle flasks and shaken on 

a rotary shaker (Rotator RT-50) for 1 h at room temperature (25°–30º C). Then, the solution was 

injected slowly using a 10 mL syringe, one drop at a time, into a pre-prepared 10 wt% CaCl2 

aqueous solution. Subsequently, the hydrogel beads were allowed to grow for 90 min to obtain the 

resultant hydrogel beads. The hydrogel beads were then washed with ethanol and DW, and then 

let to dry in an oven at 60 °C for 24 h.   

3.2.2.2 Harnessing hydrogel beads for immobilization of arsenic  

Sodium alginate and poly (acrylic acid) were mixed in DI water at concentrations of 2 and 

5 wt%, respectively, and left to stand for 24 h at room temperature. PVA was fully dissolved in 

boiling water (100 °C) at a concentration of 5 wt%. Humic acid (HA) solution was prepared by 

mixing 0.2 g of HA with 20 mL of 1 M NaOH and allowing it to react at room temperature for 24 

h, followed by filtration through filter paper. Hydrogel beads were formed in the presence (SPPG) 

and absence (SPP) of glutaraldehyde. SPPG was prepared by combining 5 mL of each solution 

containing SA, PAA, and PVA. Then, 2 mL of the HA extraction solution was added. Furthermore, 
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2 mL of a 10 g/L PO43- solution and 0.1 mL of 25% glutaraldehyde were added in a flask and 

shaken with rotary shaker for 15 min at room temperature. The resultant solution was gradually 

injected into a 10 wt% FeCl3 aqueous solution using a 10 mL syringe. The hydrogel beads were 

left for 90 min to ensure homogeneous formation before being rinsed with ethanol and DI and 

then dried in an oven at 60 °C for 24 h. SPP hydrogel bead samples were prepared using the same 

procedures as above without glutaraldehyde. 

3.2.2.3 Evaluation of slow-release fertilizers derived from hydrogel beads: sodium alginate-

poly (acrylic acid) and humic acid-encapsulated struvite for soil salinity amelioration 

3.2.2.3.1 Preparation of struvite precipitation 

Deionized water was used to prepare stock solutions of magnesium chloride, ammonium 

chloride, and sodium dihydrogen phosphate at room temperature. These solutions were mixed in 

a ratio of 1:1:1, with equal concentrations of Mg, NH4-N, and P. The pH of the solution was 

adjusted to 8.0, 8.5, 9.0, 9.5, and 10.0 by gradually adding 0.1 M NaOH solution under magnetic 

stirring for 15 min. The solution was allowed to age overnight to ensure uniformity and was filtered 

to determine the Mg, NH4-N, and P removal percentage (Removal, (%)) using Eq. (17) (Hidayat, 

Mohamad Sarbani, et al., 2023b). The resulting solid residue was dried in an oven at 60 °C for 48 

hours for further analysis. 

Removal, (%) = Ci -Ce
Ci

×100              (17) 

where Removal, (%) is the removal efficiency, and Ci and Ce are the initial and equilibrium 

phosphorus concentrations (mg/L), respectively. 

3.2.2.3.2 The procedure to encapsulate struvite in hydrogel bead 

This study utilized struvite obtained from a pH of 9.0 as the additional material to produce 

hydrogel beads encapsulation. Encapsulating struvite within hydrogel beads was carried out at 
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room temperature. To prepare Sa@S, a combination of 6 mL of 2 wt% sodium alginate aqueous 

solution, 6 mL of 5 wt% poly (acrylic acid) aqueous solution, 1 mL of 3 M NaOH, and 0.1 g of 

struvite was mixed and agitated in bottle flasks for 1 hour. The mixture was then slowly injected 

into a 10 wt% CaCl2 aqueous solution using a 10 mL syringe. The resulting hydrogel beads were 

left to grow overnight to facilitate crosslinking. Afterward, the hydrogel beads were washed with 

ethanol, deionized water, and dried in an oven at 25°C for 24 hours. The method for encapsulating 

Sa@SHa hydrogel beads involved substituting 3 M NaOH with HA solution. To prepare HA, a 

mixture of 3 M NaOH (20 mL) and 0.1 g of HA was allowed to react at room temperature for 24 

hours, after which the solution was filtered through filter paper. 

3.2.2.4 Co-pyrolysis MgO-Biochar under Difference Temperature Derived from Coffee Husk 

for glyphosate immobilization in soil: Evaluation of Biochar Characteristics and Carbon 

Stability 

3.2.2.4.1 Production of biochar 

Biochar was produced from coffee husk (CH) waste, sourced from Cooperative Solok 

Radjo in Solok, Indonesia. The CH was cut into small pieces, dried in an oven at 60 °C for three 

days, and then placed in a 50 mL crucible. During pyrolysis, magnesium oxide (MgO) was added 

in a 1:1 ratio to the CH. The mixture was then heated at a constant rate of 50 °C per minute to 

reach pyrolysis temperatures of 350 °C, 500 °C, and 650 °C, maintaining each temperature for 

three hours. Post-pyrolysis, all biochar samples were oven-dried at 60 °C for three days in 

preparation for further experiments. The samples were labelled as MgB-A, MgB-B, and MgB-C 

corresponding to the pyrolysis temperatures of 350 °C, 500 °C, and 650 °C, respectively. 
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3.2.3 Determination of the hydrogel beads porosity 

Porosity was measured using the water displacement technique, following a previous study 

(Sornkamnerd et al., 2017). The hydrogel beads were immersed in ethanol for 24 h to to remove 

unreacted monomers and create pores. The weight of the hydrogel beads was then measured with 

an electronic balance, and the porosity was determined using the following Eq. (19). 

V s= V - )W2 - W1 -W0
%

*                           (18) 

Porosity (%) = (Ws- Wd)/%
Vs

               (19) 

where Vs is the volume of the hydrogel beads (cm3), V is the volume of the ethanol solution (mL), 

W2 is the weighted sum of the empty beaker, ethanol, and hydrogel beads (g), W1 is the weight of 

empty beaker (g), W0 is the weight of dried beads (g). ρ is the density of ethanol (0.7892 g/cm3). 

where Wd is the dry weight of the beads, and Ws is the weight of the beads filled with ethanol.  

3.2.4 Carboxyl group analysis of hydrogel beads 

The carboxyl content inside the cross-linked hydrogel beads was measured using 

conductometric titration (H. Yang et al., 2012). In brief, ~25 mg of dried hydrogel bead composite 

was mixed with a 20 mM NaCl solution (2.5 mL), and the mixture was agitated for 30 min to 

achieve a uniform distribution. Subsequently, HCl (100 mM) was gradually introduced into the 

mixture to reach a pH value of 3.0. The suspension was then incrementally adjusted using a 10 

mM NaOH solution to attain a pH of 11.0. The content of carboxyl group in the crosslinked 

hydrogel beads was quantified using Eq. (20). 

COOH (mmol/g) = VNaOH × MNaOH
Wd

               (20) 
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where COOH (mmol/g) is the carboxyl content of the cross-linked hydrogel beads. VNaOH (mL) 

represents the volume of NaOH required to deprotonate COOH groups. MNaOH (mol/L) represents 

the molarity of the NaOH. where Wd (g) is the weight of the initial dry hydrogel beads.   

3.2.5 Swelling and degradation experiments 

The swelling characteristics of the hydrogel beads and the influence of pH were assessed. 

In brief, dried hydrogel beads were immersed in a glass beaker containing 25 mL of aqueous 

solution. The experiments were conducted at 25 °C for 24 h and the swelling ratio was calculated 

using the following Eq. (21). 

SR (%) = Ws-Wd
Wd

	× 	100               (21) 

where Ws is the weights of swollen hydrogels and Wd is the weights of dried hydrogels.  

The degradation of the hydrogel beads was conducted at 100 °C for 24 h. Subsequently, 

the dried hydrogel beads were immersed in 50 mL of solution. The resulting samples were filtered 

and dried in an oven at 60 °C for 24 hours. equation (22) was employed to calculate the degradation 

rate percentage.  

Degradation rate (%) = Ws-Wd
Ws

 × 100                         (22) 

where Ws is the weight of dried hydrogels before treatment, and Wd is the weight of dried 

hydrogels after treatment.  

3.2.6 Determination of soil water loss (SWL) 

We measured soil water loss (SWL) in the soil over a period of 14 days. Soils were 

purchased from a shop market in Shobara City. Initially, the soils were dried by placing in an oven 

at 60 °C for 48 h. Then, 100g of dried soil is placed into plastic container and subsequently, the 

dried hydrogel beads (1 g) were added. The soil was then watered with 100 ml of DW and weighed 
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(Wi). The containers were kept in the laboratory under ambient air and temperature conditions and 

were weighed for up to 14 days (Wt). The SWL was calculated using Eq. (23) (Rabat et al., 2016): 

SWL (%) = Wi-Wt
Soil Weight (g) 

× 100                          (23)    

3.2.7 Determination of mineral release 

The quantities of Mg, Ca, P, and NH4-N released from the hydrogel beads were assessed 

via batch water shaker experiments (BW101, Yamato, Japan). Each set of beads (0.5 g) was placed 

in 50 mL of deionized water and agitated at 25 °C with a speed of 100 rpm. Nutrient analysis (Mg, 

Ca, P, and NH4-N) was performed at intervals of 3 hours, 3 days, 7 days, and 14 days.  

3.2.8 Proximate analysis 

Proximate analysis was done following the method D1762- 84, laid down by American 

Society for Testing and Materials (ASTM) (Nguyen et al., 2022). The biochar samples were 

analyzed for their moisture content (Eq. 24), volatile matter (Eq. 25), ash content (Eq. 26), and 

fixed carbon content (Eq. 27). For the analysis on moisture content, 1 g of sample was dried in a 

laboratory oven for 3 days at 60 ℃. The moisture content was calculated using the formula below: 

Moisture content, %= Initial weight of biochar-Dry weight of biochar
Initial weight of biochar

 × 100               (24) 

The sample volatile matter was analyzed by heating at 900 ℃ for 7 min.  

Volatile matter, %= Initial weight of biochar-Dry weight of biochar
Initial weight of biochar

 × 100               (25) 

 The sample ash content was determined by heating the sample used to analyze the volatile 

matter at 815 ℃ for 3 hours.  

Ash	content, %= Initial weight of biochar-Dry weight of biochar
Initial weight of biochar

 × 100                       (26) 

Lastly, the fixed C content was calculated using the mathematical equation below: 

Fixed C, %= 100 − 	(Moisture content (%)	+	Volatile matter (%)	+	Ash content	(%))      (27) 
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3.2.9 Spectral determination 

Dissolved organic carbon (DOC) was analyzed using COD to DOC ratio (2.67) with 

mathematical calculation in (Eq. 28). This process involved preparation of biochar-DI water at a 

ratio of 1:40 (w/v), followed by shaking for 24 hours. COD was determined using pack test from 

Kyoritsu Chemical-Check Lab.,Corp. Kanagawa, Japan. 

DOC content, %= COD (mg/L)
COD to DOC ratio

 × 100                         (28) 

3.2.10 UV-Vis absorption 

Using the same DOC extraction method, dissolved organic matter (DOM) can also be 

analysed to assess its aromaticity, hydrophobic component content, and degree of humification 

with a UV-Vis Spectrophotometer (JASCO V-530). This involves measuring the absorption at 254 

nm, 260 nm, and 280 nm, which are then related to the DOC concentration as the ratio of the 

absorption coefficients at these wavelengths. This method follows the equations (29-31) as 

outlined by Huang et al. (2019). 

UV254= α254
DOC (mg/L)

 × 100                                 (29) 

UV260= α260
DOC (mg/L)

 × 100                                 (30) 

UV280= α280
DOC (mg/L)

 × 100                                 (31) 

3.2.11 Biochar carbon stability 

In this study, the resistance of biochar to environmental oxidation was evaluated using a 

H2O2 oxidation technique (Cross & Sohi, 2013b). This approach is benchmarked against charcoal 

that has naturally aged, equating to durations of 92 and 187 years at average annual temperatures 

of 17°C and 7°C, respectively (Mašek et al., 2019). Therefore, the stable carbon levels measured 

here represent the carbon sequestered in the soil, potentially eligible for carbon credits. Before 
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testing, all biochar samples were finely ground using a mortar and sieved to a size less than 250 

microns. Each char sample, containing 0.1g of carbon, was combined with 0.01 mol of hydrogen 

peroxide in a 7 mL solution in a test tube. These tubes were then heated to 80°C and maintained 

at that temperature with intermittent stirring for 48 hours until the liquid evaporated. Afterward, 

the residue was dried at 60°C over three days before analyzing the carbon content. Carbon analysis 

was conducted using the Walkley and Black wet oxidation method (Hidayat et al., 2024), and the 

percentage of stable carbon was calculated according to Equation 32.  

Stable carbon rate, %	= residual biochar carbon content (%)
initial biochar carbon content (%)

 × 100                       (32) 

3.2.12 Determination of biochar properties  

The soil's pH and electrical conductivity (EC) were assessed using pH (LAQUAtwin, 

Horiba Co., Ltd.) and a conductivity meter (LAQUAtwin, Horiba Co., Ltd.). This process involved 

preparation of soil-water mixture at a ratio of 1:5, followed by shaking for 30 minutes. The 1 M 

HCl solution was utilized to extract exchangeable cations of the soil (Mg, Ca, K, and Na). 1 g of 

biochar combined with 20 mL of 1 M HCl was shaken for 2 hours and stood one night. The cation 

exchange capacity (CEC) of the biochar was determined using the method described by (Hien et 

al., 2021). Briefly, 1 gram of biochar was mixed with 40 mL of 1 M CH3COONH4 and shaken for 

15 hours, then filtered through a membrane filter. The biochar was subsequently washed with 50 

mL of 1 M CH3COONH4. After this, 30 mL of ethanol was used to remove any residual ammonium 

from the biochar. Finally, the biochar was washed with 90 mL of 2 M KCl, and the resulting filtrate 

was analyzed for NH4 content to calculate the CEC of the biochar.   

3.2.13 Soil arsenic incubation experimental design  

 First, 0.132 g of As2O3 was dissolved in an alkaline solution of 10 mL of 1 M NaOH, then 

6 mL of 2 M HCl was added. The solution was then diluted to 100 mL with deionized water, and 
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incorporated with 100 g of soil. The soil was incubated for 3 days, then filtered and dried in an 

oven at 60 °C for 5 days for subsequent experiments. The soil arsenic-contaminated experiment 

lasted 50 days with a 2 wt% dosage at a constant temperature of 25 °C. All experiments were 

conducted in plastic cups. Soil subsamples were collected after 7, 21, and 50 days. After each 

collection, 20 g of soil samples were dried in an oven at 60 °C for 3 days for further analysis. 

3.2.14 Soil salinity incubation experimental design 

A mixture of 1 kg of air-dried soil samples and 2 L of a 250 mM NaCl solution was 

prepared in a plastic container. The soil and solution were then incubated together for three days. 

Afterward, the soil was filtered and dried in an oven at 60 °C for three days. A soil salinity 

experiment was conducted over 20 days using an experimental design that included three 

conditions: a control group with only soil, a group with soil treated with 2 wt. % Sa@S, and a 

group with soil treated with 2 wt. % Sa@SHa. The temperature of the experimental environment 

was maintained at a constant 25 °C. Hydrogel bead samples were placed in plastic cups and soaked 

with deionized water to reach 25% of the soil’s water-holding capacity. Around 30 g of soil 

samples were collected from each cup at intervals of 5, 10, and 20 days and dried in an oven at 

60 °C for three days for further analysis. 

3.2.15 Soil glyphosate incubation experimental design 

 First, 0.5 g of glyphosate was dissolved in 500 mL of DI water, then incorporated with 500 

g of soil. The soil was incubated for 4 days, then filtered and dried in an oven at 60 °C for 5 days 

for subsequent experiments. The soil glyphosate-contaminated experiment lasted 7 days with a 2 

wt% dosage under room temperature. Afterward, the soil samples were dried in an oven at 60 °C 

for 3 days for further analysis. During the incubation, a CO2 sensor was used to measure soil CO2 

emissions using the Go Direct CO2 Gas Sensor from Vernier Science Education. 
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3.2.16 Determination of soil properties 

To determine the pH and electrical conductivity (EC) of the soil, laboratory equipments 

including pH and EC meters, were utilized. Before analyzing the pH and EC, the soil and water 

were mixed at a ratio of 1:5 (w/v) and shaken for 30 min (Hidayat et al., 2020). The C/N ratio was 

determined using a Macro-Corder JM1000 CN autosampler (JMA 1000). The Olsen technique 

(Iatrou et al., 2014) was used to quantify the available phosphorus (P) using a 0.5 M NaHCO3 

solution. Soil samples (1 g) were mixed with 20 mL NaHCO3 and shaken for 30 min. Exchangeable 

cations (Ca2+, K+ and Mg2+) were assessed using the 1 N CH3COONH4 extraction method, after 

which 10 wt% NaCl was added to the soil to determine its cation exchange capacity (CEC) 

(Hidayat & Harada, 2022). The soil available NH4-N and NO3-N were extracted using 2 M KCl. 

One gram of soil sample was shaken for 2 h at room temperature (Xi et al., 2023). Soil organic 

carbon (SOC) was determined using the Walkley and Black wet oxidation method. Soil samples 

(0.5 g) were placed in a 100 mL beaker. Then, 5 mL of 1 N K2Cr2O7 (98.1 potassium dichromate 

+ 900 mL distilled water + 100 mL H2SO4) was added, shaken for a while and then 7.5 mL H2SO4 

was added, and the mixture was allowed to stand for 30 min. Subsequently, the solution was 

subjected to distilled water up to a volume of 100 mL. Then, it was allowed to stand overnight and 

measured using a UV-Vis Spectrophotometer (JASCO V-530) at λ = 561 nm. Glucose was used 

as the standard organic carbon source. To estimate exchangeable Fe, the soil was treated with 20 

mM CaCl2 at a 1:5 ratio. After 30 min of shaking, the mixture was centrifuged at 5000 rpm for 10 

min before being filtered. The Fe content was determined by pack testing at Kyoritsu Chemical-

Check Lab., Corp. Kanagawa, Japan, using the reduction and o-phenanthroline methods. To 

evaluate the available arsenic (As) levels, the soil underwent treatment with a 500 mM potassium 

dihydrogen phosphate (KH2PO4) solution at a 1:3 w/v ratio for two hours. To evaluate the available 
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glyphosate levels, 2 g of the soil underwent treatment with a 15 mL of 0.1 M potassium hydroxide 

solution for 24 hours. The quantification of glyphosate was followed (Lita et al., 2023). The 

quantification of As was then performed using pack testing methods at Kyoritsu Chemical-Check 

Lab., Corp. in Kanagawa, Japan. Bulk density and soil porosity were measured using equation (33) 

and (34), respectively.  

Bulk density (g/cm3)= ) Mass dry soil
Volume of dry soil 

*  × 100                  (33) 

Soil porosity (%)= )1− Bulk Density
Soil Particle Density 

*  × 100                       (34) 

3.2.17 Analysis of sodium adsorption ratio and exchangeable sodium percentage 

The interaction between the sodium adsorption ratio (SAR) and exchangeable sodium 

percentage (ESP) and the concentration of Mg, Ca, and K in the water extract derived from 

saturated soil can be represented mathematically using equations (35) and (36) (Tefera et al., 2022). 

SAR	 = &'

(		!"(+,	-	.')
               (35) 

ESP	 = &'
&'	-	0	-	.'	-	+,

× 100              (36) 

3.2.18 Characterization of hydrogel beads and biochar 

The functional groups of samples were analyzed using a Thermo Scientific Nicolet iS10 

FTIR instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA). 2DCOS on the FTIR were 

performed using soil samples during the incubation period. Previous literature has also described 

the relevant principles in detail (Noda & Ozaki, 2005). Origin 2024 software was used to perform 

the COS computation and graphing functions. 2DCOS can improve the spectral resolution of the 

functional group to identify binding characteristics after treating the hydrogel beads under As-

contaminated. In the 2DCOS map, the peak located on the main diagonal line of the synchronous 
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correlation map is termed an auto peak. Peaks outside this diagonal line are referred to as cross 

peaks, which reveal the correlation between spectral peaks at two different wavenumbers. Positive 

cross peaks indicate that the corresponding spectral peaks change in the same direction, whereas 

negative cross peaks suggest that the peaks change in opposite directions. The asynchronous 

correlation map highlights the asynchronous nature of spectral intensity changes at two 

wavenumber positions. This map is asymmetrical about the main diagonal line and features only 

cross peaks, with no auto peaks present (Y. Huang et al., 2020). The structural images of the 

hydrogel beads were analyzed using a benchtop SEM Miniscope TM-4000PlusII (Hitachi-hitech, 

Tokyo, Japan). Thermogravimetric analysis (TGA) was carried out using a Rigaku Thermo Plus 

TG8120, Tokyo, Japan. The analysis was conducted in an inert N2 atmosphere from 50 to 800 °C 

at a heating rate of 60 °C min-1.  

3.2.19 Statistical analysis 

Data analyses were performed with MINITAB software (version 21.3.1). Mean values 

were subjected to one-way analysis of variance (ANOVA), and treatment comparisons were 

conducted using Tukey's test (P-value <0.05). 

3.3 Results and discussion  

3.3.1 Effects of sodium alginate-poly (acrylic acid) cross-linked hydrogel beads on soil 

conditioner in the absence and presence of phosphate and carbonate ions 

3.3.1.1 Characteristics of hydrogel beads 

Figure. 37 displays the photograph of the dried hydrogel beads and impact on the absence 

and presence of PO43- and CO32- ions on the surface morphology. Based on top surface view, the 

dried hydrogel beads exhibited a rough surface with angular components for all hydrogel bead 

samples. The surface of hydrogel beads S-Alg/P-Acc@PO43- (Figure. 37c2) and S-Alg/P-
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Acc@CO32- (Figure. 37d2) have finer and smaller pore compared to S-Alg/P-Acc (Fig 37b2). In 

cross-section view of Figure. 37b3-37b4, the images show that S-Alg/P-acc has smooth and 

compact structure with less pore visibility. In contrast, hydrogel beads with the presence of PO43- 

(Figure. 37c3-37c4) and CO32- (Figure. 37d3-37d4) have rather coarse surface and visible image 

of pore with porosity opening up to 12 μm in size, with filamentous formations inside the hollow 

spaces of the hydrogel beads. Clearly, the presence of anionic ions influences the structure of 

hydrogel beads.  

Table 13. Porosity and COOH value of hydrogel beads 

Samples Porosity (%) COOH (mmol/g) 

S-Alg/P-Acc 9.54 25.87 ± 10.18 

S-Alg/P-Acc@PO43- 10.90 25.02 ± 14.83 

S-Alg/P-Acc@CO32- 14.31 3.23 ± 0.98 

Table 13 displays the percentage of porosity and the number of carboxyl groups in the 

hydrogel beads. Results show that the S-Alg/P-Acc@CO32- and S-Alg/P-Acc@PO43- composites 

had maximum porosities of 14.3% and 10.9%, respectively, while the S-Alg/P-Acc composite had 

a porosity of 9.5 %. 

The presence of anionic ions increased the porosity by 14.7 to 50.5%, probably owing to 

the reinforcement of polymer networks resulting from the crosslinks between carboxylic acids 

bridged with calcium cations. The stiff polymer network retained the volume shrinkage of the 

beads during the drying process, maintaining a higher porosity. Meanwhile, the presence of anions 

may have led to a reduction in the carboxyl content of the S-Alg/P-Acc@CO32- and S-Alg/P-

Acc@PO43- hydrogel beads because calcium ion capped some of the carboxyl groups, rendering 

them inactive for neutralization reactions. To confirm this hypothesis, the number of active 
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carboxyl groups was quantitatively evaluated by titration method. The carboxyl groups possess a 

proton (H+) that can be released by deprotonating the carboxyl group to form anions.  

 

Figure. 37. (a) photograph of dried hydrogel beads. SEM images of morphology dried hydrogel 

beads (b1-b4) S-Alg/P-Acc (c1-c4) S-Alg/P-Acc@PO43- (d1-d4) S-Alg/P-Acc@CO32-. 

Crosslink section 
view 

Top surface view  
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This neutralization process decreases the concentration of carboxyl groups in the solution. 

Anions can be constituents of robust bases or other compounds that receive protons. For instance, 

the interaction between a carboxylic acid (RCOOH) and hydroxide ion (OH−). 

RCOOH + OH- → RCOO- + H2O             (37) 

Figure. 38. FTIR spectra of hydrogel beads (i) S-Alg/P-Acc (ii) S-Alg/P-Acc@PO43- (iii) S-Alg/P-

Acc@CO32-.  

During this chemical reaction, carboxylic acid (COOH) transfers its proton to the 

hydroxide ion (OH−), resulting in the formation of a carboxylate anion (RCOO−) and water (H2O). 

This decreases the concentration of the COOH groups in the solution. As indicated in Table 13, 

the increased porosity of S-Alg/P-Acc@CO32- led to a reduction in free carboxylic groups, 

supporting the molecular model suggesting that the polymer network is reinforced by the bridging 

of calcium ion between carboxyl groups.  

Figure. 38 shows the FTIR spectra of the hydrogel beads. The peaks at 3362 cm−1, 3364 

cm−1 and 3365 cm−1 are ascribed to O-H stretching (Das et al., 2023). The absorption peaks at 1541 
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cm−1 from S-Alg/P-Acc decreased to 1539 cm−1 and 1538 cm−1 for S-Alg/P-Acc@PO43- and S-

Alg/P-Acc@CO32-, respectively, possibly due to interaction of anionic ions with the -COO- groups 

in S-Alg and P-Acc. The bands detected around 1418 cm−1, 1329 cm−1, and 1026 cm−1 are due to 

symmetric-COO-, O-H bending vibrations, and C-O-C, respectively (Hua et al., 2010). 

3.3.1.2 Swelling behaviour 

Hydrogel beads utilized for soil conditioner purposes must undergo water absorption 

during swelling (Di Martino et al., 2021). In this step, water is absorbed without hindrance, 

resulting in the dissociation of the ionic groups, charged groups repulsion, and swelling of the 

polymer chains to create volumes filled with water molecules (Kees de Kruif et al., 2015). The 

primary aim was to analyse the swelling characteristics of the hydrogel beads at pH 4, 7, and 9 

(Figure. 39).  

Figure. 39. Initial pH versus swelling properties of hydrogel beads. 

The swelling percentage of S-Alg/P-Acc was higher under acidic conditions (pH 4) than 

that of S-Alg/P-Acc@PO43- and S-Alg/P-Acc@CO32-, but lower under neutral and basic conditions. 

The lowest swelling percentage observed was a consequence of the protonation of the COOH 

groups, lead to the formation of COOH and a reduction in the repulsion between PO43- and CO32- 
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anions. Simultaneously, this process strengthens the –OH-bonding contact between carboxylate 

groups, causing the shrinkage of the hydrogel (Lohmousavi et al., 2020; Tulain et al., 2018). The 

maximum swelling for S-Alg/P-Acc@CO32- and S-Alg/P-Acc@PO43- occurred at pH 7, likely due 

to steric hindrance or repulsion generated by the anions (CO32− and PO43−) near the hydrophobic 

part of the polymer chains. The hydrophobic portions of the hydrogel beads were transformed into 

hydrophilic elements through ionic effects, selectively interacting with nearby water molecules 

(Bibi et al., 2019). At a higher pH beyond 7 led to a reduction in the swelling percentage of S-

Alg/P-Acc@PO43- and S-Alg/P-Acc@CO32-. This reaction may be due to the formation of a 

screening effect by the additional Na+ cations, which shielded the charges on the COOH groups. 

Thus, the electrostatic repulsion between effective anions are weakened, leading to a decrease in 

water absorption (Lee & Lin, 2000). 

3.3.1.3 Soil water loss studies 

Figure. 40. Contact time effect of hydrogel beads versus soil water loss. 

Figure. 40 shows the soil water loss (SWL) percentage over the 14-day period, including 

soils with hydrogel beads. The results indicated that S-Alg/P-Acc@PO43- hydrogel beads exhibited 

great water retention capability and the lowest soil water loss, with a SWL value of 48%. The 
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SWLs of the S-Alg/P-Acc@CO32- and S-Alg/P-Acc demonstrated values of 51% and 49%, 

respectively. In contrast, the SWL of soil was approximately 68%.  

Initially, the incorporation of phosphate and carbonate ions into the hydrogel beads were 

expected to affect water retention via changing the distribution of pore sizes and improved the 

surface area and pore volume (Y. Chen et al., 2021; Han et al., 2023; H. Liu et al., 2012). This can 

be proven by the percentage of porosity of the hydrogel beads as shown in Table 13. These ions 

normally can form multidirectional crosslinking with polyacrylic acid and lead to a better network 

flexibility and water storage capacity (Jiao et al., 2023). However, based on the graph shown in 

Figure. 26, the effect of phosphate and carbonate ions does not seem to be significant. Furthermore, 

hydrogel beads with the highest porosity percentage (Table 13) showed lower efficiency in water 

absorption under the investigated soil conditions. These phenomena could be caused by the density 

of the hydrogel beads and environmental factors, such as humidity and air temperature, which may 

have influenced the beads` water-holding capacity (Rabat et al., 2016). Importantly, all the soils 

containing the hydrogel beads had significantly reduced water loss in soil by approximately a 30% 

smaller SWL compared to that of the intact soil. 

3.3.1.4 Response of soil properties to hydrogel beads application 

Figure. 41 and Figure. 42 demonstrated the effects of the hydrogel beads on the soil 

characteristics. The addition of hydrogel beads did not significantly impact the soil pH (Figure. 

41a) and C/N ratio (Figure. 41b) (P-value <0.05). In contrast, there was a significant increase (P-

value <0.05) in soil EC with the addition of hydrogel beads (Figure. 41c). The maximum EC of 

the soil was observed in the following order: S-Alg/P-Acc@CO32->S-Alg/P-Acc>S-Alg/P-

Acc@PO43-. The increase in soil EC is attributed to the release of salt ions as hydrogel beads react 

with soil water.  
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Phosphorus (P) is a crucial element of soil and plant growth and cannot be replaced by any 

other elements (Neset & Cordell, 2012). A significant increase (P-value <0.05) in available P (0.50 

± 0.03 mg/g) was confirmed by the use of hydrogel beads for S-Alg/P-Acc@PO43-, whereas there 

was a reduction in the application of S-Alg/P-Acc and S-Alg/P-Acc@CO32- compared to the intact 

soil (Figure. 41d). P is known to have low mobility because it tends to precipitate, adsorb, and 

convert into organic forms (Dixon et al., 2020). It is critical to consider the possible effects of 

nutrient leaching using hydrogel beads. In this study, the available P content was expected to 

decrease because of the adsorption of the hydrogel beads (S-Alg/P-Acc and S-Alg/P-Acc@CO32-) 

since the soil pH is approximately 5.5, causing P to be present in the form of H2PO4−. Electrostatic 

interactions may possibly form between the negatively charged H2PO4− and the hydrogel beads. 

Figure. 41e shows that the use of hydrogel beads significantly increased soil CEC compared with 

the intact soil, as the hydrogel beads may contain -OH and -COOH functional groups, which have 

the potential to enhance soil CEC (van Zwieten et al., 2010). The application of hydrogel beads 

substantially enhanced SOC compared to the intact soil (P-value <0.05) (Figure. 41f). The SOC of 

the soil was the highest in the following order: S-Alg/P-Acc > S-Alg/P-Acc@PO43- > S-Alg/P-

Acc@CO32-. This may imply that the hydrogel beads retained water and able to help to maintain 

soil moisture at an appropriate level which might indirectly boost microbial activity by altering 

oxygen penetration into the soil, contributing to organic matter degradation and organic carbon 

production. Soil Fe availability decreased considerably (P-value <0.05) in the following order: 

control > S-Alg/P-Acc@PO43- > S-Alg/P-Acc@ CO32- > S-Alg/P-Acc, with a reduction of up to 

89.86% (Figure. 41g). These findings suggest that hydrogel beads have a beneficial effect on Fe 

immobilization in soil.  
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Figure. 41. Effect of hydrogel beads on soil pH, C/N ratio, electrical conductivity, available 

phosphorus, cation exchange capacity, soil organic carbon, and available Fe.  
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Figure. 42. Effect of hydrogel beads on soil available N-NH4+ and N-NO3-, and exchangeable Mg2+, 

Ca2+ and K+.    

Furthermore, the addition of hydrogel beads considerably enhanced the available N-NH4+ 

level in the soil (P-value < 0.05) (Figure. 42a). S-Alg/P-Acc@PO43- had the highest concentration 

after treatment, up to 89.16% of the intact soil. This was followed by S-Alg/P-Acc@CO32- 

(79.72%) and S-Alg/P-Acc (67.92%). Moreover, the hydrogel bead applications significantly 

decreased the content of N-NO3- in soils, and it decreased from 79.00 ± 1.41 mg/Kg (soil) to 4.30 

± 0.42 mg/Kg (S-Alg/P-Acc@CO32-) (P-value < 0.05) (Figure. 42b). It might be indicated that 

hydrogel beads application inhibit the transformation of N-NH4+ from oxidized into N-NO3- in 

soils. These results demonstrated similar trends with Zhang et al. (L. Zhang & Guan, 2022) who 
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used hydrogel-biochar composites for simultaneous enhancement and immobilization of nitrogen 

use and heavy metals, respectively. The hydrogel bead treatment resulted in considerably higher 

exchangeable Ca2+, K+, and Mg2+ levels compared to the intact soil (P-value < 0.05) (Figure. 42c-

e). Hydrogel beads may have the potential to absorb and retain water and assist in the transportation 

of ions in the soil, resulting in enhanced cations contents.  

It is interesting to note that exchangeable Mg2+ has a greater value for S-Alg/P-Acc 

compared to S-Alg/P-Acc@PO43-, and S-Alg/P-Acc@CO32-. This might indicated that the 

presence of PO43- and CO32- anionic ions from hydrogel beads may compete with Mg2+ ion for 

binding sites on soil particles through cation exchange process.   

3.3.2 Harnessing hydrogel beads for immobilization of arsenic  

3.3.2.1 Characteristics of hydrogel beads 

Table 14. Porosity and carboxyl group of hydrogel beads. 

Samples Porosity (%) COOH (mmol/g) 

SPPG 48.23 ± 13.17 25.87 ± 10.18 

SPP 68.01 ± 35.92 3.23 ± 0.98 

Figure. 43 shows the morphology of the dried hydrogel beads with and without 

glutaraldehyde, which were observed with SEM before and after As immobilized. The images 

visualized that synthesized SPP and SPPG had macro and microporous before treatment. SPP 

demonstrated a relatively uniform shape with fewer open pores compared to SPPG. These pores 

can benefit from the channelling and diffusion of components into their structure. Conversely, 

after treatment in soil, the hydrogel beads (SPPG and SPP) showed a slight change in their porous 

structure. This could be due to interaction with the soil components, deposition of As compounds 

on the hydrogel’s structure, and decomposition of the hydrogel beads in the soil.  
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Figure. 43. SEM photograph of hydrogel beads (a) SPPG before As immobilization (b) SPPG after 

As immobilization (c) SPP before As immobilization (d) SPP after As immobilization.  

Table 14 presents the percentage porosity and the amount of carboxyl groups within the 

hydrogel beads. The data indicate that SPP exhibited the highest porosity of 68.01%, whereas the 

SPPG demonstrated a lower porosity of 48.23 %. The introduction of glutaraldehyde led to a 

29.08 % difference in porosity. This reduction is attributed to the reaction of reactive aldehyde 
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groups in glutaraldehyde, which can form covalent bonds with functional groups like hydroxyl, 

amine, or carboxyl groups found in the hydrogel beads. Establishing these covalent bonds tightens 

the polymer chain network, culminating in a less porous structure as cross-linking increases. 

Conversely, the number of COOH groups in the SPPG hydrogel bead was higher than in the SPP 

sample. It might be due to glutaraldehyde reaction with other functional groups in the hydrogel 

beads, potentially forming cross-links that stabilize the structure of the hydrogel. This stabilization 

may prevent the loss or transformation of COOH groups during the preparation and washing of 

the beads, leading to an increases number of COOH groups.  

This reduction is attributed to the two reactive aldehyde groups in glutaraldehyde, which 

can form covalent bonds with functional groups like hydroxyl, amine, or carboxyl groups found 

in the hydrogel beads. The establishment of these covalent bonds tightens the polymer chain 

network, culminating in a less porous structure as cross-linking increases. Conversely, the number 

of COOH groups in the SPPG hydrogel bead was higher in comparison to the SPP sample. It might 

be due to glutaraldehyde can react with other functional groups in the hydrogel beads, potentially 

forming cross-links that stabilize the structure of the hydrogel (In this case degradation rate (Figure. 

44e). This stabilization may prevent the loss or transformation of COOH groups during the 

preparation and washing of the beads, leading to a increases number of COOH groups.  

The functional groups of the hydrogel beads before and after soil incubation are depicted 

in Figure. 44a-b. The spectral at around 3524 cm-1 is attributed to the stretching vibrations of O-H 

bonds (Fajardo et al., 2012). A noticeable reduction in peak intensity from 1599 cm-1 to 1597 cm-

1 for SPP and SPPG, respectively, is likely due to the interaction of the hydrogel bead composite 

with glutaraldehyde, which is associated with the carboxylate (-COO-) groups (Hua et al., 2010). 

The appearance of new peaks in the presence of glutaraldehyde (SPPG) at 1417 cm-1 and 1083 cm-
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1 can be attributed to the symmetric stretching of carboxylate (-COO-) and (C-O-C), respectively 

(Hua et al., 2010). The peak located at 845 cm-1 indicates the symmetric stretching of the PO4 

group, and the peak around 691 cm-1 is related to the stretching of the P-O-P bonds (Bogdan et al., 

2021). Additionally, the peak at 598 cm-1 suggests the presence of the stretching vibration of the 

Fe-O (Chelike et al., 2020). Furthermore, after As immobilization, there are new peaks appeared 

at around 1922 and 1980 cm-1, corresponding to the CN and CH2 stretching (Mecozzi et al., 2012), 

and C=O stretching, respectively (Krivoshein et al., 2020). Peak at 1413 cm-1, is attributed to -

COO- (Hua et al., 2010). While peak at 1323 cm-1, is related to OH stretching in-plane and C-H 

stretching in symmetric (Azniza et al., 2015). TGA curves of hydrogel beads is shown in Figure. 

44c. It was observed that the initial temperature of polymeric decomposition started at 203 ºC and 

222 ºC for SPPG and SPP, respectively. The final decomposition temperatures were observed at 

434 ºC and 412 ºC for SPPG and SPP, respectively. Interestingly, SPP hydrogel bead continue to 

decompose at 758 ºC as can be seen by the sharp drop in weight loss (%), while SPPG maintains 

its gradual decomposition rate until 800 ºC. Finally, the residue left for SPPG and SPP were 

34.36% and 45.11%, respectively. From the results, it could be concluded that the presence of 

glutaraldehyde reduced the thermal stability of hydrogel bead compared to without glutaraldehyde. 

3.3.2.2 Swelling and degradation behaviour 

Figure. 44d illustrates the swelling behavior of hydrogel beads when exposed to DI water, 

NaOH, and HCl solutions. The findings reveal that the swelling ratio of SPP exceeded that of 

SPPG across all tested conditions. This discrepancy is likely attributable to the reaction of 

glutaraldehyde with the hydrogel beads' functional groups, which promotes cross-linking. 
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Figure. 44. FTIR spectra of the hydrogel beads before and after As immobilization (a) hydrogel 

bead composite (SPPG) (b) hydrogel bead composite (SPP) (c) TGA curves of hydrogel beads (d) 

Swelling percentage rate of the hydrogel beads (e) Degradation percentage rate of the hydrogel 

beads using liquid solution at 100 ºC for 24 h.   
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As a result, the beads become less prone to distortion, leading to a reduced swelling rate 

and an enhanced degradation rate (as depicted in Figure. 44e). Additionally, the SPP hydrogel bead 

exhibited a notably higher swelling value in alkaline (NaOH) condition (329%). This suggests that 

the hydrogel beads possess ionizable functionalities, such as carboxylic acid (-COOH) or its 

deprotonated form, carboxylate (-COO⁻). In neutral (DI water) or acidic (HCl) media, these groups 

tend to remain protonated (COOH), fostering strong electrostatic forces within the hydrogel matrix. 

Such forces could hinder the hydrogel's capacity to absorb water, constraining its swelling 

capability (Al-qudah et al., 2014). 

3.3.2.3 SEM images and properties of soil  

The micrograph of SEM obtained from soil samples after application of SPPG and SPP 

were illustrated in Figure. 45. Based on the magnification of X400 and X3.0K, the structure of soil 

samples after SPPG and SPP treatments contain particles with the presence of pores, which were 

less dense and less compacted compared to the soil samples without any treatment. Furthermore, 

in contrast to the only soil sample, it can be noted that the soil aggregates after SPPG and SPP 

treatments exhibit larger spaces of pores, leading to lower bulk density of soil and making it ideal 

for agricultural activity. Therefore, it can be concluded that applying hydrogel beads can improve 

soil morphology and structure after 50 days of incubation. 

 Table 15 presents the soil's bulk density and porosity following a 50-day incubation period. 

The results indicate that incorporating hydrogel beads into the soil can decrease its bulk density. 

This reduction may occur because the hydrogel beads expand in volume when absorbing water 

and swelling. Such expansion displaces soil particles, which increases the soil's total volume 

without a corresponding increase in mass, thus lowering the bulk density. Additionally, the 

porosity of the soil increased after the hydrogel beads were increased. The presence of hydrogel 
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beads promotes the formation of soil aggregates and clumps of soil particles that generate larger 

pore spaces between them, thereby enhancing the soil's overall porosity. This result is similar to 

(Guo et al., 2020) who used poly-γ-glutamic acid. 

Table 15. Soil properties after 50 days of incubation. 

Samples Bulk density  Porosity  

 (g/cm3) (%) 

Soil 0.86 ± 0.018 67.61 ± 0.69 

Soil + SPPG 0.83 ± 0.070 68.78 ± 2.66 

Soil + SPP 0.80 ± 0.067 69.71 ± 2.53 

3.3.2.4 FTIR spectra and analysis of 2D correlation of soil 

The FTIR spectra of the soil are shown in Figure. 46a. In the 7 days of incubation, an 

increase in peak intensity after treated hydrogel beads from 3286 cm-1 to 3293 cm-1 and 3289 cm-

1 are attributed to the stretching vibrations of O-H and N-H bonds (Fajardo et al., 2012). This is a 

similar trend for up to 50 days of incubation. In addition, another peak around 1587 cm-1 also 

decreased after treatment of hydrogel beads for up to 50 days incubation, which corresponds to -

COO- groups (Hua et al., 2010). Moreover, there are no peak changes around 1393 cm-1 for all 

soil samples, corresponding to the NO3 band (Bantignies et al., 1998), which is a similar trend for 

N-NO3 value that there is no significant effect (Figure. 49i). Peak from 1090 to 824 cm-1 typical 

metal hydroxyl (M-OH) stretching vibration, representing As-O-M stretching vibration (B. Chen 

et al., 2013; Min et al., 2017; Wu et al., 2014). Additionally, the peak at 594 cm-1 decreased to 591 

cm-1 after the treated hydrogel bead, suggesting the presence of the Fe-O vibration peaks (Chelike 

et al., 2020) and indicating that these peaks were involved in stabilizing As.  

Furthermore, 2DCOS FTIR data to clarify the dominant functional groups of hydrogel 

beads participating in the binding of As. The synchronous map (Figure. 46b) shows positive cross-
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peaks in the regions 937 cm-1, 3280 cm-1, and 1587 cm-1 for up to the final incubations. It could be 

assigned to the O-H, N-H, and -COO- groups, respectively. In contrast, the asynchronous map 

(Figure. 46c) exhibits positive bands for all soil samples at 3280 cm-1 and 1587 cm-1, 1393 cm-1, 

while negative bands at 937 cm-1. It could be confirmed that M-OH stretching plays an important 

role in As immobilization. The proposed As immobilization as shown in Figure. 47. 

3.3.2.5 Impacts of amendments on As immobilization 

Figure. 48 depicts the impact of treatment amendments on soil arsenic (As) levels, pH, and 

electrical conductivity (EC). As shown in Figure. 48a, the concentration of available As in soil 

decreased markedly following the application of treated hydrogel beads (P<0.05). After a 50-day 

incubation period, the As concentrations were reduced to 54.74 mg/L for the untreated soil and 

6.93 and 6.68 mg/L for the SPPG and SPP-treated soils, respectively. This corresponds to 

immobilization rates of 87.34% for SPPG and 87.81% for SPP. Conversely, as indicated in Figure. 

48b, the soil pH experienced a notable reduction post-treatment with hydrogel beads (P<0.05). 

After 7 days, the pH dropped from 5.80 in the untreated control soil to 5.05 and 4.65 for SPPG and 

SPP treated soils, respectively. The pH decreased over the incubation period, reaching values of 

5.05 for untreated soil and 4.55 and 4.22 for SPPG and SPP-treated soils, respectively. This 

reduction in pH may be due to the protonation of COOH groups to form COOH2+, enhancing the 

electrostatic interactions between the positively charged hydrogel beads and the negatively 

charged As under acidic condition (H2ASO4-) (Kumar & Jiang, 2017). Additionally, soil EC 

showed a significant increase after applying hydrogel beads (P<0.05), as demonstrated in Figure. 

48c. The EC rose by 69.43% and 23.38% for SPP and SPPG treatments, respectively.  
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Figure. 45. SEM photograph of soil after 50 days of incubation (a) x100 magnification (b) x400 

magnification (c) x3000 magnification (d) x12000 magnification.  
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Figure. 46. (a) FTIR spectra of soil (b) 2DCOS FTIR synchronous of soil (c) 2DCOS FTIR 

asynchronous of soil.  
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Figure. 47. Proposed As immobilization regarding hydrogel beads application.  

3.3.2.6 Effects of amendments on nutrient availability 

After 50 days of incubation, the level of available phosphorus (P) in the soil showed a 

significant increase (P<0.05) following treatment with hydrogel beads across all treatment groups, 

with the order of increase being SPP>SPPG>Soil, as illustrated in Figure. 49a. This enhancement 
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contributes to the reduction of As levels in the soil. These findings align with Ahmad et al. (2024), 

who documented similar effects using biochar to immobilize As in soil. 

Figure. 48. Soil characteristics during incubation (a) soil Arsenic (b) soil pH (c) soil electrical 

conductivity.  

Furthermore, the cation exchange capacity (CEC) of the soil was significantly increased 

(P<0.05) when compared to the control (soil only), as depicted in Figure. 49c. This increase is 

likely due to the -OH and -COOH functional groups from the hydrogel beads, which enhance the 

soil CEC (Hidayat et al., 2024). Notably, the CEC levels were higher in samples without 
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The hydrogel bead treatment resulted in significantly higher levels of exchangeable Ca, K, 

and Na compared to the intact soil (P-value < 0.05) (Figure. 49d-f). This suggests that hydrogel 

beads can absorb and retain water, facilitating the transport of ions in the soil and thereby 

enhancing the content of these cations. However, there was no significant effect on the levels of 

Mg, N-NH₄, and N-NO₃ in the soil (Figure. 49g-i). This may be due to the low soil pH, which 

increases competition between hydrogen (H⁺) ions and Mg and N-NH₄. These cations can be 

displaced from cation exchange sites by H⁺, leading to their leaching. Additionally, low pH 

conditions can also lead to increased leaching of N-NO₃. However, this effect might be less 

pronounced in soils contaminated with As due to the inhibition of nitrate production.  

Figure. 50 illustrates the Pearson correlation in general soil parameters after 50 days of 

incubation. The results showed a strongest positive relationship between pH and As (r = 0.90). It 

might be since As immobilization depends on pH conditions. Moreover, the available P had a 

positive correlation with SOC (r = 0.92) and CEC (r = 0.89), whereas a strong and negative 

relationship for As (r = -0.97). It might be because there is competition between As and P for 

adsorption sites in the soil matrix, leading to decreased As (Figure. 48a) and increased P value 

(Figure. 49a).  
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Figure. 49. Soil nutrient characteristics after 50 days of incubation in As contaminated regarding 

hydrogel beads application.  
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Figure. 50. Pearson correlation coefficient matrix (r) of the soil nutrient characteristics after 50 

days of incubation.  

Moreover, changes in soil pH and the concentration of soluble ions could also contribute 

to the rise in available P. The soil organic carbon (SOC) value also showed a significantly 

increased (P<0.05) with the addition of hydrogel bead amendments, as displayed in Figure. 49b. 

This suggests a correlation between the presence of SOC and the increased availability of P, which 

contributes to the reduction of As levels in the soil. These findings are in line with those of Ahmad 

et al. (2024), who documented similar effects using biochar to immobilize As in soil. Furthermore, 

the cation exchange capacity (CEC) of the soil was significantly increased (P<0.05) when 

compared to the control (unamended soil), as depicted in Figure. 49c. This increase is likely due 
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to the -OH and -COOH functional groups from the hydrogel beads, which enhance the soil CEC 

(Hidayat et al, 2024). Notably, the CEC levels were higher in samples without glutaraldehyde 

(SPP) than in those with glutaraldehyde (SPPG), suggesting that glutaraldehyde may engage in 

competitive ion interactions within the soil system. 

3.3.3 Evaluation of slow-release fertilizers derived from hydrogel beads: Sodium alginate-

poly (acrylic acid) and humic acid-encapsulated struvite for soil salinity amelioration 

3.3.3.1 Characterization of precipitation 

The experiment was conducted by mixing equal volumes and concentrations of Mg, NH4-

N, and P solutions at various pH levels ranging from 8-10. The results showed that the highest Mg, 

NH4-N and P removal percentage at pH 9.0 with value of 73.21%, 98.74%, and 99.20%, 

respectively. However, as the pH increased to 10.0, the removal percentage decreased (Figure. 51). 

This suggests that there may have been additional compounds that precipitated alongside the 

struvite. These results are consistent with the study conducted by (X. Zhou & Chen, 2019) which 

used electrochemical techniques to produce struvite precipitates. Figure. 52 shows SEM 

micrographs of the residues obtained from different pH conditions. Regardless of pH, each crystal 

possessed a needle-shaped structure. Moreover, pH has a particular influence on the size of the 

crystal. Due to increased nucleation density, crystals will typically be smaller at higher pH. The 

largest crystal size was recorded at pH 8.0, while the smallest size was observed at pH 8.5. In 

addition, Figure. 52a-e presents the SEM images and assemblies of the C, O, N, P, and Mg maps, 

respectively. Notably, the samples contain significant amounts of N, P, K grains, which are 

prominent characteristics. Although the elemental maps of C, O, N, P, and Mg appear similar, the 

grains exhibit varying signal intensities (Table 16). 
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Figure. 51. Initial pH precipitation solution versus removal percentage. 

 
Figure. 52. SEM images and EDS mapping of solid residue in different pH conditions.  
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The XRD spectrum of the precipitate shown in Figure. 53 matched that of the struvite 

registered in the Powder Diffraction File (PDF) database (JCPDS 00-015-0762). The EDS data 

were used to examine the composition of the precipitation surface. The findings in Table 16 

indicate that at pH 9.0, the maximum atom percentages of N, P, and Mg were obtained. This 

discovery corresponds to the formation of struvite precipitates (as seen in Eq. 38) and is consistent 

with the study reported by (González-Morales et al., 2021).  

Mg2++NH4
++ HPO4

2-+ 6H2O → MgNH4PO4∙6H2O          (38) 

Figure. 53. XRD spectra of struvite collected at pH 9.0 condition and struvite (JCPDS 00-015-

0762). 
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Table 16. EDS data composition of struvite precipitation in different pH conditions. 

pH 
Composition (Atom %) 

C O N P Mg 

8.0 61.75 31.42 3.82 1.27 1.74 

8.5 56.90 35.00 3.97 1.84 2.29 

9.0 39.28 47.41 3.86 5.01 4.43 

9.5 51.45 38.81 3.89 2.40 3.45 

10.0 54.94 36.65 3.40 2.09 2.92 

 

3.3.3.2 Characteristics of encapsulation 

The structure of the struvite encapsulated within hydrogel beads was analyzed using 

scanning electron microscopy (SEM). Figure. 54 and Figure. 55 corresponds to Sa@S and 

Sa@SHa, respectively. The hydrogel beads were microscopically tiny, exhibiting a sponge-like 

structure with interconnected pores (Figure. 54a and Figure. 55a). The size of the pores gradually 

increased from the surface to the interior of the Sa@S hydrogel beads (Figure. 54b). The addition 

of HA was found to enhance the formation of hydrogel networks. The introduction of HA resulted 

in a change in the structure of the hydrogel beads, producing a smooth surface (Figure. 55a). Figure. 

55c illustrates the fibrous morphology of the hydrogel beads, which have interconnected pores on 

both the inside and outside of the beads. Upon closer examination, struvite crystals were observed 

on the surfaces of both the Sa@S (Figure. 54f) and Sa@SHa (Figure. 55f) hydrogel beads 

encapsulation. The fabrication process successfully encapsulated the struvite within the hydrogel 

beads, effectively regulating the release of minerals from the beads.  
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FTIR spectroscopy was utilized to investigate the functional groups within a molecule. The 

FTIR results for struvite, Sa@S, and Sa@SHa are depicted in Figure. 56a. Peaks detected between 

3227 cm-1 and 3346 cm-1 were attributed to the elongation of O-H bonds, as described by 

researchers (Das et al., 2023). Peaks identified between 2896 cm-1 and 2924 cm-1 indicated the 

stretching of N-H bonds (Valle et al., 2022). The bending frequency of water molecules was 

verified to be approximately 1650 cm-1 (Valle et al., 2022). The peak at around 1541 cm−1 

suggested the presence of COO groups formed by the combination of sodium alginate and poly 

(acrylic acid) (S. Hua et al., 2010). The wavenumbers 1328 cm−1 and 1028 cm−1 corresponded to 

the bending vibrations of O-H bonds and C-O-C bond stretching, respectively (S. Hua et al., 2010). 

The peak at 971 cm-1 corresponded to the symmetric stretching of the phosphate group, while a 

peak at 754 cm-1 was correlated to the elongation of P-O-P bonds (Bogdan et al., 2021). The peak 

at 884 cm-1 may have been responsible for cubic MgO (Chinthakuntla et al., 2016; Y. Ding et al., 

2001). Research conducted by (Chinthakuntla et al., 2016) revealed that the stretching vibration of 

Mg-O occurred within the spectral region 550-670 cm-1. 

3.3.3.3 Mineralization release rate, swelling and soil water loss study 

This present study investigated the mineral release profiles of struvite, Sa@S, and Sa@SHa 

hydrogel bead composites using distilled water at a controlled temperature of 25 °C for duration 

ranging from 3 hours to 14 days. The findings demonstrate that struvite exhibits a greater ease of 

dissolution, leading to a significantly higher release of all nutrients, including Mg, NH4-N, and P, 

compared to the encapsulated formulations of Sa@S and Sa@SHa, as shown in Figure. 56b. The 

average release rates of struvite were 47.11 mg/L, 10.96 mg/L, and 16.95 mg/L for Mg, NH4-N, 

and P, respectively, whereas for Sa@S, they were 7.81 mg/L, 0.49 mg/L, and 1.64 mg/L. 
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Figure. 54. SEM picture and EDS mapping of Sa@S hydrogel bead.  

 

C, Atom (48.84%) O, Atom (29.58%) Na, Atom (6.99%) P, Atom (0.49%) 

Mg, Atom (0.04%) Ca, Atom (8.36%) Cl, Atom (5.46%) Na, Atom (0.24%) 
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Figure. 55. SEM picture and EDS mapping of Sa@SHa hydrogel bead.  

C, Atom (47.12%) O, Atom (32.66%) N, Atom (6.07%) P, Atom (0.36%) 

Mg, Atom (0.03%) Ca, Atom (7.79%) Cl, Atom (5.66%) Na, Atom (0.30%) 

(a) 

(b) 

(c)  

Top View Cross Section View 

(EDS Mapping From f Picture)  

(d) 
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This indicates a difference of approximately 83.43%, 90.35%, and 95.54% in nutrient 

release. Similarly, for Sa@SHa, the average release rates were 7.81 mg/L, 0.49 mg/L, and 1.64 

mg/L for Mg, NH4-N, and P with percentage difference of 88.14%, 98.56%, and 93.55%. These 

percentage differences may be attributed to the barrier effect of the polymer hydrogels, hindering 

nutrient release. Furthermore, Sa@SHa showed higher percentage difference for struvite 

compared to Sa@S. This is due to the complex and intricate structure formed by the layers of HA, 

which obstructs the movement of minerals through the polymer network and into the surrounding 

environment. 

Additionally, the concentration of Ca showed a higher rate of release during the initial 3-

hour period but then decreased significantly over 14 days for both hydrogel bead encapsulations 

(Figure. 56c). This decline may be due to the higher concentration of Ca observed on the surface 

of the hydrogel beads, which act as cross-linkers and allow for the faster dissociation of Ca from 

the hydrogel beads. The process by which minerals are released from hydrogel beads can be 

described as follows: the struvite utilized in the formulations is in the form of hydrogel beads. 

Upon adding the sample into water, the hydrogel undergoes water absorption and swelling, 

resulting in the dissolution of the mineral. The dissolved mineral is gradually released into the 

water thorugh the polymeric shell due to the kinetic movement of water in the hydrogel and release 

medium. The difference in the concentration of soluble material between the internal and external 

conditions of the hydrogel bead primarily determines the rate of mineral release. However, the 

release rate slows down as the difference decreases over time. 
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Figure. 56. (a) FTIR spectra of struvite pH 9.0, Sa@S, and Sa@SHa (b) Comparison nutrient 

release from struvite pH 9.0, Sa@S, and Sa@SHa (c) Ca release from hydrogel beads (Sa@S and 

Sa@SHa) (d) Swelling rate of Sa@S and Sa@SHa (e) Soil water loss of Sa@S and Sa@SHa under 

salinity. *Indicates statistically significant at a significance level of P<0.05; ns denotes no 

significant difference in Tukey's test. 
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Figure. 56d illustrates the swelling percentage of the hydrogel beads encapsulation. The 

data regarding swelling percentage indicate that Sa@S exhibits a higher rate of swelling than 

Sa@SHa. This is most likely due to the crosslinks formed by HA, which can constrain the 

movement of polymer chains and diminish the overall flexibility of the hydrogel network. 

Consequently, the hydrogel beads may reduce capacity to swell in response to water absorption. 

Figure. 56e presents the percentage of soil water loss (SWL rate) for up to 7 days. The findings 

suggest that Sa@S hydrogel beads demonstrate significant water retention capability, with the 

lowest SWL rate recorded at 47%. Conversely, Sa@SHa exhibits a value of 52%. This showed 

that inclusion of HA into hydrogel beads has an unfavourable effect on swelling and soil water 

loss. In contrast, the SWL rate of intact saline soil was observed to be 78%. It can be concluded 

that the introduction of hydrogel beads into the soil has a positive effect on water retention in the 

soil, as indicated by a reduction in soil water loss.  

3.3.3.4 Assessment of soil quality  

3.3.3.4.1 Soil pH, EC, SAR, and ESP 

Table 17. Effect of hydrogel bead on SAR and ESP value 

Treatment 

SAR ESP 

Incubation time (days) 

5 10 20 5 10 20 

Soil (Control) 41.86 41.52 27.73 8.30 11.87 9.01 

Soil + Sa@S 17.49 22.58 12.73 5.92 6.85 2.63 

Soil + Sa@SHa 14.69 22.15 10.93 4.68 6.16 2.65 

Soil pH is vital in detecting soil quality because low and high pH levels can affect nutrient 

availability, soil structure, and microbial activity, impacting plant growth (Y.-Y. Zhang et al., 

2019). The saline soil incubation experiment was conducted for 20 days. The results showed that 
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the soil pH remained stable and unaffected by the treatment and incubation conditions (p<0.05) 

(Figure. 57a).  

Similarly, high EC levels can hinder plant water uptake and lead to osmotic stress (X. Ding 

et al., 2018). The results show that there was a significant interaction between the treatments on 

EC (p<0.05) (Figure. 57b), which showed a substantial decline over the incubation period. After 

5 days of incubation, using Sa@SHa in saline soil reduced EC from 6.09 mS/cm in the control 

treatment to 4.88 mS/cm and 5.41 mS/cm for Sa@S, respectively. After the incubation period (20 

days), the control treatment (soil) was 6.61 mS/cm, while Sa@S and Sa@SHa treatment reached 

3.83 and 3.52 mS/cm, respectively. These values indicate that the soil is normal (Negacz et al., 

2022), and suggest that the encapsulation of hydrogel beads served as a barrier, effectively 

inhibiting excessive nutrient leaching and promoting water retention, resulting in decreased soil 

electrical conductivity. 

The SAR and ESP are essential indicators of soil salinity and sodicity, respectively, 

significantly impacting crop growth (Andrade Foronda & Colinet, 2023; Gharaibeh et al., 2021). 

SAR measures the ratio of Na ions to Ca and Mg ions in the soil solution, and elevated SAR values 

indicate higher Na levels that can harm soil structure, reduce water infiltration, impede nutrient 

retention, and restrict root development. As shown in Table 17, all treatments exhibited varying 

SAR values. The application of hydrogel bead encapsulation, particularly the use of Sa@SHa, 

resulted in the most significant reduction in SAR levels, with a decrease of 60.58% from 27.73 to 

10.93, followed by Sa@S with a reduction of 54.09% compared to the soil only. 

The ESP represents the proportion of exchangeable sodium concerning the total 

exchangeable cations (including Na, Mg, Ca and K) in the soil. High ESP values suggest a greater 

Na concentration than other cations, leading to soil dispersion and reduced permeability. This can 
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negatively impact root penetration and nutrient absorption in crops. The ESP values after 

incubation are presented in Table 17, which indicates that all treatments had ESP values below 12 

following the incubation period. However, after 20 days of incubation, the application of hydrogel 

bead encapsulation resulted in the lowest values, measuring 2.65 and 2.63 for Sa@S and Sa@SHa, 

respect (Tanehgonbadi & Qaderi, 2023). These findings align with (Abdeen and Saeed, 2019), 

who used hydrogels derived from poly (vinyl alcohol) borate to remediate saline and sodic 

conditions and restore soil to its normal state. 

3.3.3.4.2 Phosphorus and organic carbon 

P is an indispensable nutrient for the development and growth of plants, performing a vital 

function in photosynthesis, energy transfer, and root formation. Adequate P levels in the soil are 

essential for optimal plant growth and (Al-Tohamy et al., 2022; J. Liu et al., 2011). The majority 

of the results of the study demonstrated that the amount of available P in the saline soil increased 

significantly over time in all treatments compared to the soil (control) treatment (Figure. 57c). 

Statistical analysis showed a remarkable relationship between treatment and incubation period 

(P<0.05). After five days of incubation, the soil treatment showed the lowest concentration of 

available P. However, the soil treated with Sa@S exhibited the most significant increase in 

available P content after incubation. The available P concentration in the study was primarily 2.18, 

4.14, and 10.40 mg/Kg for soil, Sa@S, and Sa@SHa, respectively. After 20 days of incubation, 

the values for soil, Sa@S, and Sa@SHa increased to 9.23, 31.96, and 24.85 mg/Kg, respectively. 

In contrast, SOC value revealed there was no notable difference for all treatments and incubation 

periods (P<0.05) (Figure. 57d). This may be attributed to the presence of struvite-encapsulated 

hydrogel beads, which can exacerbate stress and further limit the activity of soil organisms 

involved in the decomposition of organic matter.  
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Figure. 57. Soil characteristics (pH, EC, available P, SOC, and CEC) in saline soil regarding 

hydrogel beads application at different incubation times.  

3.3.3.4.3 Cation exchange capacity and exchangeable cations 

CEC refers to the capacity of soil to retain and exchange cations such as Ca, Mg, K, and 

Na. Higher CEC soil content can retain more nutrients, making them more fertile (Razzaghi et al., 

2021). The difference in the soil CEC was significant (P<0.05) throughout all treatments, as shown 

in Figure. 57e. Overall, the application of both hydrogel beads showed a substantial increase in 
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CEC (P<0.05) compared to soil (control) with the following order: Sa@SHa > Sa@S > soil. This 

is because carboxyl (-COOH) and aromatic rings from polymer composites can attract and bind to 

positively charged cations. When these functional groups interact with soil particles, they create 

additional sites for cation adsorption, increasing CEC.  

Figure. 58a-c depicts the exchangeable Mg, K, and Ca values for all treatments. The data 

shows that hydrogel beads encapsulated-struvite treatment leads to a significant increase in Mg, K 

and Ca (P<0.05) compared to the control. After 20 days of incubation, the Sa@S treatment 

exhibited the highest concentration of Mg, with a 99.31% increase compared to the control, 

followed by the Sa@SHa treatment, with a 97.31% increase. The Sa@SHa treatment also showed 

the highest concentration of K and Ca after 20 days of incubation, with 49.07% and 46.87% 

increases, respectively. These findings were due to the presence of struvite, a mineral complex of 

Mg and Ca ions, in the hydrogel beads. When these beads disintegrate into the soil, they release 

ions contributing to the soil's exchangeable Mg and Ca pools. Because of its porous nature, the 

hydrogel absorbed and retained significant water and nutrients such as K ion. Consequently, when 

these beads are added to the soil, they function as containers for K ion, thereby avoiding the 

leaching process and subsequent loss of nutrients. 

In contrast, the decrease in exchangeable Na was substantial (P<0.05) after treatment with 

hydrogel beads encapsulated (Figure. 58d). Specifically, there was a reduction of up to 48.93% for 

Sa@S and 46.09% for Sa@SHa. Lowering the Na concentration in soil can positively impact plant 

growth (Almeida et al., 2017; Kronzucker et al., 2013). This finding agrees with the results of 

(Costa et al., 2022), who used a hydrogel composed of potassium acrylate and acrylamide to 

recover saline soil. 
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3.3.3.4.4 Available NH4-N and NO3-N 

NH4-N and NO3-N are essential forms of nitrogen in soil that are vital for plant growth and 

soil fertility (Xu et al., 2012). These forms of nitrogen are used by plants through their roots and 

utilized for various physiological processes (Hachiya et al., 2012; Zayed et al., 2023). The study 

showed a significant increase (P<0.05) in NH4-N levels in the soil with treatment (Figure. 58e). 

After 20 days of incubation, the highest concentration of NH4-N was observed in Sa@S with a 

26.57% increase, followed by Sa@SHa with an 18.52% increase compared to the control. The 

increase observed over incubation time suggests the conversion of readily convertible nutrients to 

minerals.  

Additionally, the study discovered a significant increase (P<0.05) in NO3-N concentration 

in soil samples incubated after the hydrogel beads encapsulated application (Figure. 58f). After 20 

days of incubation, NO3-N concentration increased by 92.15% and 80.68% for Sa@S and Sa@SHa, 

respectively. This result is similar to the findings of (Tefera et al., 2022), who reported that 

liquefied biomass hydrogel increased NH4-N and NO3-N values under saline soil conditions. 
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Figure. 58. Soil characteristics (Exchangeable Mg, K, Ca, Na, Available NH4-N, and NO3-N) in 

saline soil regarding hydrogel beads application at different incubation times.  
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3.3.4 Co-pyrolysis MgO-Biochar under Difference Temperature Derived from Coffee Husk 

for glyphosate immobilization in soil: Evaluation of Biochar Characteristics and Carbon 

Stability 

3.3.4.1 Biochar characterization 

 The morphology of the biochar samples was analysed using scanning electron microscopy 

(SEM) and is presented in Figure. 59. The surfaces of all samples were uniformly coated with 

some substances, although MgB-C exhibited a relatively smooth surface. Figure. 60a displays the 

N2 adsorption/desorption isotherms, and Table 18 provides a summary of the Brunauer-Emmett-

Teller (BET) specific surface area (SBET), total pore volume (Vtotal), and average pore size (Dmeso) 

of the biochar. The results indicate that an increase in temperature leads to an increase in SBET and 

Vtotal, but a decrease in Dmeso content. From these findings, it can be concluded that the biochar 

exhibits a mesoporous structure. 

Table 18. Physical characteristics of biochar composite. 
 

Sample SBET [m2 g-1] Vtotal [cm3 g-1] Dnano [nm] 

MgB-A 10.566 0.026 9.997 

MgB-B 30.853 0.044 5.733 

MgB-C 54.937 0.048 3.520 
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Figure. 59. SEM images of biochar composite (a) MgB-A (b) MgB-B (c) MgB-C.  

Table 19. Moisture, volatile matter, ash, and fixed carbon content of biochar composite. 

Sample 
Moisture content 

(%) 

Volatile matter  

(%) 

Ash content 

(%) 

Fixed carbon  

(%) 

MgB-A 0.51 ± 0.40 25.58 ± 0.20 0.17 ± 0.13 73.74 ± 0.47 

MgB-B 0.70 ± 0.27 0.22 ± 0.04 0.25 ± 0.21 98.83 ± 0.33 

MgB-C 0.85 ± 0.12 0.12 ± 0.04 0.39 ± 0.39 98.64 ± 0.45 

(a) 

(b) 

(c) 
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The chemical functional groups of the biochar as shown in Figure. 60b. The spectral at 

3364 cm-1 is attributed to the stretching vibrations of O-H bonds. A new appearance peak for MgB-

C at 2161 cm-1 is characteristics of C≡C (Ashby et al., 2014). A peak at 1582 cm-1 is associated 

with the carboxylate (-COO-) groups (Hua et al., 2010). The peaks around 1434 cm-1 can be 

attributed to the symmetric stretching of -COO- (Hua et al., 2010). The peak spectral from 525-

2583 cm-1 revealed that the stretching vibration of Mg-O (Chinthakuntla et al., 2016). 

Figure. 60. (a) N2 adsorption/desorption of biochar composite (b) FTIR spectra of biochar 

composite.  

3.3.4.2 Biochar stability 

The content of stable carbon is a key parameter in evaluating the efficiency of biochar in 

sequestering carbon (Mašek et al., 2019). In this study, the stable carbon content was measured 

using an H2O2 oxidation method, calibrated to simulate approximately 100 years of soil aging 

(Crombie et al., 2013), as depicted in Figure. 61a.  
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Figure 61. (a) Biochar carbon stability (b) DOC concentration from biochar composite.  

The results indicate that as the pyrolysis temperature increased from 350 °C to 500 °C, the 

stable carbon content rose from 55.76% to 89.69%. However, when the temperature reached 

650 °C, the stable carbon content dropped to 72.92%, suggesting an increase in the biochar's 

reactivity at higher temperatures. This increase in reactivity could be attributed to the collapse of 

the biochar's pore structure at elevated temperatures, which exposes more active sites, and to the 

enhanced electron transfer capabilities of the graphitized structure formed at these high 

temperatures, facilitating the oxidation of biochar by oxidants such as H2O2 (H. Yang et al., 2024). 

The impact of H2O2 oxidation on biochar can be described by the following formula: 

H2O2	→	2∙OH                (39) 

OH + C → CO2↑ + H2O                         (40) 

This observation was corroborated by varying the pyrolysis temperature. The highest stable 

carbon content was recorded at 500°C for MgB-B. This indicates that the impact of MgO doping 

on the stability of carbon is influenced by the pyrolysis conditions.  
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3.3.4.3 Proximate analysis 

The quality of the biochar products was assessed using proximate analysis, as detailed in 

Table 19. The moisture content of the biochar samples, measured at room temperature, indicates 

the amount of water they contain. The volatile matter content refers to the quantity and state (liquid, 

gas, or solid) of compounds and molecules that can be released from the biochar. The ash content 

represents the mineral and incombustible material present, while the fixed carbon content shows 

the amount of solid carbon remaining after excluding moisture, volatile matter, and ash (Kasantikul 

et al., 2020). 

Generally, the moisture content in all samples was below 1%, with the highest being 0.85 

± 0.12 in the MgB-C sample. Significant differences were observed in the volatile matter content 

across all samples, with increasing pyrolysis temperatures leading to a reduction in volatile matter. 

This reduction is likely due to higher temperatures promoting the breakdown of organic material, 

resulting in the release of water vapor and organic molecules through reactions such as 

dehydrogenation, isomerization, and condensation (Hassan et al., 2023). The decrease in volatile 

matter might also be linked to the volatilization of hydrogen and oxygen (Park et al., 2019). 

The ash content in the biochar samples increased with higher carbonization temperatures. 

The observed ash content in MgB-C was 0.39 ± 0.39. The ash consists of alkaline metals such as 

potassium (K), magnesium (Mg), calcium (Ca), and sodium (Na), as well as transition metals like 

zinc (Zn), copper (Cu), and manganese (Mn) (Sadaka et al., 2014; Werner et al., 2014). These non-

combustible elements form oxides or carbonates, referred to as ash, as they do not volatilize during 

the analysis (Bakshi et al., 2020). The fixed C content showed as the pyrolysis temperature 

increased from 350 °C to 500 °C, the fixed C content rose from 73.74 ± 0.47 to 98.83 ± 0.33. 

However, when the temperature reached 650 °C, the stable carbon content was consistent above 
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98%. According to (Crombie et al., 2013) that the higher fixed C content is associated with the 

higher release of volatile matter during the pyrolysis process.  

3.3.4.4 DOC concentration 

Figure. 61b illustrates the impact of pyrolysis temperature on the dissolved organic carbon 

(DOC) concentrations released from the prepared biochar. The results indicate that DOC 

concentrations decline sharply as the pyrolysis temperature increases. This decrease in DOC 

concentration could be attributed to the reduction in volatile substance content in the biochar, 

which occurs as the pyrolysis temperature rises. At higher temperatures, the chemical bonds of 

some organic components are broken and rearranged, leading to a series of reactions including 

decomposition, condensation, cyclization, and polymerization (Liu et al., 2019). This process 

results in the formation of stable polyaromatic hydrocarbons (Huang et al., 2024). 

Table 20. DOM characteristics of biochar composite. 
 

Sample SUV254 SUV260 SUV280 

MgB-A 0.992 ± 0.03 0.885 ± 0.027 0.614 ± 0.02 

MgB-B 0.025 ± 0.001 0.027 ± 0.003 0.023 ± 0.003 

MgB-C 0.031 ± 0.003 0.040 ± 0.01 0.022 ± 0.004 

 

3.3.4.5 UV-Vis parameters 

Table 20 displays the UV-Vis parameters of biochar produced at various pyrolysis 

temperatures. UV254 is commonly utilized to assess the aromaticity of dissolved organic matter 

(DOM), while UV260 measures the content of the hydrophobic components of DOM. The trends 

observed show that UV254 and UV260 decreased and increased with pyrolysis temperature, both 

peaking at 350 °C. However, 650 °C served as the inflection point for changes in these spectral 
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parameters of DOM. This suggests that secondary reactions may occur at a pyrolysis temperature 

of 650 °C, leading to the ongoing degradation and removal of aromatic dissolved organic 

components, and the transformation of larger molecules into smaller ones within the DOM (He et 

al., 2021). The values of UV254 and UV260 were significantly higher at lower temperatures 

compared to higher temperatures, indicating that lower pyrolysis temperatures better preserve the 

aromatic and hydrophobic components in DOM. Since the aromatic structure is closely linked to 

the reactivity of DOM (Dittman et al., 2009), it can be inferred that DOM produced at lower 

pyrolysis temperatures has a more pronounced impact on the environmental behaviour of 

pollutants. UV280, which serves as an indicator of the molecular weight of organic matter and 

reflects the degree of humification of DOM (WANG et al., 2009), showed a gradual decrease with 

increasing pyrolysis temperature, reaching its highest values at 350 °C. This indicates that DOM 

produced at lower temperatures has a higher degree of humification. 

3.3.4.6 Biochar pH, EC, P, and CEC 

 Results for biochar pH, electrical conductivity (EC), available P, and cation exchange 

capacity (CEC) are presented in Figure. 62a-d. The pH measurements indicate that all samples 

were alkaline, ranging from 11.23 to 11.30. These high pH values in the WH biochar correlate 

with its respective ash content, produced at specific temperatures as shown in Table 19. The 

increase in biochar pH with temperature is likely due to the accumulation of alkali salts (Ding et 

al., 2014), and the replacement of acidic functional groups with alkaline ones during pyrolysis (Al-

Wabel et al., 2013). Consequently, biochar with a high pH may be beneficial for ameliorating soil 

acidity (Windeatt et al., 2014), a trend similarly reported by (F. Zhang et al., 2015). Regarding EC, 

the mean values varied with temperature, with the highest recorded at 600 mS/cm for MgB-C. 

These EC values align with the ash content of the respective biochar samples, suggesting that 
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higher pyrolysis temperatures lead to greater loss of volatile matter, thereby increasing the mineral 

content in the ash and subsequently the EC values (Cantrell et al., 2012). Similar result for 

available P in biochar. CEC, which indicates the biochar’s capacity to bind cations, was found to 

increase with higher pyrolysis temperatures (Hmid et al., 2014). The EC results are consistent with 

both the UV-Vis analysis and the ash content of the biochar samples. 

Figure. 62. Nutrient characteristics of biochar composite.  
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Figure. 63. Pearson correlation of biochar composite.  

3.3.4.7 Biochar available nutrients 

Figure 62e-h display the levels of available nutrients (Mg, K, Ca, and Na) in biochar 

produced at different temperatures. The highest concentrations of available Mg, K, and Na were 

observed in MgB-C, whereas the highest level of available Ca was noted in MgB-B. These results 

align with the findings of (J. W. Gaskin et al., 2008; K. Wang et al., 2020) who reported increases 

in Mg and K levels with rising pyrolysis temperatures. Figure. 63 illustrates the Pearson correlation 

in biochar characteristics. The results showed a strongest positive relationship between UV254, 

UV260, UV260, UV280 and volatile matter (r = 1). Furthermore, between DOC and volatile matter 

(r = 0.99) and stable carbon rate and fixed C (r = 0.71). It can be suggest that stable carbon have 

correlation with proximate analysis.   
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3.3.4.8 Impacts of biochar on soil CO2 emissions 

 Effect of MgO-biochar on carbon dioxide emission rate is presented in Figure. 64. CO2 

emission results were statistically significant at all the studied durations. The data shows that 

untreated sample (control) was the highest CO2 concentration compared to treated sample. Soil 

CO2 release peaked at 7 days (sample A, 553 mg/L ± 29), 1 day (sample B, 492 mg/L ± 60, and 

C, 352 mg/L ± 60), and 6 days (sample C, 401 mg/L ± 32), then it decreased and increased during 

incubation period. The total average difference percentage were 11.70%, 39.84 %, and 26.52%, 

respectively, compared to control. It might be indicates that temperature conditions influences 

capability to hold or sequester CO2 emission from soil.  

Figure. 64. Soil CO2 emission during incubation. A; soil, B; soil + MgB-A, C; soil + MgB-B, D; 

soil + MgB-C. 

3.3.4.9 Impacts of biochar amendments on glyphosate immobilization 

Figure. 65 depicts the impact of treatment amendments on soil glyphosate levels such as 

pH, P, SOC, available N-NH4 and N-NO3. As shown in Figure. 65a, the concentration of available 

glyphosate in soil decreased markedly following the application of treated hydrogel beads (P<0.05). 
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and 0.58 mg/g for B, C, and D, respectively, from 1.18 mg/g (untreated soil). This corresponds to 

immobilization rates of 40.79% for B, 37.68% for C, and 50.42% for D. Moreover, Figure. 65b, 

the soil pH experienced a notable increased significantly post-treatment with biochar (P<0.05). 

Soil pH increased by 3.8, 3.9, and 3.93 units. This increased in pH may be due to release of 

exchangeable base cations into soil which increases the net basic cations in the soil. Additionally, 

soil EC showed a significant increase after applying hydrogel beads (P<0.05), as demonstrated in 

Figure. 65c. The EC rose by 56.20%, 56.88%, 57.54% for sample B, C, and D, respectively.  

3.3.4.10 Effects of biochar amendments on soil nutrient availability 

After 7 days of incubation, the level of available phosphorus (P) in the soil showed a 

reduction, however there is no significant results based on statistics (Figure. 65d). This reduction 

in available P may be attributed to the immobilization of P during the incubation period with MgO-

Biochar. This is due to electrostatic attraction between negative charge of P ions and MgO in 

biochar surface. The SOC value showed a significant increase (P<0.05) with the addition of 

biochar amendments, as displayed in Figure. 65e. This suggests a correlation between the presence 

of SOC, biochar stable rate (Figure. 61a) and soil CO2 release (Figure. 64), which contributes to 

the reduction of glyphosate levels in the soil. Furthermore, there was significant decreased on the 

levels of N-NH4 (P<0.05) (Figure. 65f). This is might be due to that under alkaline conditions, the 

equilibrium between ammonium (NH₄) and ammonia (NH₃) shifts towards the formation of 

ammonia gas. Biochar, with its porous structure can enhance the volatilization of ammonia by 

providing more surface sites for NH₃ to escape into the atmosphere. This leads to a decrease in soil 

NH₄ concentrations. In contrast, the levels of N-NO3 increased after treated biochar (P<0.05) 

(Figure. 65g). This is probably due to nitrification process accelerated conversion of NH₄ to NO₃. 
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The biochar treatment resulted in significantly higher levels of exchangeable Ca, Na, and Mg 

compared to the intact soil (P<0.05) (Figure. 66a-c).  

Figure. 65. Soil nutrient characteristics after treated biochar composite. A; soil, B; soil + MgB-A, 

C; soil + MgB-B, D; soil + MgB-C. 
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Figure. 66. Soil nutrient characteristics after treated biochar composite. A; soil, B; soil + MgB-A, 

C; soil + MgB-B, D; soil + MgB-C. 

Figure. 67. Pearson correlation of soil nutrient characteristics after treated biochar composite. 
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While there is no significant effect for exchangeable K and CEC (P<0.05) (Figure. 66d-e). 

Figure. 67 illustrates the Pearson correlation in general soil parameters after incubation. The results 

showed a strongest negative relationship between pH and glyphosate (r = -0.90), pH and SOC (r 

= -0.87). Moreover, pH had a positive correlation with Mg (r = 0.8) and Ca (r = 0.83).  

3.4 Conclusion 

3.4.1 Effects of sodium alginate-poly (acrylic acid) cross-linked hydrogel beads on soil 

conditioner in the absence and presence of phosphate and carbonate ions 

This study demonstrated the synthesis of hydrogel beads using sodium alginate (S-Alg) 

and poly (acrylic acid) (P-Acc) as the major components, with Ca2+ ions serving as an effective 

cross-linking agent. Hydrogel beads, both in the absence (S-Alg/P-Acc) and presence of PO43- (S-

Alg/P-Acc@PO43-) and CO32- (S-Alg/P-Acc@CO32-) were examined in terms of swelling behavior, 

soil water loss (SWL), and soil properties. Hydrogel beads showed better water absorption 

properties and 30% suppression of SWL capabilities compared with the control (intact soil). There 

were no significant changes in the soil pH and C/N ratio after the application of hydrogel beads. 

Nevertheless, the N-NH4+ concentration increased while N-NO3- decreased. Hydrogel bead 

treatment may hinder the conversion of N-NH4+ to N-NO3- via nitrification in soils. In addition, 

there was a simultaneous improvement in the levels of available phosphorus (P), cation exchange 

capacity (CEC), soil organic carbon (SOC), exchangeable cations (Ca2+, K+, and Mg2+), and 

immobilization of Fe by up to 89.86%. The presence of hydroxyl (-OH) and carboxyl (-COOH) 

groups is essential for improving soil characteristics and facilitating water retention. 

3.4.2 Harnessing hydrogel beads for immobilization of arsenic 

This study entailed the successful formulation of hydrogel bead composites using sodium 

alginate (SA), polyvinyl alcohol (PVA), poly (acrylic acid) (PAA), humic acid (HA), and 
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phosphate (PO4) ions, both with (SPPG) and without (SPP) the addition of glutaraldehyde. The 

primary goals of the research were to immobilize arsenic (As) and to improve soil properties. The 

soil incubation experiments were carried out over 50 days at room temperature, ranging from 20 

to 25 °C. The findings indicated that including glutaraldehyde decreased the porosity by 29.08% 

and the degradation rate by 37.78% in 0.01 M HCl. While TGA analysis show that the presence 

of glutaraldehyde reduced the thermal stability of hydrogel bead composite. At the same time, it 

increases the levels of carboxyl (COOH) groups and enhances the swelling capacity, enabling the 

beads to absorb water up to 329% in alkaline solution. The rates at which As was immobilized 

were notable, with SPPG achieving 87.34% and SPP reaching 87.81%. The introduction of the 

hydrogel beads into the soil resulted in a marked reduction in pH, while there was a significant 

rise (P<0.05) in electrical conductivity (EC), available phosphorus (P), and soil organic carbon 

(SOC), cation exchange capacity (CEC) and exchangeable cations (Ca, K, and Na) contents. The 

application of hydrogel beads influences reduced soil bulk density and increase soil porosity. 

Pearson correlation analysis showed that pH plays an essential influence on soil characteristics in 

As contaminated. It could be attributed to this technique's effective removal of As value and 

improvement of soil health.  

3.4.3 Evaluation of slow-release fertilizers derived from hydrogel beads: Sodium alginate-

poly (acrylic acid) and humic acid-encapsulated struvite for soil salinity amelioration 

Soil salinity exerts a negative impact on crop productivity due to excessive nutrient levels 

in the soil. To address this issue, the efficacy of slow-release mineral fertilizers struvite 

encapsulated in hydrogel beads was investigated. In this study, a two-step process was employed 

to synthesize the hydrogel beads. Firstly, struvite was synthesized by mixing magnesium, 

ammonium-nitrogen, and phosphate in equal proportions. Secondly, hydrogel beads were formed 
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using sodium alginate-poly (acrylic acid) and humic acid. Subsequently, the struvite was combined 

with the hydrogel beads to create Sa@S (without humic acid) and Sa@SHa (with humic acid). 

The findings revealed that the optimal conditions for struvite formation occurred at pH 9.0. 

The study on slow-release mineral fertilizers indicated a significant release of struvite compared 

to hydrogel beads encapsulated (P<0.05). Swelling experiments demonstrated that Sa@S exhibited 

higher water retention capacities compared to Sa@SHa. Additionally, experiments on soil water 

loss rate (SWL rate) confirmed the ability of hydrogel beads to retain water in the soil, reducing 

soil water loss by up to 33.33% compared to intact soil. Furthermore, the soil salinity incubation 

experiment reveals a significant reduction in soil EC and Na after treatment with the hydrogel bead 

encapsulation. However, there is no considerable variation in pH and SOC. Additionally, there 

was a significant increase (P<0.05) in the available NH4-N, NO3-N, P, CEC, and exchangeable Ca, 

Mg and K levels. These experiments suggest that the encapsulated struvite hydrogel beads 

efficiently reduce salts and improve soil properties.  

3.4.4 Co-pyrolysis MgO-Biochar under Difference Temperature Derived from Coffee Husk 

for glyphosate immobilization in soil: Evaluation of Biochar Characteristics and Carbon 

Stability 

To investigate the effects of MgO-containing additives on the evolution of carbon structure 

and the enhancement of biochar stability, coffee husk was selected as the biomass, and MgO was 

used as the magnesium-containing additive. A series of pyrolysis experiments were conducted in 

a muffle furnace at temperatures ranging from 350°C to 650°C. The influence of temperature on 

the biochar's chemical composition, porosity, surface area, organic functional groups, and 

chemical stability was examined. It was found that temperature increases led to a rise in SBET 

(specific surface area) and Vtotal (total pore volume), but a decrease in Dmeso (pore size). The 
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stability of the biochar's carbon content showed an increase as the pyrolysis temperature was raised 

from 350 °C to 500 °C, with stable carbon content climbing from 55.76% to 89.69%. However, at 

650 °C, the stable carbon content decreased to 72.92%. The fixed carbon content was observed to 

increase with higher pyrolysis temperatures. Additionally, the aromaticity of the biochar increased 

with temperature, and the nutrient characteristics of the biochar showed optimal results at higher 

temperatures. The rates at which glyphosate was immobilized were notable, with soil + biochar 

(350 °C) achieving 40.79%, soil + biochar (500 °C) of 37.68%, and soil + biochar (650 °C) of 

50.42%. The introduction of the biochar into the soil resulted increased in pH, while there was a 

significant rise (P<0.05) in electrical conductivity (EC), and exchangeable cations (Mg, Ca, and 

Na) contents.  
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Chapter 4: Fabrication of hydrogel beads and biochar composites as soil acidity 

amelioration  

4.1 Introduction 

Ammonium (NH4) and phosphate (PO4) represent key macronutrients essential for plant 

growth and development. These elements are commonly used as agricultural fertilizers to sustain 

the world's growing population (Jing et al., 2019). The commercial manufacturing of chemical 

fertilizers heavily relies on energy sources that are not renewable, such as natural gas and finite 

mineral reserves (i.e., phosphate rock). If the demand for fertilizers continues to rise annually at a 

rate of 3%, the remaining accessible phosphate mineral sources will be diminished within 50 years 

(Nancharaiah et al., 2016). There is a need to recover resources that can be used as fertilizer. On 

the other hand, the recent escalating demand for food production has resulted in the excessive use 

of fertilizers, leading to potential water contamination, eutrophication, and an increase in harmful 

algal blooms. These algal blooms adversely impact aquatic ecosystems, reduce oxygen levels 

(Chen et al., 2018), and negatively affect the taste and odor of drinking water (Pawar et al., 2016). 

Moreover, NH4 could give rise to carcinogenic nitrates through the activity of nitrifying bacteria, 

posing a potential hazard to the general population (Nguyen et al., 2019). Potential water pollutants 

other than NH4 and PO4 are phenolic compounds in effluent from industries such as chemicals, 

petrochemicals, coke factories, and refineries (Kim et al., 2008). Phenolic substances considered 

to be hazardous and mutagenic at elevated levels, and the human body can absorb them through 

the skin (Abdelwahab and Amin, 2013; Al Bsoul et al., 2021). On the other hand, small amounts 

of phenolic compounds play a beneficial role as a vital nutrient cycling process for soil and plant 

life (Kraus et al., 2003). Therefore, if excess NH4, PO4, and phenol can be recovered from 

wastewater and supplied to the soil in optimal amounts as fertilizer, this can improve water quality 
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and also conserve valuable NH4, PO4, and phenol resources, resulting in significant environmental 

and socioeconomic advantages (Shakoor et al., 2021). 

Various effective techniques have been identified for removing water contaminants from 

liquid solutions, such as encompassing biological methods (Cai et al., 2013), precipitation (Y. 

Chen et al., 2021; González-Morales et al., 2021; Zhou & Chen, 2019), electrochemical methods 

(F. Wang et al., 2019; Z. Wang & He, 2022), ion exchange (Tarpeh et al., 2018), and adsorption 

(Harada et al., 2021; Wang et al., 2016; Xie et al., 2020). Each of these approaches possesses 

distinct advantages and limitations. Biological methods offer greater cost efficiency; nevertheless, 

the drawback lies in the residual dead bacteria post-treatment (Matei & Racoviteanu, 2021). While 

the precipitation process proves simple and effective in chemical treatment, it falters in managing 

sewage sludge, waste disposal, and organic compounds (Huang et al., 2017). Despite being costly, 

electrochemical techniques exhibit lower efficacy in ion removal (Rodrigues & da Silva, 2009). 

Ion exchange presents an alternative for removing anions by substituting sulfates (SO4) with PO4 

ions (Blaney et al., 2007). However, this approach worsens solution corrosiveness and necessitates 

expensive clean-up procedures. Adsorption, considered an efficient and widely employed method 

for water contaminant removal, is characterized by ecological sustainability, a straightforward and 

swift procedure, and high technological effectiveness. In particular, environmentally compatible 

adsorbents such as biochar and chitosan are promising because of their potential to convert 

adsorbed compounds into fertilizer. 

Biochar has garnered great attention as a prospective adsorbent due to its cost-effectiveness, 

environmental friendliness, abundance, and high carbon content (Srivatsav et al., 2020). Produced 

through pyrolysis in the temperature range of 350-800°C under a restricted oxygen supply 

(Chatterjee et al., 2020), biochar's suitability for adsorption applications is attributed to its high 
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porosity and extensive surface area (Lita et al., 2023; Suliman et al., 2017). Numerous experiments 

have been conducted to remove N-NH4, PO4, and phenol. For instance, Hu et al. (2020) utilized 

biochar derived from pineapple, orange peel, and dragon fruit, reporting maximum adsorption 

capacities for N-NH4 of 5.60 mg/g, 4.71 mg/g, and 2.65 mg/g, respectively. In another study, 

Begum et al. (2021) observed an N-NH4 adsorption capacity of 0.96 mg/g. Emenike et al. (2022) 

reported that Delonix regia biochar has a limited phenol adsorption capacity, reaching a maximum 

of 2.59 mg/g. In one study, Lawal et al. (2021) showed a phenol adsorption capability of 62.89 

mg/g using oil palm frond in the biochar. The use of coffee husks as a biochar source is currently 

in high demand and increasingly recognized as a viable alternative (Silveira Junior et al., 2023). 

Global coffee production in the 2021/2022 recorded 0.3 billion metric tons, based on 6% coffee 

husks obtained from 48% of coffee trees (Hidayat et al., 2020). However, the substantial quantities 

may pose serious issues if not properly managed. There is little studies on the simultaneous 

removal of NH4, PO4, and phenol from water. Still, this combination is being actively studied for 

use as a soil amendment, and the integration of adsorbents and agricultural applications could be 

promising. 

Enhancing the adsorption capacity via modifying biochar increases its surface 

characteristics and structure (Wu et al., 2020). Chitosan is becoming a promising polymer to be 

used as an efficient adsorbent for water pollutants due to its abundant hydroxyl (–OH) and amino 

(–NH2) functional groups, facilitating easy interactions with other substances, along with its 

environmentally friendly characteristics (W. Li et al., 2021). However, due to its low tensile 

strength and susceptibility to dissolution in acidic environments (Aranaz et al., 2021), it is not 

desirable to directly employ chitosan in wastewater treatment. Therefore, it is crucial to enhance 

chitosan`s chemical stability and adsorption capability through modification. Chitosan-metal oxide 
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composites have been synthesized as an interesting approach due to their advantageous properties, 

including chemical stability, a substantial surface area, and effective adsorptive capabilities (Nga 

et al., 2020; Spoială et al., 2022). In particular, magnetic materials have attracted much focus in 

recent years for their efficient and rapid separation of adsorbents from wastewater (Cordova 

Estrada et al., 2021; P. Wang et al., 2020). With the chemical formula Fe3O4, magnetites are highly 

magnetic particles widely utilized for their compact dimensions and extensive surface area (Fu et 

al., 2015). However, simple Fe3O4 magnetic particles generally form aggregates, reducing stability 

and limiting available functional groups (Zhao et al., 2023).Therefore, zirconium oxide (ZrO) was 

additionally incorporated to increase the porosity of chitosan (L. Zhang et al., 2022) and to increase 

the potential to adsorb PO4 ions, which is difficult with biochar alone. To improve the stability and 

physicochemical quality of the composite, cross-linking, a chemical procedure that creates strong 

covalent bonds between two or more molecules and results in their linkage was performed, which 

would improve the physicochemical qualities of chitosan (Jawad et al., 2023). Employing a 

crosslinking process to combine biochar, chitosan, ZrO, and Fe3O4 proves to be a successful 

method for increasing the surface-active sites and assisting easy separation. Thus, the integrating 

coffee husk biochar-loaded chitosan, ZrO, and magnetite (CBCZrOFe3O4) composite materials 

hold promise with diverse components. 

When the composites are used as soil modifiers, the NH4, PO4, and phenol supplied to the 

soil exist in three forms: dissolved molecules freely moving within the soil solution, sorbed 

molecules capable of reversible binding to soil particles or proteins, and polymerized molecules 

forming part of humic substances (Min et al., 2015). The compounds would be useful in mitigating 

soil acidification. Soil acidification significantly influences the soil environment, leading to 

deterioration of soil quality (Geng et al., 2022). This issue negatively impacts agricultural output 
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and food safety. Soil acidification occurs naturally and relatively slowly for hundreds to millions 

of years. However in recent decades, this process has accelerated dramatically due to acid 

deposition (Driscoll et al., 2016) and overuse of N-based fertilizers (Tian & Niu, 2015). When 

nitrogen (N) is applied to farmland soils, it undergoes a process called hydrolysis, which involves 

ammonification (R–NH2 + H+ + H2O → R–OH + NH4+ + OH⁻) and followed by nitrification (NH4+ 

+ 2O2 → 2H+ + H2O + NO3⁻). Ammonification increases the soil pH, whereas nitrification 

decreases it. Several scientists have used biochar to regulate soil acidification (Fidel et al., 2017) 

via decarboxylation and chitosan, which releases -OH groups to elevate soil pH. Phosphorus (P) 

is a macronutrient essential to soil health and plant development. It affects soil acidity by releasing 

hydrogen (H+) ions through PO43- molecules. Besides macronutrients, a micronutrient such as iron 

is needed by plants for regulation of plant growth and development and is involved in the 

metabolism processes of photosynthesis and dark respiration. A study performed by Kreslavski et 

al. (2023) has stated that treating plants with Fe3O4 nanoparticles could enhance plant growth and 

photosynthesis by minimizing the negative impact of soil salinity. In addition, Liu et al. (2023) 

have used a polymer- Fe3O4 interaction to increase soil’s pH effectively. Contrastingly, the 

presence of phenol in soil may be observed to lower the rate of organic matter’s decomposition by 

reducing soil pH. However, other studies (Hättenschwiler & Vitousek, 2000; Misra et al., 2023) 

have highlighted the addition of phenol able to improve nutrient cycling, help with chemical 

stabilization of soil N, and enhance the mobilization of nutrients such as P in soil. Since few works 

are reported regarding these compounds` effect on soil acidity, further research is needed to 

investigate the possible interactions. We hypothesize that a combination of biochar, chitosan, 

magnetite, and ZrO (CBCZrOFe3O4) could be useful to alleviate soil acidity with loaded NH4, PO4, 

and phenol via adsorption.  
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Furthermore, the utilization of polymer hydrogel to control mineral release represents a 

promising approach. The shift towards sustainable and green resources has prompted the 

exploration and adoption of biodegradable polymers like sodium alginate (SA), poly (acrylic acid) 

(PA), and carboxymethyl cellulose (CMC), which offer solutions to the cost, environmental, and 

manufacturing challenges associated with synthetic polymers. SA is a bio-based hydrogel known 

for its hydrophilic nature and non-toxicity, boasting a high capacity for swelling (Satheesh Kumar 

et al., 2023). However, the stability of SA hydrogel can be compromised by excessive ionic 

interactions or the presence of certain ions. The incorporation of PA, CMC and oleic acid (OA) by 

cross-linking method can improve the stability (Abd El-Aziz et al., 2022; Alam & Christopher, 

2018) and mechanical strength of the hydrogel composites (Enoch & Somasundaram, 2023; 

Faturechi et al., 2015). Nonetheless, when applied to soil, bulk hydrogel may not distribute evenly, 

potentially leading to irregular water distribution around the hydrogel material. In contrast, 

hydrogel beads, with their higher surface area to volume ratio compared to bulk hydrogels, 

facilitate more effective water and soil interactions, thus enabling a more uniform, and controlled 

release of minerals. 

This chapter aimed to develop (1) a novel adsorbent (CBCZrOFe3O4) to remove NH4, PO4, 

and phenol from water simultaneously in a single-step process. Subsequently, the adsorbent, 

enriched with NH4, PO4, and phenol, was employed as an alternative fertilizer to enhance soil 

acidity properties. (2) Develop a controlled-release fertilizer using hydrogel beads derived from 

SA, PA, CMC and OA, with ammonium chloride (NH4Cl) as the primary nitrogen source. The 

absence of OA was also investigated to evaluate the slow release mineral and immobilization 

effects. Additionally, the study examines CO2 emissions during the incubation of soil 

contaminated.  
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4.2 Materials and methods 

4.2.1 Materials 

Ferric chloride (FeCl3, 98%), hydrochloric acid (HCl, 36.5-38%), sulfuric acid (H2SO4, 

95%), potassium chloride (KCl, 99.5%), Iron sulfate (FeSO4, >95%), sodium carbonate (Na2CO3, 

>99.8%), sodium hydrogen phosphate (NaHPO4, >99.95%), sodium bicarbonate (NaHCO3, 

>99.5%), ammonium acetate (CH3COONH4, >97%), potassium dichromate (K2Cr2O7, 99.5%), 

oleic acid (C₁₈H₃₄O₂, 90%), and sodium hydroxide (NaOH, 99.99%) were purchased from Kanto 

Chemical Co. Inc., Japan. Sodium alginate, humic acid and glutaraldehyde was purchased from 

Wako Chemicals, Tokyo, Japan. Poly (acrylic acid), (molecular weight: 100.000) and polyvinyl 

alcohol was purchased from Scientific Polymer Products, INC., New York.  

4.2.2 Preparation of samples 

4.2.2.1 Simultaneous removal of ammonium, phosphate, and phenol via self-assembled 

biochar composites CBCZrOFe3O4 and its utilization as soil acidity amelioration 

Coffee husk biochar (CB) was generated by heating a muffle furnace at 600 °C for 3 h. The 

preparation of CB + chitosan (CBC) involved mixing 0.5 g of CB with 25 mL of chitosan solution 

(1 g of chitosan dissolved in 100 mL of 1% acetic acid for 24 h), followed by stirring the mixture 

for 1 h at 60°C. The resulting solution was filtered and washed with deionized water (DW) and 

ethanol. In addition, CBCZrO was produced by incorporating ZrClO (0.5 M) into the CBC solution. 

Finally, CBCZrOFe3O4 was prepared by adding the magnetic materials to the mixture. The 

production process for the samples was similar to that for the CBCZrO. Chitosan solution (25 mL) 

was mixed with CB (0.5 g), 1 M FeCl3, 0.5 M Fe2SO4, and ZrClO (20 mL). The mixture was 

subsequently heated until 60°C while agitated for 1 h. The pH of the mixture was raised to 10 by 

adding 3 M NaOH and stirred magnetically at room temperature for 24 h. The solution was 
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subsequently passed through filter and washed with distilled water and ethanol for multiple times 

to remove residual NaOH. All of the adsorbent samples were then dried in an oven for three days 

at 60°C for further experiments. 

4.2.2.2 Evaluation of Hydrogel Beads Composites Derived from Alginate-Poly (Acrylic 

Acid)-Carboxylmethyl Cellulose-Oleic Acid as Slow Release NH4 Fertilizer and Soil Acidity 

Conditioner with S and Fe Contaminated  

Hydrogel beads were formed by combining 6 mL of 2 wt% sodium alginate aqueous 

solution, 6 mL of 5 wt% poly (acrylic acid) aqueous solution, 6 mL of 1 wt% carboxylmethyl 

cellulose, 1 mL of 3 M NaOH, and 0.25 g NH4Cl for the SPC-A. While, SPC-B, 0.05 mL oleic 

acid was added. The samples were placed in bottle flasks and shaken for 1 h at constant temperature 

of 50 ºC. After cooled down, the solution was injected slowly into 10 wt% CaCl2 aqueous solution. 

Subsequently, the hydrogel beads were allowed to grow for one night to obtain the resultant 

hydrogel beads. The hydrogel beads were then washed with ethanol and deionized (DI) water, and 

then let to dry in an oven at 60 °C for 24 h.   

4.2.3 Batch adsorption and desorption experiments 

In a sequence of experiments, the simultaneous removal of NH4, PO4, and phenol was 

examined, considering various experimental factors such as initial pH (ranging from 6 to 10), 

concentrations of NH4, PO4, and phenol solutions (ranging from 10 to 250 mg/L), and adsorption 

duration (ranging from 30 to 90 min). Batch adsorption tests were carried out by immersing the 

adsorbent in 50 mL. The mathematical calculations for calculating the percentage of removal and 

adsorption equilibrium amount are outlined in Eq. (41) and (42), respectively. 

Removal, % = Co -Ce
Co

×100               (41) 

qe =
Co -Ce

W
×V                           (42) 
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where Removal, % is the removal efficiency, and Co and Ce are the initial and equilibrium NH4, 

PO4, and phenol concentrations (mg/L), respectively, qe is the equilibrium adsorption capacity of 

the adsorbent (mg/g), W is the amount of adsorbent (g), and V is the volume of ion solution (L).  

 In desorption studies, we used adsorption conditions such as contact time: 90 min and ions 

concentration: 250 mg/L. Then, we soaked in 1 M (HCl and H2SO4) solution for 24 h at 30 °C.  

The desorption equation is calculated using in Eq. (43) 

Desorption, % = qedes

qe
×100              (43) 

where, Desorption, %, represented by Desorption, is calculated as the ratio of the equilibrium ions 

concentration after desorption (qedes, mg/g) to the initial ions concentration after adsorption (qe, 

mg/g), multiplied by 100. 

4.2.4 Soil acidity incubation experimental design 

 One kilogram of air-dried soil samples was mixed with 1 litter of deionized water in a 

plastic container, and the pH was adjusted with 10 mM H2SO4 until the pH reached 2.5 and 4.0. 

Subsequently, the soil was incubated for 24 h, filtered, and dried in an oven at 60°C for 3 days for 

subsequent experiments. The soil acidity experiment spanned 30 days with the following 

experimental design: control (soil only at pH 2.5 and 4.0), CBCZrOFe3O4 loaded with NH4, PO4, 

and phenol (CBCZrOFe3O4-APP) (1 wt% of soil at pH 2.5 and 4.0), all conducted under a constant 

temperature of 25°C. All experiments were conducted in plastic cups, with 40% of the soil's field 

water-holding capacity. Soil subsamples were collected after 3, 7, 15, 30, and 60 days. Following 

each day of incubation, 30 g of soil samples were taken out and dried in an oven at 60°C for 3 days 

for further analysis. 
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4.2.5 Soil incubation contaminated S and Fe experimental design 

 Soil was sourced from a store in Shobara City and used to create artificial contaminated-

soil. A mixture consisting of 1 kg of air-dried soil and 1 L of a 0.5 M FeSO4 solution was prepared 

in a plastic container. This mixture was incubated for three days, after which the soil was filtered 

and dried at 60 °C for another three days. An experiment involving contaminated S and Fe was 

conducted over 30 days, employing two experimental conditions: one group of soil was treated 

with 1 wt.% SPC-A, and another with 1 wt.% SPC-B. The experiments were placed in plastic cups 

at room temperature. After 30 days, the soil samples were collected and oven-dried at 60 °C for 

three days for subsequent analysis. During the incubation, a CO2 sensor was used to measure soil 

CO2 emissions using the Go Direct CO2 Gas Sensor from Vernier Science Education. 

4.2.6 Determination of mineral release 

The quantities of NH4 released from the hydrogel beads were assessed via batch water 

shaker experiments (BW101, Yamato, Japan). Each set of beads (0.5 g) was placed in 50 mL of 

DI water, 0.01 M NaOH, 0.01 M HCl, 0.01 M NaCl, 0.01 M MgCl2 and agitated at 25 °C with a 

speed of 100 rpm. The NH4 analysis was performed at intervals of 1 day, 3 days, 7 days, and 14 

days.  

4.2.7 Determination of soil properties  

The assessment of soil pH and electrical conductivity (EC) was carried out using laboratory 

instruments such as pH meters and EC meters. Prior to the measurement of pH and EC, a mixture 

was prepared with soil and water at a 1:5 (w/v) ratio and agitated for 30 min. The available 

phosphorus (P) content in the soil was measured using the Olsen method, which involves a 0.5 M 

sodium bicarbonate (NaHCO3) solution. The exchangeable cations, specifically calcium (Ca), 

potassium (K), and magnesium (Mg), were evaluated using an ammonium acetate (CH3COONH4) 
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extraction method at a normality of 1 N. Additionally, to ascertain the soil's cation exchange 

capacity (CEC), 10 wt% sodium chloride (NaCl) was integrated with the soil. For the extraction 

of soil-available nitrogen-ammonium (N-NH4) and nitrogen-nitrate (N-NO3), a 2 M potassium 

chloride (KCl) solution was utilized. Soil organic carbon (SOC) levels were determined utilizing 

the Walkley-Black wet oxidation technique and the subsequent measurements were conducted 

using a UV-Visible Spectrophotometer (JASCO V-530) at a wavelength of 561 nm. To evaluate 

the levels of available S and Fe, the soil underwent treatment with a 20 mM solution of CaCl2 at a 

1:5 w/v ratio for a period of 30 min. The quantification of S was analysed using BaCl2-tween 80 

solution using a UV-Visible Spectrophotometer (JASCO V-530) at a wavelength of 432 nm. While 

Fe amount was then performed using pack testing methods at Kyoritsu Chemical-Check Lab., 

Corp. in Kanagawa, Japan. 

4.2.8 Analytical measurements 

The physical characteristics of CBCZrOFe3O4 were determined using the BET (Brunauer-

Emmett-Teller) technique (MicroActive AutoPore V 9600 2.03.00, Shimadzu Techno-Research 

Incorporation, Japan). The crystalline configuration of CBCZrOFe3O4 was examine using powder 

X-ray diffraction (XRD) with Cu/Kα radiation (Rigaku, SmartLab 9kW, Japan). The Fourier 

transform infrared spectroscopy (FTIR) analysis was accessed using a Thermo Scientific Nicolet 

iS10 instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA). The surface morphology of 

the adsorbent was observed by scanning electron microscopy (SEM) (Miniscope TM3000, 

Hitachi-hitech, Tokyo, Japan). The pHzpc value, representing the neutral surface charge, was 

calculated using the equation ΔpH = pH-final − pH-initial. 
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4.2.9 Statistical analysis 

Data analyses were performed with MINITAB software (version 21.3.1). Mean values 

were subjected to one-way analysis of variance (ANOVA), and treatment comparisons were 

conducted using Tukey's test (P-value <0.05). 

4.3 Results and discussion 

4.3.1 Simultaneous removal of ammonium, phosphate, and phenol via self-assembled biochar 

composites CBCZrOFe3O4 and its utilization as soil acidity amelioration 

4.3.1.1 Characterization 

The four types of porous composite adsorbents were first prepared using coffee husk 

biochar alone, and then subsequently combined with chitosan, magnetite, and ZrO, respectively. 

The photograph and morphological structures of all the adsorbents in as-synthesized state and 

after adsorption test are depicted in Figure. 68. It is evident that the CHB sample (Figure. 68b) 

exhibited porous structures, with an increase in porosity observed after the incorporation of 

chitosan (Figure. 68c) and chitosan-ZrO (Figure. 68d).  

Furthermore, the structure underwent a significant transformation with CBCZrOFe3O4 

(Figure. 63e), displaying a heterogeneous, uneven, and rough groove structure, attributed to the 

possible iron oxide layer covering the surface. However, following the adsorption process, the 

surface underwent noticeable changes, with a reduced number of rough grooves that appeared 

relatively flatter and smoother (Figure. 68f). This alteration was likely due to the presence and 

deposition of adsorbed NH4, PO4, and phenol on the surface. 

All the four types of composite adsorbents prepared were tested for their adsorption 

performance on NH4, PO4, and phenol. The adsorption of NH4, PO4, and phenol onto various 

adsorbents was conducted at pH 6 and a contact time of 30 min at room temperature (Figure. 69a). 
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Statistical analysis revealed that CBCZrOFe3O4 demonstrated the highest removal efficiency for 

NH4, PO4, and phenol (P<0.05), whereas CB exhibited the lowest removal efficiency (P<0.05). 

This indicates that the combination of chitosan and metal oxides are effective for concurrently 

removing ions from water. Consequently, this adsorbent was selected for subsequent experiments.  

Figure. 68. (a) Photograph of adsorbent. SEM photograph of the adsorbent (b) CB (c) CBC (d) 

CBCZrO (e) CBCZrOFe3O4 (before adsorption) (f) CBCZrOFe3O4-APP (after adsorption). 

(b) 

(c) (d) 

(e) 

(a) 

CB CB

CBCZr CBCZrOFe3O

(f) 
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Figure. 69. (a) Comparison of various adsorbents for simultaneous removal percentage of NH4, 

PO4, and phenol. FTIR spectra of adsorbent (b) CBCZrOFe3O4 (before adsorption) (c) 

CBCZrOFe3O4 (after adsorption) (d) XRD of CBCZrOFe3O4. Statistical analytical by Tukey test 

(P<0.05). 

Table 21. Physical characteristics of CBCZrOFe3O4. 

Adsorbent SSABET 
[m2/g] 

Pore Volume 
[mL/g] 

Average pore 
diameter [nm] Porosity (%) 

CBCZrOFe3O4 73.6 1.041 56.58 72 
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The chemical functional groups of the CBCZrOFe3O4 (Figure. 69b) and post-adsorption 

CBCZrOFe3O4 (Figure. 69c) samples were analyzed using FTIR. The decrease in peak intensity 

observed from 3188 cm-1 to 3177 cm-1 is likely due to the adsorption process involving functional 

groups engaged in intermolecular bonding interactions, such as van der Waals forces and -OH 

bonding, along with the C-H peak of phenol (Allahkarami et al., 2023; Modrzejewska, 2013; 

Zheng et al., 2020). Additionally, a shift in the peak from 1557 cm-1 to 1633 cm-1 corresponds to 

the asymmetric stretching of COO- and C=O, respectively (Qurrat-Ul-Ain et al., 2019; Ravikumar 

et al., 2013). These changes were attributed to the electrostatic interactions that occur between 

NH4 (positive charge) and carboxylate (negative charge). Another distinct shift was observed 

between 1346 cm-1 and 1434 cm-1, indicating the symmetric bending vibrations of N-H, which 

confirmed the existence of chitosan. Furthermore, the shift of the bands from 893 cm-1 to 1000 cm-

1 after adsorption, typical of the aromatic C-H bending region, suggests the adsorption of phenol 

onto the adsorbent. The presence of peaks in the range of 560 cm-1 to 595 cm-1 indicated the 

existence of Fe-O and Zr-O bonds (Azizi, 2020), serving as distinctive markers for identifying 

phosphate adsorption from a solution by the adsorbent. The appearance of new peaks after 

adsorption at 549 cm-1, 536 cm-1, and 529 cm-1 confirms the success of the adsorption process. 

Figure. 69d presents the XRD spectrum aimed at validating the crystalline structure of 

CBCZrOFe3O4. The broad diffraction peak observed within the angle range of 2θ = 10° to 20° is 

likely attributed to chitosan. Peaks identified at 30.05°, 35.45°, and 36.63° correspond to mineral 

quartz and hematite. Peaks indicating the presence of iron (Fe) are observed at 43.08°, 53.41°, 

56.98°, 62.58°, and 73.99° (L. Liu et al., 2023; M. Zhang et al., 2020). According to mercury 

intrusion analysis, the CBCZrOFe3O4 adsorbent exhibits a specific surface area (SSA-BET) of 

73.6 m2/g, a pore volume of 1.041 mL/g, an average pore diameter of 56.58 nm, and a porosity of 
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72% (see Table 21). The high porosity of the adsorbents facilitates the transfer of NH4, PO4, and 

phenol molecules within the adsorbent matrix.  

4.3.1.2 Initial pH effect and surface charge of adsorbent (pHzpc) 

The influence of pH on the adsorption capacity of adsorbents has been demonstrated to be 

significant, as indicated by (Abdellaoui et al., 2021; R. Li et al., 2017). As depicted in Figure. 70a, 

the concurrent adsorption of NH4, PO4, and phenol is subjected to variations in solution’s pH 

conditions. Notably, the findings reveal a pH of 8.0, representing the optimal condition for NH4 

and PO4 adsorption, with removal percentages of 37.50% and 77.40%, respectively. The highest 

removal percentage of phenol was examined to be 83.50% at pH condition of 6. Similar findings 

have been reported by Liu et al. (2021), who employed Rhizoma Typhonium Gigantei and Radix 

Glycyrrhizae Preparata to remove NH4 and PO4 at pH 8 .  

At pH levels below 8, the increased release of H+ ions leading to competitive interaction 

between NH4 ions and H+ for exchange site, impeding NH4 adsorption. Conversely, at pH levels 

above 8, NH4 predominantly exists in the NH3 form, resulting in a reduction in the proportion of 

NH4 removal due to the volatilization of NH4 as NH3. The formation of NH4 above pH 8 can be 

described by the following equation (44): 

NH4+ + OH− ↔ NH3 + H2O                                (44) 

Under acidic conditions, hydroxyl (-OH) and carboxyl (-COOH) groups present on the 

adsorbent's surface undergo protonation. This protonation process facilitates PO4 adsorption 

through ligand exchange with -OH groups. Furthermore, at a pH of 8.0, amino groups (-NH) exist 

in a free amine state, creating a favourable environment for PO4 adsorption in the form of H2PO4-. 

However, as pH levels increase, the concentration of H2PO4- decreases, resulting in the prevalence 

of HPO42- in the solution and consequently reducing PO4 uptake. As for phenol, raising the initial 
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pH level led to a decline in the percentage removal of phenol (Figure. 70a). This observation aligns 

with those reported by Gundogdu et al. (2012), who utilized activated carbon derived from waste 

generated in the tea industry to adsorb phenol. This decrease is attributed to phenol's nature as a 

weak acid, which reacts with NaOH to form sodium phenoxide, as depicted in Eq. (45). At higher 

pH levels, repulsion occurs between the adsorbent surface and phenolate anions due to the negative 

charge on the surface of adsorbent (Figure. 70b), resulting in decreased removal efficiency.  

C6H6O + NaOH ® C6H5NaO + H2O             (45) 

  

 

 

 

 

 

 

 

 

 

 

Figure. 70. (a) Initial pH effect versus percentage removal (b) Surface charge (pHzpc) of the 

CBCZrOFe3O4.  
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plenty of adsorption sites that are accessible to ions. Eventually after some time, there are fewer 

active sites left throughout the adsorption process, causing the uptake of ions slows down and 

fluctuates.  

 
 

 

 

 

 

 

 

 

Figure. 71. Effect of various initial ion concentrations and contact time (min) versus adsorption 

capacity (qe) (a) NH4 (b) PO4 (c) phenol.  

To further the analysis on kinetic studies, data derived from the adsorption of NH4, PO4, 

and phenol onto the adsorbent surface were evaluated using two distinct kinetic models: the 

pseudo-first-order model linear and non-linear in Eq. (46-47), respectively and the pseudo-second-

order models linear and non-linear in Eq. (48-49), respectively.  
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t/qt=1/(k2qe
2)+t/qe                                        (48) 

qt=
k2qe

2t

1+k2qet
                (49) 

where k1 (min−1) represents the rate constant of the pseudo-first-order model, t (min) denotes the 

time. Linear plots of ln(qe-qt) against ln t and t/qt against t were created and used to determine k1 

and k2 from the slopes of the linear plots corresponding to the pseudo-first-order and pseudo-

second-order models, respectively. 

Figure. 72-73 and Table 22-23 show the linear and non-linear correlation coefficients and 

kinetic factors associated with NH4, PO4, and phenol adsorption, respectively. The results observed 

that the correlation coefficient R2 of the second-order models in linear equation was higher than 

others in all analyses, and were mostly greater than 0.99. These high correlation coefficient values 

of pseudo-second-order reaction demonstrating that chemisorption was the main adsorption 

process involved in this experiment. This finding is comparable with those of the previous studies 

conducted by Mohamad Sarbani et al. (2023) utilized carboxyl methyl cellulose-chitosan 

magnetite for Cr (VI) and Pb (II) adsorption, respectively. The reaction constant (k2) was 

determined by identifying the point of intersection on the t/qe plot against t. According to the Table 

22, the rate constant values indicated that the adsorbents accelerate the absorption kinetics for NH4, 

PO4, and phenol at initial concentrations of 250, 50, and 50 mg/L, respectively after 90 minutes of 

adsorption experiments.  

4.3.1.4 Adsorption isotherm analysis 

This experiment focused on the impact of varying the initial concentrations of NH4, PO4, 

and phenol on the adsorption capacity of the adsorbent, ranging from 10 to 250 mg/L, as depicted 

in Figure. 71. The adsorption capacity exhibited a clear correlation with the initial ion 

concentration. The increase in ion adsorption is directly associated with the higher concentration 
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of the initial ions, resulting in an augmented driving force for mass transfer. Consequently, a 

steeper concentration gradient is established between the ions in the solution and those in the 

adsorbent (Al Bsoul et al., 2021; Yeliz Ozudogru & Ecem Tekne, 2023). 

From the adsorption data, the adsorption isotherms of adsorbent were analyzed using 

Langmuir, Freundlich, Temkin, and Redlich-Peterson models. The Langmuir model implies 

single-layer adsorption on a homogenous surface, wherein adsorption taking place at specified 

places on the adsorbent surface. This model suggests that no further adsorption can happen once 

an adsorbate molecule occupies a spot on a surface. By contrast, the Freundlich model is an 

empirical equation that explains multilayer adsorption on heterogeneous surfaces. This model 

signify that the adsorption process take place at a surface with uneven energy distribution, resulting 

in a heterogeneous surface. Temkin model posits that the heat of adsorption for all molecules 

within the layer diminishes proportionally with coverage because of interactions between the 

adsorbent and the adsorbate (NH4, PO4 and phenol). While, the Redlich-Peterson isotherm extends 

beyond the Langmuir model, which presupposes monolayer adsorption on a uniform surface. The 

linear mathematical representations of the Langmuir, Freundlich, Temkin, and Redlich-Peterson 

models are provided in Eq. (50), (51), (52), and (53), respectively. 

Ce
qe

= Ce
qmax

+ 1
KLqmax

                                                (50) 

log qe= logKF + 1
n

 logCe                           (51) 

qe= RTlnKT + RTlnCe               (52) 

ln( Ce
qe

)= βlnCe	- lnA               (53) 

where qe (mg/g) is the amount of solute adsorbed per unit mass of adsorbent at equilibrium 

(adsorption capacity), Ce (mg/L) is the equilibrium concentration of the solute in solution, qmax 
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(mg/g) is the maximum adsorption capacity (related to the number of adsorption sites on the 

surface), Co (mg/L) is the initial concentration. Kf (mg/g) is the Freundlich equilibrium constant 

(related to the adsorption capacity of the adsorbent) and 1/n is the Freundlich constant. R is the gas 

constants of the model (differential surface capacity for the ions sorption per unit binding energy), 

KT is the equilibrium binding constant corresponding to maximum binding energy were obtained 

from the slope and intercept of the graph of the qe versus lnCe, respectively. β is an empirical 

constant. 

Table 24 presents the linear regression coefficient (R2) values extracted from Figure. 74 

and 75, alongside additional parameters pertaining to the adsorption isotherm. The Freundlich 

model demonstrated superior accuracy in fitting the NH4, PO4, and phenol adsorption data 

compared to the Langmuir, Temkin, and Redlich-Peterson models, as indicated by higher R2 values 

across all initial concentrations. This study suggests that NH4, PO4, and phenol molecules adhere 

to the heterogeneous surface through multilayer adsorption. 
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Figure. 72. Linear curve of adsorption kinetic models (a) NH4 (b) PO4 (c) phenol. 
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Figure. 73. Non-linear curve of adsorption kinetic models (a) NH4 (b) PO4 (c) phenol. 
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Figure. 74. Linear curve of adsorption isotherm models (a) NH4 (b) PO4 (c) phenol (Langmuir and 

Freundlich). 
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Figure. 75. Linear curve of adsorption isotherm models (a) NH4 (b) PO4 (c) phenol (Temkin and 

Redlich Peterson). 
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Table 22. Linear kinetic model parameters for adsorption NH4, PO4, and phenol. 

Isotherm 

models 
Parameters 

Initial 

concentration 

(mg/L) 

Value 

NH4 PO4 Phenol 

1st-order 

R2 

10 0.2016 0.2426 0.9681 

25 0.8864 0.0030 0.0244 

50 0.1299 0.9068 0.8074 

100 0.3159 0.0071 0.5267 

250 0.7264 0.2376 0.8257 

2nd-order 

10 0.9110 0.9961 0.9994 

25 0.9947 0.9933 0.9948 

50 0.9251 0.9920 0.9231 

100 0.9854 0.9691 0.9938 

250 0.9968 0.9700 0.9980 

2nd-order 

qe (mg/g) 

10 4.6795 17.3611 28.5714 

25 31.4465 45.0450 33.0033 

50 58.4795 117.6471 185.1852 

100 222.2222 185.1852 147.0588 

250 588.2353 434.7826 500 

k2 (g/mg min-1) 

10 0.0121 0.0263 0.0013 

25 0.0056 0.0102 0.0123 

50 0.0573 0.0006 0.00005 

100 0.0004 0.0013 0.0008 

250 0.0003 0.0053 0.0009 
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Table 23. Non-linear kinetic model parameters for adsorption NH4, PO4, and phenol. 

Isotherm 

models 
Parameters 

Initial 

concentration 

(mg/L) 

Value 

NH4 PO4 Phenol 

1st-order 

R2 

10 <0.0001 <0.0001 0.9960 

25 0.8794 <0.0001 <0.0001 

50 <0.0001 0.95879 0.9769 

100 0.8206 0.19912 <0.0001 

250 0.8298 <0.0001 <0.0001 

2nd-order 

10 <0.0001 <0.0001 0.9980 

25 0.7911 <0.0001 <0.0001 

50 <0.0001 0.91905 0.9757 

100 0.73963 0.0475 <0.0001 

250 0.8482 <0.0001 <0.0001 

 

4.3.1.5 Desorption studies 

The desorption percentages of NH4, PO4, and phenol using different desorbing agent solutions 

are depicted in Figure. 76. The findings indicate that HCl exhibits the highest efficacy for NH4 and 

phenol, with values of 85.31% and 92.12%, respectively, while H2SO4 shows the highest 

desorption percentage for PO4, at 79.87%. This suggests that each desorbing agent may influence 

the simultaneous release of ions from the adsorbent.   
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Table 24. Linear isotherm model parameters for adsorption NH4, PO4, and phenol. 

Isotherm models Parameters Time 
(min) 

Value 
NH4 PO4 Phenol 

Langmuir 

R2 

30 0.9520 0.0559 0.1905 
45 0.6592 <0.0001 0.0082 
60 0.3859 0.9389 0.0240 
75 0.6275 0.0442 0.0426 
90 0.7223 0.1428 0.0090 

Freundlich 

30 0.9680 0.9585 0.6644 
45 0.9137 0.9607 0.7380 
60 0.6468 0.8473 0.7628 
75 0.7853 0.9399 0.7496 
90 0.8106 0.9854 0.7317 

Temkin 

30 0.5826 0.9085 0.6874 
45 0.6484 0.9378 0.4723 
60 0.2550 0.9139 0.4272 
75 0.4010 0.9674 0.4524 
90 0.3837 0.8409 0.4246 

Redlich-Peterson 

30 0.7994 0.8512 0.0349 
45 0.7883 0.0531 0.0005 
60 0.3474 0.0304 0.0602 
75 0.5550 0.0628 0.1384 
90 0.6765 0.0554 0.2584 

Freundlich 

Kf  
(g/mg min-1)n 

30 1.9534 1.0905 5.5187 
45 0.8257 3.050 0.9585 
60 1.005 4.2598 2.6342 
75 0.3350 3.7447 5.8339 
90 0.00000017 2.0504 9.6511 

1/n 

30 0.0848 1.9910 1.1564 
45 0.1199 1.0503 1.0129 
60 0.1356 0.9301 0.8763 
75 0.1429 0.9385 0.8119 
90 3.3209 1.0304 0.7367 
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Figure. 76. Desorption studies with different agent solutions.  

4.3.1.6 Soil response to the effect of adsorbent loaded adsorbate (NH4, PO4, and phenol) 

Figure. 77 and Figure. 78 show the results of applying CBCZrOFe3O4-APP on soil acidity 

characteristics at pH levels of 2.5 and 4.0. The results revealed that the application of 

CBCZrOFe3O4-APP did not significantly (P<0.05) altered the exchangeable acidity (Figure. 77a) 

and H+ (Figure. 77b). However, a notable decrease (P-value <0.05) was evident in soil 

exchangeable Al (Figure. 77c). This reduction may be ascribed to the reduced solubility of Al ions 

in soil water at pH levels above 5.20, thus leading to a decrease in the Al value. In addition, Al 

may compete with other cations for binding sites on soil particles, further contributing to the 

reduction in soil exchangeable Al. Furthermore, there was a significant (P-value<0.05) 

improvement in the soil pH (Figure. 77d) and EC (Figure. 77e) after treated with CBCZrOFe3O4-

APP under both initial soil pH conditions. Findings from a study by Geng et al. (2022) showed 

similar outcome of improved soil pH after biochar addition. This increase is attributed to various 

metals and polymers especially coffee husk biochar in CBCZrOFe3O4-APP, which interact with 

soil and water to influence soil pH and EC. 

0.00

20.00

40.00

60.00

80.00

100.00

120.00

140.00

HCl H2SO4

D
es

or
pt

io
n,

 %

NH4 PO4 Phenol



 215 

P is one of the major plant nutrients in the soil (Bechtaoui et al., 2021). The findings 

indicated that there was a substantial increase in available P content in the soil containing adsorbent 

(P-value<0.05) compared to intact soil (pH 2.5 and 4.0) (Figure. 77f). After three days of 

incubation, the control sample (soil only) resulted in the lowest concentration of available P for 

both pH conditions. However, the soil treated with CBCZrOFe3O4-APP showed the most 

significant increase in available P content after 60 days of incubation. This is because soil P 

becomes more soluble at pH levels above 5.20 (after treatment) (Figure. 77d), making more P 

available to the soil which simultaneously explained the decrease in the Al content (Figure. 77c). 

The soil CEC is shown in Figure. 77g. The results demonstrated a significant increase 

(P<0.05) in soil CEC following treatment with BCZrO@Fe3O4-APP compared with the control 

soil with the pH levels of 2.5 and 4.0. Interestingly, CEC exhibited a large increase after 15 days 

of incubation, followed by a significant decrease up to 60 days. This fluctuation may be attributed 

to the increased microbial activity during the initial incubation period, fuelled by the availability 

of fresh organic matter (Domingues et al., 2020). However, as decomposition progresses and 

organic matter content diminishes, microbial activity may decline, leading to a gradual decrease 

in CEC over time. Additionally, CBCZrOFe3O4-APP comprises carboxyl, hydroxyl, and phenolic 

groups on its surface, capable of attracting and retaining positively charged cations, thereby 

effectively enhancing the CEC of the soil. 
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Figure. 77. Effect of CBCZrOFe3O4-APP on soil exchangeable acidity, exchangeable H+, 

exchangeable Al, pH, EC, available P, and CEC. Statistical analytical by Tukey test (P<0.05). 
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Figure. 78. Effect of CBCZrOFe3O4-APP on soil exchangeable Mg, K, Na and Ca, available N-

NH4, N-NO3 and Fe. Statistical analytical by Tukey test (P<0.05). 
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Figure. 78a-d depict the exchangeable values of Mg, K, Na, and Ca across all treatments. 

The data highlight no significant difference (P<0.05) in soil’s Mg, K, and Na values after 60 days 

of incubation. Conversely, Ca values increased significantly (P<0.05) following the treatment with 

CBCZrOFe3O4-APP. This suggests that CBCZrOFe3O4-APP may have a high binding preference 

for Ca compared to Mg, K and Na, potentially resulting in an increase in soil Ca levels. 

Additionally, the introduction of CBCZrOFe3O4-APP significantly increased available N-NH4 

levels in the soil (P< 0.05) (Figure. 78e). Specifically, CBCZrOFe3O4-APP + soil at an initial pH 

of 4.0 displayed the maximum concentration of N-NH4 after a 60-day incubation period, reaching 

up to 93.17% of the control soil content, followed by CBCZrOFe3O4-APP + soil at an initial pH 

of 2.5 (91.78%). Moreover, the application of CBCZrOFe3O4-APP resulted in a substantial 

reduction of the N-NO3 content in the soils, with a decrease of up to 65.91% after 60 days of 

incubation (Figure. 78f). This reduction implies that the application of CBCZrOFe3O4-APP, 

particularly at pH levels above 5.20, created conditions for Fe oxide to partially inhibited 

nitrification, thereby allowing more N-NH4, to persist in the soil. Numerous studies have supported 

the role of iron oxide in forming organo-Fe precipitates (flocs) in soil which can delay the process 

of nitrification in soil (Jiang et al., 2015; Slimani et al., 2024).  

As previously mentioned, iron oxides are likely to coprecipitate and form flocs, therefore 

we anticipated a decrease in the soil Fe value after treatment with CBCZrOFe3O4-APP. The results 

show a reduction in available soil Fe (P<0.05) (Figure. 78g). The available soil Fe content 

decreased by 64.32% after a 60-day incubation period with CBCZrOFe3O4-APP. This 

phenomenon could also be attributed to carboxyl and amine groups, which may acquire negative 

charges at pH levels of 5.2 or higher. In contrast, phenolic and hydroxyl groups from 

CBCZrOFe3O4-APP may remain neutral or negatively charged. These disparities in surface charge 
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can influence the electrostatic interactions between the soil particles and Fe ions, consequently 

affecting their sorption and immobilization. 

4.3.2 Evaluation of Hydrogel Beads Composites Derived from Alginate-Poly (Acrylic Acid)-

Carboxylmethyl Cellulose-Oleic Acid as Slow Release NH4 Fertilizer and Soil Acidity 

Conditioner with S and Fe Contaminated 

4.3.2.1 Characteristics of hydrogel beads 

Table 25. Porosity and carboxyl group of hydrogel beads. 

Samples Porosity (%) COOH (mmol/g) 

SPC-A 43.30 ± 7.36  21.33 ± 5.83 

SPC-B 57.91 ± 32.43 38.53 ± 10.04 

Figure. 79. SEM photograph of hydrogel beads (a) SPC-A (b) SPC-B.  
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Figure. 79 displays the SEM morphology images of the dried hydrogel beads. The images 

reveal that both SPC-A and SPC-B exhibit a 3D interconnected porous structure with macro- and 

micropores. SPC-B shows a more uniform bead shape with fewer open pores compared to SPC-

A. These pores are beneficial for the channelling and diffusion of components into the structure. 

Table 25 presents the porosity percentages and the amount of COOH groups within the 

hydrogel beads. The data indicate that SPC-B exhibited the highest porosity with a value of 57.91 

± 32.43, whereas the SPC-A composite demonstrated a lower porosity of 43.30 ± 7.36. The 

introduction of oleic acid led to a 25.22% difference. Similarly, the number of COOH groups in 

the SPC-B hydrogel bead was higher in comparison to the SPC-B sample with 44.64% difference.  

 
Figure. 80. FTIR spectra of hydrogel beads. 

The surface functional groups of the hydrogel beads, are depicted in Figure. 80. The 

spectral range from 3008 cm-1 to 3524 cm-1 is attributed to the stretching vibrations of O-H bonds. 

A new appearance peak for SPC-B at 2161 cm-1 is characteristics of C≡C (Ashby et al., 2014). A 

increase in peak intensity from 1544 cm-1 to 1547 cm-1 for SPC-A and SPC-B, respectively, it 

might be due to the interaction of the hydrogel bead composite with oleic acid, which is associated 
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with the carboxylate (-COO-) groups (Hua et al., 2010). The peaks around 1417 cm-1, 1328 cm-1 

and 1083 cm-1 can be attributed to the symmetric stretching of carboxylate (-COO-), (C-O), and 

(C-O-C), respectively (Hua et al., 2010). Additionally, the peak at 594 cm-1 suggests the presence 

of the stretching vibration of the Ca-O bond. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure. 81. Swelling rate of hydrogel beads under different solution. 

4.3.2.2 Swelling behaviour 

Figure. 81 illustrates the swelling behaviour of hydrogel beads when exposed to DI water, 

NaOH, HCl, NaCl and MgCl2 solutions. The findings revealed that the swelling rate under NaOH 

solution was achieved higher result for both samples compared to others solution. This suggests 

that the hydrogel beads possess ionizable functionalities, such as carboxylic acid (-COOH) or its 

deprotonated form, carboxylate (-COO⁻). In neutral, acidic and salt conditions, these groups tend 

to remain protonated (COOH), fostering strong electrostatic forces within the hydrogel matrix. 

Such forces could hinder the hydrogel's capacity to absorb water, thereby constraining its swelling 

capability (Al-qudah et al., 2014). Therefore, SPC-A was higher result compared to SPC-B, this is 

due to that the oleate ion are more hydrophobic compared to the non-ionized form of oleic acid. 

This means they have a lower affinity for water molecules.  
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Figure. 82. Slow release NH4 rate from hydrogel beads. (*) Indicates statistically significant at a 

significance level of P ≤ 0.05; (ns) denotes no significant difference in Tukey's test. 

4.3.2.3 NH4 release rate 

This present study investigated the NH4 release profiles of hydrogel bead composites using 

DI water, NaOH and HCl. The findings demonstrate that SPC-A exhibits a greater ease of 

dissolution, leading to a higher release of NH4 compared to the SPC-B, as shown in Figure. 82. 

The average release rates of SPC-A were 12.59 mg/L, 11.78 mg/L, and 14.73 mg/L for DI water, 

NaOH, and HCl, respectively, whereas for SPC-B, they were 9.39 mg/L, 9.08 mg/L, and 10.05 

mg/L. This indicates a difference of approximately 25.45%, 22.91%, and 31.77% in NH4 release. 

These percentage differences may be attributed to the complex and intricate structure formed by 

the layers of oleic acid, which obstructs the movement of minerals through the polymer network 

and into the surrounding environment. 
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4.3.2.4 Impacts of amendments on soil CO2 emissions 

 Effect of hydrogel beads on carbon dioxide emission rate is presented in Figure. 83. Carbon 

dioxide emission results were statistically significant at all the studied durations. Maximum carbon 

dioxide emissions (869 for intact soil (control), 714 mg/L for SPC-A and 583 mg/L for SPC-B) 

was found at 9 days after incubation, then it decreased and increased with the increase of time. 

However, SPC-B show the lowest value compared to the SPC-A, and control, it might be indicates 

that oleate ion have capability to hold or sequester CO2 emission from soil. 

Figure. 83. CO2 release from soil regarding hydrogel beads application.  

4.3.2.5 Impacts of amendments on soil characteristics 

Figure. 84 depicts the impact of treatment amendments on soil pH, EC, available P, CEC, 

SOC, available S, available Fe and immobilization rate of S and Fe under high contaminated S and 

Fe. As shown in Figure. 84a and 84b, the soil pH and EC show there is no significant difference 

for all samples. Conversely, the level of available phosphorus (P) in the soil showed a significant 
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capacity (CEC) of the soil was significantly difference (P<0.05) when compared to the soil 

(control) (Figure. 84d). This increase is likely duo the presence of -OH and -COOH groups from 

polymer materials in hydrogel beads. Figure. 84e-h displayed the exchangeable cation (Mg, Ca, K 

and Na). The results show that there is no significant difference for Mg, and K, by contrast for Ca 

and Na value. It might be indicated that the presence of Ca from hydrogel beads enhance soil Ca, 

whereas Na ions was adsorb into the hydrogel beads which decreased after treated hydrogel beads. 

Moreover, the soil organic carbon (SOC) value showed a significantly difference (P<0.05) with 

the addition of hydrogel bead amendments following treatment SPC-B>SPC-A>soil, as displayed 

in Figure. 84i. This is might be due to that oleate ion can interact with soil minerals and organic 

matter to form more stable organo-mineral complexes. These complexes can protect organic 

carbon from rapid decomposition, thereby increasing the SOC. It can be suggest that a correlation 

between SOC and CO2 emission (Figure. 83) which contributes long-term carbon sequestration in 

the soil.  

Figure. 85a-b show the available N–NH4 and N-NO3 level in the soil. The results show that 

there is significant difference for N-NH4 value, in contrast to N-NO3. Moreover, SPC-B 

applications show the highest N-NH4 and lowest the content of N–NO3. It might be indicated that 

the presence of oleate ion inhibit the transformation of N–NH4 from oxidized into N–NO3, which 

correlate with SOC value and CO2 emission in soil. Figure. 85c-d show the concentration of 

available S in soil decreased markedly following the application of treated hydrogel beads 

(P<0.05). After a 30-day incubation period, the As concentrations were reduced to 3514 mg/Kg 

and 450 mg/Kg for SPC-A and SPC-B, respectively, from control concentration of 6770 mg/Kg. 

This corresponds to immobilization rates of 48.10% for SPC-A and 93.36% for SPC-B. Similarly, 



 225 

the Fe concentrations were also reduced with immobilization rates of 87.03% for SPC-A and 

88.33% for SPC-B. 

 

Figure. 84. Effect of hydrogel beads on soil characteristics. Statistically significant at a 

significance level of P ≤ 0.05 in Tukey's test. 
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Figure. 85. Effect of hydrogel beads on soil characteristics. Statistically significant at a 

significance level of P ≤ 0.05 in Tukey's test.  

4.4 Conclusion  

4.4.1 Simultaneous removal of ammonium, phosphate, and phenol via self-assembled biochar 

composites CBCZrOFe3O4 and its utilization as soil acidity amelioration 

In this study, biochar composite materials were prepared and utilized to remove water 

pollutants, such as NH4, PO4, and phenol, followed by their application to improve soil acidity. 

Initially, comparative studies on the simultaneous removal of NH4, PO4, and phenol using CB 

(biochar), CBC (biochar + chitosan), CBCZrO (biochar + chitosan + ZrO), and CBCZrOFe3O4 

(biochar + chitosan + ZrO + Fe3O4) were conducted. The results discovered that CBCZrOFe3O4 

exhibited the highest removal percentage among the adsorbents (P<0.05). The adsorption kinetics 

followed a second-order model, whereas the isotherms adapted to the Freundlich model.  
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Desorption studies revealed that HCl is more effective at desorbing NH4 and phenol, whereas 

H2SO4 is more efficient for PO4. In our hypothesis suggests that the treated adsorbent, containing 

ammonium, phosphate, and phenol, can be reused for soil acidity treatment, enhancing soil 

characteristics and reducing nitrification. The CBCZrOFe3O4 sample was chosen for soil 

experiments due to its highest removal percentage. Results from soil acidity incubation 

experiments demonstrated a significant increase in soil pH, electrical conductivity (EC), available 

phosphorus (P), cation exchange capacity (CEC), ammonium nitrogen (N-NH4), and nitrate 

nitrogen (N-NO3). However, no significant changes (P<0.05) were observed in soil exchangeable 

acidity, hydrogen ions (H+), magnesium (Mg), potassium (K), or sodium (Na). Additionally, a 

notable decrease was observed in available soil exchangeable aluminum (Al) and iron (Fe) 

(P<0.05). Overall, this innovative adsorbent exhibits promising potential for soil applications. 

Despite that, further studies and improvement are necessary to maximize the efficiency of this 

material, particularly in addressing exchangeable acidity and nitrogen fixation processes to 

improve overall soil’s properties. 

4.4.2 Evaluation of Hydrogel Beads Composites Derived from Alginate-Poly (Acrylic Acid)-

Carboxylmethyl Cellulose-Oleic Acid as Slow Release NH4 Fertilizer and Soil Acidity 

Conditioner with S and Fe Contaminated 

In this study, a slow-release mineral fertilizer was prepared from sodium alginate, poly 

(acrylic acid) and carboxylmethyl cellulose and NH4, which has rich N source. The absence (SPC-

A) and presence (SPC-B) of oleic acid were investigated. The results show that SPC-B has high 

porosity and the amount of COOH groups. Swelling behaviour indicates that the highest results 

was obtained under NaOH solution for all samples. Slow release fertilizer studies indicated that 

the presence of oleic acid has a low amount of NH4 release with difference percentage of 25.45%, 
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22.91%, and 31.77%, for DI water, NaOH and HCl, respectively. The CO2 data obtained that oleic 

acid have capability to sequester CO2 emission from soil which is similar trends with soil organic 

carbon results. The immobilization rate show satisfactory up to 84.26% for S and 99.76% for Fe.  
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Chapter 5: Conclusion and future work 

5.1 Importance of polymer and biochar characterization 

Polymer and biochar have great potential as adsorbent to remove water and soil pollutant 

and improve soils as well as sequester carbon. Polymer and biochar characterization research has 

shown that biochar properties and their effectiveness in different applications can vary widely. 

Several recent polymer and biochar research reviews have identified the ability to understand raw 

materials and production condition relations to polymer and biochar properties and their effects as 

a key knowledge gap and research need. Indeed, one of the most pressing challenges faced by the 

fledging polymer and biochar industry is the inability to define and measure polymer and biochar 

quality. 

5.2 General conclusion 

The results in this dissertation demonstrate that polymers derived from sodium alginate 

composites and biochar from coffee husk successfully removed dyes from aqueous solutions. 

Furthermore, to tackle issues such as water scarcity and soil degradation (including salinity, heavy 

metals, and glyphosate contamination) that negatively affect food production, we developed 

hydrogel beads and biochar composites derived from sodium alginate and coffee husk, respectively. 

The hydrogel bead composite materials were able to retain up to 30% more water in the soil than 

untreated soil, significantly enhancing soil nutrients and reducing levels of heavy metals such as 

iron and arsenic by up to 89.6% and 87.81%, respectively. Additionally, we created hydrogel bead 

composites encapsulating struvite (MgNH4PO4·6H2O) as slow-release fertilizers to improve salt-

affected soils. These materials significantly released Mg, P, and N-NH4 (P<0.05) and were 

effective in reducing soil salinity to normal levels while also enhancing soil nutrients. Furthermore, 

glyphosate removal using biochar-MgO was notable, achieving up to 50.42% removal after one 
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week of soil incubation. The introduction of biochar-MgO into the soil resulted in an increased pH, 

while there was a significant rise (P<0.05) in electrical conductivity (EC) and exchangeable cations 

(Mg, Ca, and Na) contents. 

Lastly, we developed (1) porous biochar composites via an in-situ technique using a 

combination of materials: ZrO, chitosan, and Fe3O4 to remove NH4, PO4, and phenol from water 

through adsorption techniques, and (2) hydrogel bead composites with oleic acid-loaded NH4 ions 

as slow-release NH4 fertilizers for application in soil acidity amelioration. The biochar application 

showed that this combination could enhance the simultaneous removal of NH4, P, and phenol. The 

hydrogel bead composites demonstrated that the presence of oleic acid could maintain NH4 ion 

release and reduce CO2 emissions from soil. Both materials showed enhanced soil acidity 

properties. 

5.3 Challenges and future progress development to applying polymer and biochar 

5.3.1 Chapter 2 

1. Regeneration and reusability: Polymers and biochar used for adsorption in wastewater 

treatment often require regeneration after use. This process can be energy-intensive and may 

involve chemical treatments, which raises concerns about secondary pollution and 

environmental impact. Developing cost-effective and environmentally friendly regeneration 

methods without compromising polymers and biochar properties is a significant challenge. 

2. Adsorption capacity and efficiency: While biochar has a high surface area and porosity, its 

adsorption capacity can vary depending on production conditions, and surface functional 

groups. Optimizing biochar properties to enhance adsorption efficiency for a wide range of 

contaminants remains a challenge. 
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5.3.2 Chapter 3 

Hydrogel beads have the ability to retain water and can be utilized within soil matrices to 

immobilize heavy metal pollutants. However, the polymer binding tends to weaken during soil 

incubation. Therefore, future studies should focus on enhancing the stability, swelling capacity, 

and mechanical strength of hydrogel beads to improve their long-term water retention and pollutant 

immobilization capabilities. Similarly, while biochar is effective at immobilizing pollutants like 

glyphosate, it does not retain water as effectively as hydrogel beads due to its lower hydrophilic 

properties. 

5.3.3 Chapter 4 

 The use of hydrogel beads and biochar for ameliorating soil acidity is promising. Biochar 

can enhance soil pH and other nutrient characteristics, whereas hydrogel beads primarily improve 

soil nutrients with less effect on soil pH. Combining hydrogel beads and biochar offers a promising 

strategy for retaining water in the soil and enhancing soil nutrients under acidic conditions. 

5.4 Prospect of future work 

In this dissertation, we developed hydrogel beads and biochar composite materials to 

address water and soil pollutant remediation while enhancing soil quality. The limitations of this 

study included the weaker polymer binding in the soil matrix for long-term application and gas 

release during biochar pyrolysis. A promising strategy is to develop hydrogel beads with high 

mechanical strength and swelling capacity. Additionally, our investigation revealed a correlation 

between stable carbon rates, soil CO2 emissions, and soil characteristics. It is important to develop 

biochar with a high stable carbon rate and yield while minimizing carbon loss during pyrolysis. 
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