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ABSTRACT 

As one of the most dangerous contaminants, arsenic (As) is responsible for serious, 

negative impacts on human health. Therefore, As-contaminated water and wastewater must be 

treated with effective As removal processes before being used for human consumption or 

release into the environment. In the last few years, hydrogel composites have attracted 

significant interest for application in environmental remediation, including water treatment. 

However, synthetic hydrogels have some disadvantages such as high production cost and latent 

toxicity. This study focused on developing two different hydrogel composites with natural, 

low-cost, non-toxic and biodegradable materials. In the first phase of the study, modified 

poly(acrylamide) hydrogels were developed by incorporating rice hull biochar (RHBC) and 

sugar cane bagasse biochar (SUBC). In the second phase, a modified chitosan-polyvinyl 

alcohol hydrogel was developed by incorporating Fe3O4 nanoparticles. As an extension of this 

material, a further modification was achieved with the integration of copper (ChFe-Cu 

hydrogel). Batch sorption experiments, regeneration and re-usable capacities were conducted 

for As removal. The highest arsenic (V) (As(V)) adsorption (15% for both RHBC and SUBC) 

was at the pH range of 6-7. Within this range, the protonated -NH2 and -CO groups in the 

hydrogels attracted As(V) oxyanions. The experimental kinetic and isotherm models predicted 

chemisorption and physisorption mechanisms. 0.1 M NaOH showed the best regeneration 

patterns and, because of this re-use capability, the As adsorption capacity was seen to be, not a 

single value from one adsorption cycle, but a cumulative value of several adsorption cycles. 

Considering arsenic (III) (As(III)), the optimum pH range was 6-7.5 for both the RHBC and 

SUBC hydrogels. The cumulative amount of As(III) adsorption was very low compared to the 

As(V) for both the RHBC and SUBC hydrogels. The limited functional group availability for 

As(III) adsorption was identified as the major reason for this result. The highest As(V) 

adsorption was achieved at pH range of 4-5 for both the ChFe (89%) and ChFe-Cu (99%) 

hydrogels. The kinetic and isotherm models predicted chemisorption mechanisms onto the 

ChFe and ChFe-Cu hydrogels. Electrostatic attractions with -NH3
+
 and -OH2

+
, ligand-exchange 

inner-sphere complexes formation and bidentate corner-sharing (
2
C), and bidentate edge-

sharing (
2
E) trimetric surface complexes formation have been proposed as the adsorption 

mechanism of As(V). 0.1 M CH3COOH showed the best regeneration pattern and the 

cumulative adsorption capacities were 15.1 mg/g and 12.4 mg/g for ChFe and ChFe-Cu 

hydrogels respectively, along with four adsorption cycles. 
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CHAPTER 1: INTRODUCTION 

1.1. Rationale of study 

1.1.1. Background 

Environmental toxic compounds entering the life cycles of humans and animals is 

reported at an unprecedented scale and is an emerging worldwide concern. Amongst the most 

dangerous of contaminants, arsenic (As) plays a significant role as it creates several detrimental 

health impacts. Arsenic ranks 20th in natural abundance in the earth’s crust, 14th in seawater 

and 12th in the human body (Baig et al., 2015; Ozturk et al., 2021; Tomiyasu et al., 2021). It is 

ubiquitous in the environment, and it possesses both metallic and non-metallic properties. 

Arsenic occurs in both solid and liquid phases, however, it rarely exists in nature in its native 

state. It is reported that there are 150 species of As-bearing minerals in nature, including arsenic 

sulphide (As2S2), arsenic trisulphide (As2S3) and arsenopyrite (FeAsS2). More precisely, rocks, 

soils, water, air and biological tissues contain As in varying degrees (Kumarathilaka et al., 

2018b; Marescotti et al., 2011; Zacharias et al., 2004).  

Water contaminated with As is considered one of the well-known causes of cancer in 

humans in most parts of the world. The International Agency for Research on Cancer (IARC) 

classifies inorganic arsenic as a Group A carcinogen (IARC, 2004). Long-term chronic 

exposure to As causes a range of ailments including skin lesions, nervous system impairment, 

irritation of respiratory organs and the gastrointestinal tract, anaemia, liver disorders, vascular 

illnesses, cancers (i.e., skin, lung, liver, kidney and bladder) and even diabetes mellitus, and 

also can affect the intellectual development of children (Argos et al., 2012; Rahman et al., 

2018; Yadav et al., 2021; Zhang et al., 2019). In addition, As can act as a catalyst in redox 

reactions, forming reactive oxygen species which damage DNA, proteins and lipids (Dutta et 

al., 2005; Lopez-Cueto and Ubide, 1990).  

Arsenic is considered as a metalloid and there is no biodegradable mechanism for As 

in the natural environment as heavy metals and therefore, through As-contaminated water, the 

bioaccumulation can easily occur in human, animals and also in aquatic plant species. As well 

as direct contact from As-contaminated water, soil can be contaminated with irrigation water 

or wastewater coming from As rich sources. This creates serious, negative consequences for 

plants which become an As contaminated food source for human and animals. Environmental 

or water contamination by As can occur through either natural or anthropogenic sources. The 

natural sources for As contamination are mainly volcanic deposits, natural weathering 

activities, inputs from geothermal sources and mining waste. Moreover, anthropogenic 
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activities such as the smelting of metal ores, uncontrolled industrial discharge from mining, 

petroleum refining, use of arsenical pesticides, herbicides, use of As additives to livestock feed, 

wood preservative agents and different industrial activities can play a leading role in the release 

of As into water sources (He and Charlet, 2013; Kumarathilaka et al., 2018a; Villaescusa and 

Bollinger, 2008). Therefore, As-contaminated water and wastewater must be treated through 

effective removal processes before use for human consumption or release into the environment.  

Arsenic removal is a significant challenge for scientists, engineers and policymakers as 

it is not naturally degradable, but can only be converted into other forms or insoluble 

compounds with metals such as iron and lead (Choong et al., 2007; Leist et al., 2000). As the 

impacts are dangerous and removal is of emerging importance, there is a number of research 

studies focused on the removal of As from both wastewater (Altowayti et al., 2021; Gupta et 

al., 2010; Singh and Sarma, 2010) and drinking water (Alburaih et al., 2022; Kobya et al., 2011; 

Qazi et al., 2022).  

Several types of As remediation are currently available and, of these, adsorption has 

attracted significant interest as it requires minimal energy, involves easy setup, does not require 

additional chemicals, does not produce harmful by-products, requires minimal operator 

expertise and low operating and maintenance costs, and is environmentally-friendly. Therefore, 

the adsorption technique is an economical and efficient method. 

A number of different materials have been investigated and shown to possess successful 

adsorption capabilities (Ahmad et al., 2022; Carneiro et al., 2022; Dutta et al., 2021). However, 

most of these materials lack the capability of easy separation of adsorbed materials from water 

after completion of the removal process, and face problems with reusability after use for one 

or two As removal cycles. These are vital characteristics for an effective and environmentally 

friendly removal method. Recently, hydrogels prepared from different materials have gained 

research interest due to their remarkable potential for removing metals and metalloids from 

wastewater (de Araujo et al., 2023; Hamza et al., 2022; Sanyang et al., 2016). 

Hydrogels have become state-of-the-art applications in the past few decades as their 

unique properties make them advantageous for a number of applications such as agriculture 

(Das et al., 2021; Liu et al., 2022), drug delivery (Xiao et al., 2021; Zhao et al., 2021), coal 

dewatering (Ahmed, 2015), artificial snow (Ahmed, 2015), food additives (Li et al., 2021a), 

pharmaceuticals (Parhi, 2017), bio-medical applications such as tissue engineering, 

regenerative medicine, wound dressing, and as barrier material (Hoffman, 2012; Li et al., 

2021b; Zhang et al., 2021). Although hydrogels have a long history in some of the above 
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applications (especially in the biomedical sector), their applications to water treatment have 

only been reported in the last decade.  

Hydrogels are not strangers to nature as there are natural hydrogels. Examples of natural 

hydrogels are proteins and polysaccharides which are polymer forming natural hydrogels. 

However, due to their enhanced efficiency, synthetic hydrogels are the most considered 

hydrogels in all the abovementioned sectors. Hydrogel-composite preparation has gained 

significant interest in the last few years for applications in environmental remediation including 

water treatment. Synthetic hydrogels have some disadvantages such as high production cost 

and latent toxicity (Sanyang et al., 2016; Xiao, 2013).  

To overcome these principal drawbacks related to cost and potential environmental 

problems, researchers have developed hydrogel composite materials with natural, low-cost, 

non-toxic and biodegradable materials. Combining a hydrogel with another material with a 

higher adsorption capacity may enhance the sorption capacity significantly. Further, since 

hydrogels can swell in water without dissociation or dissolving of their ingredients, adsorbent-

water separation can be achieved without the need for high-tech methods and/or expertise. 

 

1.1.2. Significance of study 

Human consumption of As creates a number of acute and chronic health impacts 

including cancers and, ultimately, death. The major route for As in the human body is drinking 

water and agricultural crop products that have been contaminated with As through irrigation 

water. Therefore, removal of As in water before human consumption is essential. Many 

methods have been studied and/or implemented to recover water from As contamination. 

However, still there is no reliable As removal method for water that is both financially and 

environmentally sustainable. The major drawbacks of the available methods are the high cost 

and technical expertise required, lack of availability for regeneration and re-use, and the high-

tech processes required to separate adsorbent from the water after the As removal process.  

The major classic drawbacks addressed through this study are water-adsorbent 

separation and regeneration and reusability. To achieve an easy water-adsorbent separation that 

does not require high-tech procedures, the use of a hydrogel-based product is a significant 

approach. Hydrogel has a three-dimensional structure where polymer chains are connected 

through crosslinkers. Depending on the crosslinking density, hydrogel can undergo 

dissociation or remains intact when it swells in water. With the use of this feature, the correct 

amount of crosslinking density will help to create swelling in water without dissociation. Then 

the removal of the hydrogel from water is a simple method. 
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Taking these factors into account, this PhD study has assessed, developed and 

optimised cost-effective, novel, technically and practically employable adsorption materials 

for removal of As in aqueous media that can overcome the classic drawbacks of traditional 

adsorption processes. Modified hydrogels have been synthesised incorporating low-cost, good 

adsorbent materials to enhance the As adsorption capacity.  

Regarding the incorporation material, we focused on waste materials from industries 

where we can recycle and re-use the waste in order to reduce the cost of waste disposal. Rice 

hull is one of the major waste products from rice production that can be accessed easily from 

any part of the world. Sugarcane bagasse is the major waste product generated in the sugarcane 

industry. It is a well-known fact that biochar is a low-cost material which can produce from 

many natural materials. Biochar can enhance the properties of material which can be used as 

an adsorbent material for many of environmental contaminants. Based on these facts, two 

different biochar have been used in this study to synthesis the modified hydrogels. Chitosan is 

another biomaterial that is readily available at a low cost. Further chitosan has been considered 

as a good adsorptive material for several environmental contaminants including As. The second 

modified hydrogel composite is based on chitosan.             

 

1.2. Research gaps 

Our literature review identified the following research gaps: 

1. The reliable methods currently available for As removal are high-tech methods which 

are high cost and require expert knowledge. Such methods are not applicable at a 

household level, and even for large-scale industrial levels, they are not cost effective 

2. The adsorption methods for As removal that have been studied so far require additional 

energy to separate the adsorbent from the water after the adsorption process. This makes 

the whole As removal process inefficient. Furthermore, these methods are not suitable 

for drinking water purification 

3.  Most of the identified As removal processes are not available for regeneration and re-

use which creates lots of waste products and increases the cost of production and cost 

of waste disposal.   

 

1.3. Research questions 

There are three main research questions in this study: 

1. How to develop an adsorbent that can be easily separated from water without additional 

energy or high-tech requirements? 
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2. How to incorporate hydrogels with low-cost biomaterials that can efficiently remove 

As from water? 

3. How to regenerate the modified hydrogels that were used for As removal from water 

and re-use the same material for As removal from water? 

 

1.4. Research aims and objectives 

The overall aim of this PhD project is to develop an economically feasible and 

technically employable, easy to separate from water, environmentally friendly novel hydrogel 

material/s for effective removal of As in aqueous solutions. The specific objectives are listed 

below: 

1. To synthesise and characterise two hydrogel composites using biochar (BC) which is 

prepared from waste materials and Fe3O4 nanoparticles functionalised polyvinyl 

alcohol/chitosan as an efficient and effective adsorbent for As removal from water and 

wastewater 

2. To prepare and select the best BC-hydrogel material out of several BC types for the 

most efficient As removal from water and wastewater 

3. To investigate the effect of various parameters (pH, adsorbent dosage, contact time, and 

initial As concentration) on the adsorption of As 

4. To evaluate the adsorption capacities of two different hydrogel composites by using 

kinetic and isotherm models  

5. To investigate the re-use capability of synthesised hydrogel composites to the removal 

of As in the aqueous solutions in order to maximise the efficiency of the materials and 

reduce the amount of waste material and the cost of the removal process. 

 

1.5. Organisation of the thesis 

This PhD thesis consists of eight chapters and the organisation of the thesis is shown in 

Figure 1. 

Chapter 1 describes the background and significance of the study, research gaps, 

research questions, and research aims and objectives. 

Chapter 2 presents the literature review for the study. This chapter comprises two Q1 

ranked papers: Paper 1 (Hydrogels: Novel materials for contaminant removal from water—A 

review) presents the current understanding of hydrogels and their use in the removal of 

contaminants from water. Paper 2 (Selective removal of arsenic in water: A critical review) 

describes the methods currently available for As removal from water, and the pros and cons of 
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these methods. The new insights and research gaps highlighted in these articles were utilised 

for the development of the research studies in Chapters 3, 4 and 5. 

Chapter 3 presents Paper 3 (Development of regenerative, re-usable and easily water-

adsorbent separable hydrogel composite with rice hull biochar for efficient removal of arsenic 

(V) from aqueous media) which investigates the adsorption capacities and mechanisms of 

As(V) adsorption into a rice-hull biochar hydrogel composite and its capacity for regeneration 

and re-use on As(V) adsorption.  

Chapter 4 presents Paper 4 (Synthesis of re-usable hydrogel composite integrating 

sugarcane bagasse biochar for large industrial to household scale arsenic (V) removal from 

aqueous media and comparison with rice-hull biochar hydrogel composite) which investigates 

adsorption capacities and mechanisms of As(V) adsorption into a sugarcane bagasse biochar 

hydrogel composite and its capacity for regeneration and re-use on As(V) adsorption. Further, 

its adsorption capacity will be compared with the adsorption capacity of the rice hull biochar 

hydrogel composite which is discussed in Chapter 1. 

Chapter 5 presents Paper 5 (Assessment and optimisation of As(V) adsorption on 

hydrogel composite integrating chitosan-polyvinyl alcohol and Fe3O4 nanoparticles and 

evaluation of their regeneration and re-use capabilities in aqueous media) which investigates 

the adsorption capacities and mechanisms of As(V) adsorption into a chitosan and Fe3O4 

nanoparticles integrated hydrogel composite and its capacity for regeneration and re-use on 

As(V) adsorption.  

Chapter 6 presents Paper 6 (Cu(II)-loaded chitosan-polyvinyl alcohol and Fe3O4 

nanoparticle integrated hydrogel composite for enhanced and efficient arsenic (V) adsorption) 

which investigates the adsorption capacities and mechanisms of As(V) adsorption into further 

modified chitosan and Fe3O4 nanoparticles integrated hydrogel composite with Cu and its 

capacity for regeneration and re-use on As(V) adsorption.  

Chapter 7 presents Paper 7 (Assessment of arsenic (III) removal from water with 

biochar hydrogel composites which were successful in arsenic (V) removal from water and 

overcame the classic drawbacks of adsorbent materials) which investigates the adsorption 

capacities and mechanisms of As(III) adsorption into a rice hull biochar hydrogel composite 

and sugarcane bagasse biochar hydrogel composite and their capacity for regeneration and re-

use on As(III) adsorption. 

Chapter 8 provides the conclusions and recommendations of this PhD research project 

whilst also highlighting future research directions.  
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Chapter 4: Paper 4 

Synthesis of re-usable hydrogel composite integrating sugarcane bagasse biochar for large industrial to 

household scale arsenic (V) removal from aqueous media and comparison with rice-hull biochar 

hydrogel composite 

Chapter 5: Paper 5 

Assessment and optimisation of As(V) adsorption on hydrogel composite integrating chitosan-

polyvinyl alcohol and Fe3O4 nanoparticles and evaluation of their regeneration and re-usable 

capabilities in aqueous media 

Chapter 6: Paper 6 

Cu(II) loaded chitosan-polyvinyl alcohol and Fe3O4 nanoparticle integrated hydrogel composite for 

enhanced and efficient As(V) adsorption 

Chapter 7: Paper 7 

Assessment of As(III) removal from water with biochar hydrogel composites which were successful in 

As(V) removal from water and overcame the classic drawbacks of adsorbent materials 

Chapter 3: Paper 3 

Development and optimisation of large and household-scale regenerative and re-usable three-

dimensional hydrogel composite with rice hull biochar for efficient removal of arsenic (V) in aqueous 

media with no post-filtration 

Paper 2 - Selective removal of arsenic in 

water: A critical review 

Paper 1 - Hydrogels: Novel materials for 

contaminant removal from water—A review 

Chapter 2: Literature review 

Provides an overview of related literature for the thesis 

Identifies research gaps for this PhD research 

Chapter 1: Introduction 

Provides the background, rationale and justification of the research 

Formulates research gaps, research questions, research aims and objectives 

Chapter 8: Discussion and Conclusion 

• Identifies key findings and summary of the thesis 

Figure 1 Organisation of the thesis 
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CHAPTER 2: LITERATURE REVIEW 

This chapter is divided into two main sections based on the review articles published 

during the PhD research. The first subsection describes hydrogels; their preparation methods, 

classifications, characteristics and contaminant removal using hydrogels. The second section 

provides an overview of the selective removal of As from water. This part discusses the 

different As removal methods, removal mechanisms and the pros and cons of these As removal 

methods. Overall, this chapter provides a comprehensive discussion of hydrogels and As 

removal from water, and highlights future research directions. 

 

2.1. Paper 1: Hydrogels: Novel materials for contaminant removal from water—A review  

2.1.1. Introduction 

This review describes the contaminant removal from water using hydrogel-based 

materials. It highlights the recent results achieved, unresolved problems and possible 

developments. Polymer and graphene hydrogels offer a very promising application for 

removing inorganic (i.e., metals and metalloids) and organic trace (i.e., dyes) contaminants 

from water. They can be prepared as composites with practically any conventional or 

innovative adsorbent and by incorporating more features (i.e., magnetic feature) for efficient 

contaminant removal. Obtaining a highly effective, three-dimensional network for adsorption 

(or other contaminant immobilisation mechanisms) is one of the significant features behind 

hydrogels, and this feature gives hydrogels specific characteristics including for selective 

removal, easy separation, and combination with conventional membranes creating a robust 

structure. There are a number of benefits of hydrogel use versus conventional adsorbents alone, 

such as easy separation and easy handling, large scale application, capability to regenerate and 

re-use, etc. However, at present the experiments on hydrogels for water purification are mostly 

limited to laboratory scale and further research is needed to move towards large-scale industrial 

applications. Moreover, present studies are narrow, focusing only on a few types of 

contaminants so that further experiments are needed for more contaminant types. Studies are 

also required for the removal of mixtures of contaminants as, in practice, there is often not a 

single type of contaminant. 
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2.1.3. Concluding remarks 

Water contamination through inorganic and organic minor and trace elements is one of 

the most significant global issues as there is a very limited amount of water available for human 

and animal needs. Therefore, economically and technologically feasible and sustainable 

contaminant removal from aqueous media is a challenge for the global community; making 

water purification one of the most important sectors in research and development. 

There have been thousands of attempts to remove contaminants from aqueous media, 

but still there are huge gaps in academic studies (mostly on a laboratory scale) and the practical 

onsite application following the broad goal of “Science for Society”. The invention of hydrogel 

was one of the turning points in the contaminant removal process. As an adsorbent, the 

modified hydrogel has shown remarkable advantages over most other adsorbents such as lower 

production cost, low operational cost, easy preparation, easy separation after the adsorption 

process, ability to recover and ability to re-use in a long-term manner. Moreover, some 

hydrogels which have pH independent characteristics can be used in natural waters to remove 

contaminants without pre- and post-treatments (i.e., pH adjustments). Further, hydrogels can 

be used at all scales with efficiency; ranging from single household to large industrial scale. 

Most importantly, hydrogel use in the water treatment sector is still developing with the 

preparation of novel hydrogel types incorporating many advantageous characteristics into 

conventional hydrogel types. However, we still cannot find any significant existing practical 

application of hydrogels in water purification processes. 

Graphene based hydrogels, magnetic hydrogels and hydrogel composites are novel 

materials possessing enhanced properties. However, more research is required with field level 

applications and the optimisation of required conditions. Since water resources are 

contaminated with a great variety of contaminants or contaminant groups, interactions between 

the different contaminants and other chemical species present in the water together with 

variable physicochemical parameters must be studied to enable the design and development of 

optimal removal processes. Such processes must also adapt to the specific situations and tasks 

to which they will be applied. Future hydrogels could also be developed to integrate with 

micro-organisms (bacteria, fungi, microalgae, etc.) which degrade water contaminants.  

The three-dimensional network structure may facilitate more spacious environments 

for such biological organisms, and if the attempt to develop such a structure is successful, it 

could enhance the reusability of hydrogels to a remarkable scale. All the features and 

capabilities of hydrogels prove that it is an excellent option for water purification, and with the 
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development of its capabilities to an industrial scale, it will create possibilities for changing 

and revolutionising the water treatment industry. 
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2.2. Paper 2: Selective removal of arsenic in water: A critical review 

2.2.1. Introduction 

This review identifies the importance of As removal from water and the currently 

studied selective As removal methods. More than 4000 freshwater systems requiring As 

mitigation measures to meet the guidelines of the World Health Organisation (WHO) for 

drinking water supply can be found globally. Most of these systems are groundwater reservoirs. 

More than 60% of anthropogenic As globally emitted originates from coal combustion and Cu 

smelting processes.  

With such natural and anthropogenic factors in action, there are more than 105 countries 

and over 202 million people suffering from As contamination. Some of the most affected 

countries are Bangladesh, Vietnam, USA, West Bengal (India), Taiwan, Cambodia, Canada, 

Germany, Hungary, Japan, Laos, Nepal, Pakistan, Poland, Romania, Thailand, UK, Ghana, 

China, and Latin American countries including Mexico, Argentina, Chile and Nicaragua. 

Arsenic exposure has been linked to a number of cancerous and non-cancerous impacts in both 

acute and non-acute forms. In the carcinogenic grouping, As has been categorised into Group 

1 elements. Hence, As is one of the major elements producing cancer. Therefore, the removal 

of As from water is needed urgently. Taking these facts into account, this study investigated, 

the methods that have been used for selective As removal from water. 
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2.2.3. Concluding remarks 

The selective removal of As from aqueous solutions is a challenge for several reasons. 

In most cases, the common anions present in natural water and wastewater, which are generally 

present in much higher concentrations, are competing with As adsorption. Moreover, with the 

solution pH and the redox potential, the As changes into different oxidisation forms, including 

arsenic (V) (As(V)) oxyanions and neutral arsenic (III) (As(III)) species. It has been identified 

that hydrated granular or amorphous Fe(III) has a significant capability to remove As(III) and 

As(V) in aqueous solutions in a selective manner.  

To improve mechanical strength and adsorption capacities, there have been attempts to 

incorporate mechanically strong materials with hydrated granular or amorphous Fe(III). 

Chitosan and ion-exchange resins are examples of this. The firm deposition of hydrated 

granular or amorphous Fe(III) in the used matrix is an important step in the preparation 

procedure to improve the selective As removal. Instead of Fe(III), metal ions such as Cu(II), 

La(III), and Al(III) have been used for selective As removal, and they also show significant As 

removal capabilities.  

There is no single material that can be used for selective As removal which is pH-

independent. Therefore, the pH of the solution is a limiting factor for As removal by any of the 

selective As removal materials. However, most of the selective As removal materials are 

suitable within a pH 6-8 range which is the range of most natural water. Moreover, there is 

evidence to show that microbial methods for selective As removal from aqueous media can be 

effective. Most of the co-existing anions such as sulfate, nitrate, bicarbonate, chloride and 

fluoride do not interfere with As removal through most of the selective As removal materials. 

However, phosphate adversely impacts As removal via many of the methods. This is because 

phosphate ions have the same chemical structure as As and it is chemically compatible with 

As.  

Chitosan and Cu(II) integration can form two types of bonds which remove As and 

phosphate separately. Both bonds present as a mix and to enhance the As removal over 

phosphate the formation of As removal bond should be optimised. Even though phosphate is 

also removed with most of the selective As removal measures, the selective As removal in 

natural water is an important achievement. In most of the cases, the phosphate concentrations 

are much lower than those of the main ions. Therefore, the abovementioned selective As 

removal methods are well suited to addressing the global As contamination issue. As a 

consequence, more studies are needed to overcome the interference of phosphate with As 

removal, especially for water resources that have high phosphate concentrations.  
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Thiol based removal methods have the ability to target specific As species when both 

As(III) and As(V) are present in water. Moreover, the high affinity of thiol groups towards As 

species offers greater future potential to minimise competition from phosphate in selective As 

removal. If such an affinity could be combined with the Cu(II) and chitosan, it may even 

prevent phosphate competition.  

Even though there are microbial methods to remove As in a selective manner, the 

studies have not extended to testing the interference of phosphate with As removal. Therefore, 

more studies into an extended scope in microbial methods as a selective As removal strategy 

are needed. If the microbial methods are strong enough to compete with phosphate, the 

incorporation of both chemical and microbiological methods may overcome the interactivity 

issues associated with common ions. Further studies are needed to assess the possibility of a 

combination of chemical and microbiological methods.  
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CHAPTER 3: PAPER 3 – DEVELOPMENT OF 

REGENERATIVE, RE-USABLE AND EASILY WATER-

ADSORBENT SEPARABLE HYDROGEL COMPOSITE WITH 

RICE HULL BIOCHAR FOR EFFICIENT REMOVAL OF 

As(V) FROM AQUEOUS MEDIA 

3.1. Introduction 

Natural contamination through As mobilisation from geogenic sources is the major 

reason for the presence of As (up to >1000 g/L) in most groundwater resources. Human 

activities such as mining and related processes can accelerate this release of As by several 

orders of magnitude. With the increasing global population, the agricultural demand and 

excessive groundwater withdrawal have resulted in the dissolution of As within the aquifers. 

More than 60% of anthropogenic As globally emitted originates from coal combustion and Cu 

smelting processes.  

Arsenic exposure has been linked to a number of cancerous and non-cancerous impacts 

in both acute non-acute forms. Therefore, As contaminated water must treated for As before 

use for any purpose. Among many different As removal methods the adsorption technique has 

gain interest due to several advantages such as easy and simple setup, not require expertise 

knowledge, sustainability, environmental friendliness and low cost. However, the adsorption 

methods still show several classic drawbacks such as difficulty in water-adsorbent separation, 

lack of availability for regeneration and re-use. Considering these facts this study focused on 

development of a novel material for As(V) removal in water that supports easy water-adsorbent 

separation, regeneration and reusability.    
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Abstract 

A modified poly(acrylamide) hydrogel was developed by incorporating rice hull 

biochar (RHBC); characterisations were conducted and assessed the capability on Arsenic (V) 

(As(V)) removal in water. Three RHBC types were developed with slow pyrolysis using three 

different temperatures: 500, 600 and 700 °C, and separated into three size fractions: 1.18, 0.60 

and 0.06 mm. In total, nine hydrogel types were obtained. Batch sorption experiments and 

regeneration and re-use studies were conducted. The highest As(V) adsorption (15%) was at 

the pH range of 6-7. Within the pH 6-7 range, the protonation of the -NH2 and -COOH groups 

in the polymer chain created a positively charged hydrogel surface that attracted H2AsO4
-
 and 

HAsO4
2-

 oxyanions. The adsorption showed 6 h equilibrium time and 0.074 mg/g of equilibrium 

capacity. The experimental kinetic and isotherm models best fitted with pseudo-first order (R
2
 

0.96) and Langmuir (R
2
 0.99) respectively, predicting chemisorption and physisorption 

mechanisms. 0.1 M NaOH showed the best regeneration pattern with 26%, 81%, 23% and 26% 

of 1
st
, 2

nd
, 3

rd
 and 4

th
 adsorption, respectively.   

 

Keywords: Arsenic(V), hydrogel composite, biochar, water treatment  

 

1. Introduction 

The screening of drinking water for arsenic is considered a high priority (WHO, 2006). 

Worldwide, more than 105 countries are potentially contacted to toxic levels of arsenic in 

drinking water (Kumarathilaka et al., 2020; Shahab et al., 2019; Weerasundara et al., 2021). 

Arsenic is readily soluble in water, therefore both groundwater and surface water can be 

contaminated efficiently and agricultural crop harvests can be contaminated easily 

(Kumarathilaka et al., 2018a; b). Ingestion of inorganic arsenic leads to both acute and chronic 

detrimental health impacts (Kumarathilaka et al., 2021c). Once ingested, inorganic arsenic has 

the ability to be distributed quickly to various organs in the human body and rapid absorption 

into those organs (Steinmaus et al., 2000; Weerasundara et al., 2021).  

The World Health Organisation has recommended the guideline value for arsenic in 

drinking water as <10 g/L to minimise the adverse health impacts (WHO, 2006). Achieving 

the guideline value is a challenging task for arsenic contaminated water. In the last few decades, 

various arsenic decontamination methods have been developed  (Weerasundara et al., 2021). 

All these methods have both comparative advantages and disadvantages. Adsorption is one of 

the most employed methods because it requires simple setup and many adsorptive material 
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options are available. Biochar (Amen et al., 2020), coal fly ash (Ochedi et al., 2020), metal-

organic framework-based materials (Ploychompoo et al., 2020), natural materials (Elizalde-

González et al., 2001; Maji et al., 2011), agricultural components (Shabbir et al., 2020; 

Tabassum et al., 2019), industrial by-products (Jovanović et al., 2011; Lekić et al., 2013) and 

graphene oxide (Xikhongelo et al., 2021) are the most common types of adsorptive materials 

used for arsenic removal from water (Uddin and Jeong, 2020). However, due to the importance 

of removing arsenic from water, researchers are working on novel materials which have 

potential adsorption capacities and elevated efficiency.  

Although adsorption is an economical method for removing arsenic from water, if the 

adsorbent tends to disperse in water and change its colour, it requires additional energy or high-

tech to separate the adsorbent from the water. Therefore, most adsorbent materials are not 

reliable and economical for both small- and large-scale applications. Hydrogels are materials 

with a three dimensional structure and, when maintaining correct gel strength, they can swell 

in water without dispersal or dissociation of structure (Weerasundara et al., 2020). Therefore, 

hydrogel can be identified as an excellent option for overcoming the most significant 

disadvantage of other adsorbent materials: water-adsorbent separation. 

Hydrogel is a widely used concept in various sectors (Asadi et al., 2021; Liang et al., 

2021; Mandal et al., 2020; Weerasundara et al., 2020). However, the use of hydrogel as an 

adsorptive material is gaining research interests due to its high adsorption and swelling 

capacity, low production cost, possibility for modification, and availability for regeneration 

and re-use (Weerasundara et al., 2020; Weerasundara et al., 2022). Different types of hydrogels 

and modified hydrogels have been used to remove many pollutants from water such as metal 

ions, pharmaceuticals, dyes and organic contaminants (Karakoyun et al., 2011; Pereira et al., 

2021; Weerasundara et al., 2020). Different hydrogels have been used to remove arsenic from 

water. Some of these are: polyvinyl alcohol based hydrogels, chitosan based hydrogels, cationic 

hydrogels and montmorillonite based hydrogels (Baigorria et al., 2020; Barakat and Sahiner, 

2008; Weerasundara et al., 2022; Yan et al., 2020). The availability for modification open the 

way to incorporation of another material to improve its performances.  

Biochar, metal ions such as ferric oxide, cupric oxide and lanthanum are some of the 

materials that can be used for the synthesis of modified hydrogels for arsenic removal 

(Weerasundara et al., 2022; Yan et al., 2020). Biochar, it is a low-cost material which can be 

produced with different feedstocks. As the negative environmental and human health impacts 

of biochar are minimal, it is a material suitable for any water treatment scale and place. 

Modified biochar has significant adsorption capacity for arsenic in water (Kumarathilaka et al., 

81



 

 

2021b), but it requires aftercare operations to separate the water from the biochar. Nevertheless, 

the incorporation of biochar into hydrogel avoids the release of biochar into water (Sanyang et 

al., 2016). Therefore, the incorporation of biochar into hydrogel enhances its advantages while 

reducing its disadvantages. However, there are very few studies that focus on hydrogel-biochar 

composites for the removal of arsenic from water. 

The incorporation of biochar into the hydrogel matrix adds a number of advantages to 

the adsorption process. Firstly, biochar helps to enhance the hydrogel’s gel strength, giving it 

stability in aqueous environments. Secondly, biochar enhances its adsorption capacity through 

favourable functional groups (Sanyang et al., 2016).   

This study focused on the development of a novel composite material based on 

poly(acrylamide) hydrogel with the incorporation of rice hull biochar (RHBC); determining 

and comparing the efficiency of the composite on As(V) adsorption. The hydrogels were 

synthesised by incorporating biochar produced under different pyrolysis temperatures and into 

different particle sizes. The resulting materials were then compared on the basis of the 

hydrogel’s As(V) adsorption performance. To the best of our knowledge, this is the first time 

such a comparison has been conducted. Material regeneration and reusability were also 

assessed.        

 

2. Experimental 

2.1. biochar preparation 

To produce RHBC, dried rice hulls purchased from Grain and Grape, Victoria, 

Australia. The RHBC produced using a slow pyrolysis and continuous nitrogen flow (to 

facilitate O2 free environment) (2 L/min) in a muffle furnace (CS2, RIO GRANDE) at three 

different temperatures (500, 600 and 700 ℃) for 2 h holding time. The heating rate was 7 

℃/min. The RHBCs were de-mineralised and oven dried (STERIDIUM) at 50 ℃ for 72 h. The 

obtained RHBCs were ground and sieved to create three different sized fractions: 1.18, 0.6 and 

0.06 mm. In total, nine different RHBC types were obtained for hydrogel preparation. 

 

2.2.  Synthesis of RHBC hydrogel composite 

To prepare the hydrogel-rice hull biochar composite (RHBC hydrogel composite), 

acrylamide (monomer), N, N’-methylene bisacrylamide (crosslinker), and ammonium 

persulfate (initiator) were used. The preparation of RHBC hydrogel was conducted following 

the method described in Sanyang et al. (2016). In brief, 1.0 g of acrylamide dissolved in 1.0 
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mL distilled water. 0.6 g and 0.001 g of biochar and N, N’-methylene bisacrylamide 

respectively were added to the acrylamide solution. After thorough  

mixing of the solution with a vortex mixer, 0.2 mL of (0.5 g/mL) ammonium persulfate 

was added to initiate the polymerisation. The RHBC hydrogel precursor solution was 

immediately placed into 5 mm clear vinyl tubes and, after 24 h the RHBC hydrogel was 

removed from the tubes and washed. Nine different hydrogels were resulted (Table 1). The 

preparation of pure acrylamide hydrogel followed the abovementioned procedure except for 

the addition of biochar step. 

 

Table 1 Nine different hydrogels based on pyrolysis temperature and particle size of biochar 

 

 

 

 

 

 

 

2.3. RHBC hydrogel characterisation 

2.3.1. Swelling and point of zero charge 

Swelling behaviour was measured by placing the selected RHBC hydrogel composite 

in distilled water. The swelling percentage was measured with four different NaCl 

concentrations (3, 1, 0.1 and 0.01 M) to determine the swelling behaviour with different ionic 

strengths.  Periodically, the mass increase was measured at room temperature until it becomes 

nearly constant and equation 1 was used to calculate the swelling percentage. 

 

 
Swelling % =

Wswollen − Wdry

Wdry
× 100 (1) 

 

Wswollen is mass of swollen hydrogel, Wdry is mass of dry The point of zero charge (PZC) 

of the selected RHBC hydrogel composite was measured by The salt addition method described 

by Bakatula et al. (2018) used to measure the point of zero charge (PZC). 

 

 

 

 
BC particle size 

1.18 mm 0.60 mm 0.06 mm 
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500 ℃ 5R 1.18 hydrogel 5R 0.6 hydrogel 5R 0.06 hydrogel 

600 ℃ 6R 1.18 hydrogel 6R 0.6 hydrogel 6R 0.06 hydrogel 

700 ℃ 7R 1.18 hydrogel 7R 0.6 hydrogel 7R 0.06 hydrogel 
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2.3.2. Physical and chemical characterisation 

Scanning Electron Microscopy (SEM) analysis (JCM-6000, JEOL, 1 min gold coating), 

Fourier Transform Infrared (FTIR) analysis (IRAffinity-1S, Shimadzu, within the spectral 

range of 400-4000 cm-1) X-ray Photoelectron Spectrometer (XPS) analysis (Kratos Axis Ultra 

XPSand powder X-ray diffraction (XRD) analysis (Bruker Advance D8 X-ray Diffractometer) 

were conducted. 

 

2.4. Batch sorption experiments for RHBC hydrogel composite 

Sodium arsenate dibasic heptahydrate (Na2HAsO4.H2O) used to prepare 1000 mg/L of 

As(V) solution. This stock solution was used for the preparation of As(V) solutions with 

required concentrations, and the solutions were freshly prepared for each study. As(V) were 

measured using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (PerkinElmer 

NexIONTM 300X). To ensure the Quality Assurance/Quality Control (QA/QC) measures, all 

the samples were measured as triplicates. The laboratory blanks and standard blanks were 

measured. Further, the standards and blank samples were tested per every twelve samples. The 

complete standard curve testing was conducted per every 60 samples. To assess the best 

solution pH for optimum As(V) adsorption for the nine different hydrogels (Table 1), an 

adsorption edge experiment was conducted at 5 mg/L As(V) at different pHs from 4-10 for a 

biochar dosage of 1 g/L. Control experiments was conducted as a quality control/quality 

assurance measure.. To determine the optimum hydrogel dosage on As(V) adsorption, the 

selected RHBC hydrogel composite was shaken at 5 mg/L of As(V) at different dosages from 

1 to 100 g/L. In this experiment, RHBC hydrogels were used in two different ways: swollen 

and dry. A 5 mg/L As(V) was used for the kinetic experiments. The As(V) concentrations of 

the solution were measured at time intervals from 0.5 - 72 h. For Batch isotherm studies the 

As(V) concentration range of 0.025 - 7 mg/L was used. An equilibrium time of 6 h was chosen 

based on the kinetic experiment. The equation 2 calculates the amount of As(V) retained in the 

adsorbent phase (Mayakaduwa et al., 2016). 

 

 qe = [C0 − Ce]VM−1 (2) 

 

qe - adsorbed As(V) amount (mg/g), C0 - initial As(V) concentration (mg/L), Ce - the 

equilibrium As(V) concentrations (mg/L), V solution volume (L), M - hydrogel mass (g). 
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2.5. Experimental data modeling 

Five non-linear kinetic models, and four non-linear isotherm models were used to 

determine the adsorption mechanisms (Ho et al., 2002) Microcal Origin software (Version 6) 

was used for modelling and statistical graphing of the data. 

 

2.6.  Desorption and re-sorption experiment  

Desorption experiments were utilised to evaluate and verify the reusability of RHBC 

hydrogel. The desorption study was performed with H2SO4, CH3COOH, NaOH and NaHCO3 

with concentrations of 1, 0.1, 0.01 and 0.001 M for each acid/base. for the shaking times were 

6, 24 and 48 h. Four desorption and re-sorption cycles were conducted to determine the 

recycling capacity of the RHBC hydrogel composite. 

 

3. Results and discussion 

3.1. RHBC hydrogel composite synthesis 

The RHBC hydrogel composites were synthesised by grafting copolymerisation The 

Figure 1 shows the steps and mechanism of the synthesis process. As the first step, ammonium 

persulfate generates sulfate anion radicals with an elevated temperature. More macro-radicals 

are generated by extraction of hydrogen from hydroxyl groups with reactions of sulfate anion 

radicals. Then, the macro-radicals reacted with acrylamide monomers to generate acrylamide 

monomer radicals, where these monomer radicals act as free radical doners and generate the 

polymeric. Simultaneously, the growing polymeric chain reacted with N, N’-methylene 

bisacrylamide and, as a result, the crosslinked three-dimensional structure formed (Ren et al., 

2014; Tanan et al., 2019). 
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3.2. Characterisation of RHBC hydrogel composite 

3.2.1. RHBC hydrogel composite swelling behaviour 

The selected hydrogel was a 700 °C 0.06 RHBC hydrogel composite (hydrogel biochar 

composite synthesised using RHBC produced at 700 °C and sieved through a 0.06 mm sieve). 

The selection procedure will be discussed with the sorption experiments. hydrogels can hold 

liquids with help of structure swelling. Therefore, the dissolved metal/metalloid can also uptake 

by the hydrogel structure. The crosslinking degree directly affect on the swelling behaviour 

(Sanyang et al., 2016). Figure S1(a) illustrates the swelling of an RHBC hydrogel in distilled 

water. A rapid swelling can be seen during first 7 h, and then swelling equilibrium is reached 

without any further significant increase. At equilibrium level, the RHBC hydrogel can adsorb 

water, increasing its mass by about 900%. This is one of the most significant characteristics of 

the RHBC hydrogel composite compared to most other traditional and developed adsorbents 

including different types of hydrogels (Qi et al., 2021; Tang et al., 2021; Wang et al., 2021).  

Figure 1 Mechanism of RHBC hydrogel preparation 
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One of the reasons for such high swelling capacity is that the RHBC hydrogel 

composite’s polymeric chain is made on acrylamide which is considered a highly hydrophilic 

polymer (Zhao et al., 2010). This water absorption occurs due to repulsion between the 

hydrophilic groups of the polymer hydrogel and osmotic pressure alteration (Nakhjiri et al., 

2021). As depicted in Figure 1, the hydrogel network consisted of a large amount of   ̶ NH2 

functional groups which were hydrophilic. Since the group came with the crosslinking agent, 

(N, N’-methylene bisacrylamide) each junction of the three-dimensional structure consisted of 

the  ̶ NH2 group and, therefore, high water adsorption capacity was achieved (Sanyang et al., 

2016). Figure S1(b) shows the swelling behaviour of RHBC hydrogel composite with different 

ionic strengths. Compared to the swelling behaviour in distilled water, the NaCl solutions 

reduced the swelling capacity of RHBC hydrogel. This can be explained by changes in 

electrostatic repulsions. The water absorbance in the RHBC hydrogel occurred through 

electrostatic repulsion between hydrophilic groups within the hydrogel. However, the presence 

of Na
+
 ions in the media could reduce the electrostatic repulsions. This decreased electrostatic 

repulsion leads to decreased osmotic pressure between the hydrogel network and the salt 

solution (Huang et al., 2012). Figure S1(b) clearly indicates that the increase in salt 

concentration is the reason to decrease the hydrogel’s swelling capacity. Therefore, the ion 

concentrations in the water affected target contaminant removal with the RHBC hydrogel.   

 

3.2.2 Point of zero charge for RHBC hydrogel composite 

Figure S2 illustrates the PZC of the RHBC hydrogel composite. When the hydrogel 

PZC is lower than the solution pH, the surface of the material was negatively charged and vice 

versa (Herath et al., 2016). Figure S2 shows how the ΔpH changes with the pHi. Within the 

researched range of pH (2-10), all the plotted values are negative. However, at pH 2 the plot 

value is almost zero. Therefore, when the solution pH was higher than 2, the surface charge of 

the RHBC hydrogel was negative. In real life, all applications will be at pH levels higher than 

2 and, therefore, it can be assumed that the surface charge of the RHBC hydrogel was negative 

at all times. 

 

3.2.3. Characterisation of RHBC hydrogel  

Figure 2 shows the SEM micrographs of the RHBC hydrogel composite. Figures 2(a) 

and 2(b) illustrate the surface of RHBC hydrogel composite was rough and covered by 

macroporous of various sizes. This macro-porous structure provided easy access for the 

87



 

 

solution entering the hydrogel. Furthermore, Figure 2(c) shows that the hydrogels consisted of 

multiple layers which were interconnected to make the three-dimensional structure. Figure 2(d) 

shows the inside of a pore, and proves that even within the pores, microporous can be found 

which can help to increase the unit surface area that leads to efficient adsorption capacity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The FTIR spectra of the RHBC hydrogel composite, acrylamide hydrogel without 

RHBC, and RHBC are shown in Figure 3. RHBC hydrogel composite and acrylamide hydrogel 

show vibration stretching of the -NH2 group from acrylamide at 3178 and 3170 cm-1 

respectively. This functional group is the key advantage for the RHBC hydrogel composite 

over RHBC for As(V) removal in the pH range of 4-7 and will be further discussed in Section 

3.3. The peaks at 1419 and 1411 cm-1 of the RHBC hydrogel composite and acrylamide 

hydrogel respectively, represent COO
-
 stretching of the polymeric chain. At 1604 cm-1 of the 

RHBC hydrogel composite, the peak represents the C=C functional group of the hydrogel 

structure. RHBC shows a peak at 1064 cm-1 which represents the presence of oxygenated 

Figure 2 SEM images of RHBC hydrogel composite (a), (b), (c) - Surface (d) 

- Inside a pore 

(a) (b) 

(c) (d) 
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functional groups and in the RHBC hydrogel composite, it can be the alcohol -OH group. This 

peak shifted to 1080 cm-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3 shows the XRD analysis of the hydrogel. The RHBC hydrogel composite 

had mostly an amorphous structure from the area of the XRD pattern at 35-80° of 2 angles 

since there are no identified peaks. Besides, the peak in the 2 angles of 19-20° area, is related 

to the polymeric chain of the hydrogel (C10H12O9). Moreover, in the 2 angles of 22-23° area, 

a peak was found related to the silica which could be from the RHBC. Karam et al. (2021) 

show a similar peak in their study with rice husk biochar. These silica-related peaks can be 

identified as silicate, silicon oxide or silicate hexane. In the process of hydrogel synthesis, the 

RHBC is bound to the polymeric chain through a free-radical reaction (Figure 1) and, therefore, 

the silica content can be bound to the polymeric chain and form RHBC which was identified 

with XRD pattern analysis.  

Figure 3 FTIR spectra for (a) RHBC hydrogel composite, (b) RHBC and 

(c) Acrylamide hydrogel without RHBC 

(a) 

(b) 

(c) 
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The XPS analysis for RHBC hydrogel composite are depict in Figure 4. The peaks are 

related to Si2p, S2p, C1s, N1s and O1s. The binding energy for Si (2p) is between 102.9 and 

103.9 eV (Figure 4(f)). The literature shows that SiO2 has 103.5 eV of XPS binding energy 

therefore, here it can be assumed that the form of Si in the RHBC hydrogel composite is SiO2 

(Wagner et al., 2003). This fact was confirmed with XRD analysis with Si related peaks (Figure 

S3). In the XRD analysis, the Si content was identified as silicate, silicon oxide or silicate 

hexane, and with XPS analysis it was confirmed to be SiO2. The rice hull was 5% silica by its 

mass and therefore, in RHBC, Si is a major compound (Karam et al., 2021). Figure 4(e) shows 

a peak in the range of 165.9 and 171.9 eV which is related to S. It should come from the 

ammonium persulfate which was the initiator of the process of hydrogel preparation. According 

to the hydrogel structure (Figure 1), few C types can be proposed above the C binding energy 

range. C-C and C-H bonds were at 285.0 eV and C=O at 287.8-288.3 eV (Beamson, 1992). A 

sharp N peak is found in the range of 369.9 - 402.9 eV (Figure 4(c)). Considering the hydrogel 

structure, these N peaks are N-(C=O)- and C-NH2. The literature proves that N-(C=O)- can be 

found at 399.7 eV and C-NH2 at 399.4 eV (Beamson, 1992; Mohtasebi et al., 2016; Wagner et 

al., 2003). The C-NH2 and N-(C=O)- were the major contributors of the hydrogel structure, 

which transforms the hydrogel surface into a positively charged surface within the pH range of 

4-7. Therefore, one of the significant functions of the hydrogel composite came with the C-

NH2 group. This fact is discussed further in Section 3.3. The O peak refers to several O bonds 

types that all the O bonds in the proposed hydrogel structure could explain. Moreover, O 

bonding in the SiO2 appears at the binding energy of 532.9 eV which can be explained by the 

XPS O peak.      
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Figure 4 XPS spectra of RHBC hydrogel composite (a) The wide-scan XPS 

spectra, refined XPS spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) S 2p, (f) Si 2p 

(a) (b) 

(c) (d) 

(e) (f) 
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3.3. Effect of pH on As(V) adsorption and selection of the best hydrogel type 

The effect of pH on the As(V) adsorption of nine different RHBC hydrogel types was 

investigated at various pH values ranging from 4-10, as depicted in Figure 5. Of the nine 

different hydrogel types, the highest adsorption rate is shown by 7R 0.06 hydrogel (Figure 5(i)) 

which was chosen for continuing the experiment as the best hydrogel type. It shows that with 

the increase in biochar pyrolysis temperature, the adsorption capacity increased. With the 

increased pyrolysis temperature, a high amount of volatile matter discharged from the rice hull. 

This created additional new microporous inside the RHBC which increased the surface area of 

the RHBC (Leng et al., 2021). Considering the size of the RHBC within the hydrogel, the 

smaller particles can easily disperse into the hydrogel structure while the hydrogel synthesis 

takes place.  

During the hydrogel synthesis, the residual content of the hydrogel was high with 1.18 

mm RHBC, and the residual content was at a minimum with 0.06 mm RHBC. Therefore, when 

the particle size is 0.06 mm, the maximum RHBC content can be expected within the hydrogel 

structure and the adsorption is more efficient. Further, with the 0.06 mm RHBC particles, the 

unit surface area was higher than those of the 1.18 mm RHBC particles, and the adsorption 

capacity was high with 0.06 mm RHBC hydrogel composite compared to the 1.18 mm RHBC 

hydrogel composite.  

Almost all the hydrogels showed the highest adsorption at the pH range of 6-7 which is 

the As(V) solution without any pH alterations. At the pH range of < 7 the H
+
 ions in the solution 

made the surface protonated through ionizable functional groups (Wu et al., 2018). This 

protonation is crucial to creating a positively charged surface at the pH range of < 7 despite its 

negative PZC.  The  ̶ NH2 and    ̶COOH were the available ionizable functional groups within 

the RHBC hydrogel composite that tended to be protonated. At the pH range of < 7 the O atom 

in the C=O of -COOH functional group showed base characteristics and attracted H
+
 ions to 

form -COH
+
 groups. After protonation, the -NH3

+
 and -COH

+
 groups converted the hydrogel 

surface into a positively charged surface. At the pH levels higher than 2, H2AsO4
-
 (pH 2-7) and 

HAsO4
2-

 (pH 6-12) dominate in the solution and those oxyanions could easily be adsorbed by a 

positively charged surface. Considering the pH ranges of H2AsO4
-
 and HAsO4

2-
 oxyanions and 

the pH range for positive charged surface, pH range of 6-7 was the range common for both of 

abovementioned oxyanions and the positive surface charge range (Figure S4). This explains 

the maximum adsorption at pH range of 6-7.  
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Figure 5 Arsenic adsorption pattern of nine different RHBC hydrogel types with different initial 

pH (a) 5R 1.18 hydrogel, (b) 5R 0.6 hydrogel, (c) 5R 0.06 hydrogel, (d) 6R 1.18 hydrogel, (e) 

6R 0.6 hydrogel, (f) 6R 0.06 hydrogel, (g) 7R 1.18 hydrogel, (h) 7R 0.6 hydrogel, (i) 7R 0.06 

hydrogel 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

(i) 
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Within the fully swollen hydrogel, H2AsO4
-
 and HAsO4

2-
 ions can diffuse through 

electrostatic interactions . This was proved by allowing As(V) to adsorb into dry and fully 

swelled RHBC hydrogel in parallel with the dosage experiment which will be discussed in 

Section 3.4.  At the lower pH values (<2), the dominant As(V) species was H3AsO4 which is 

not an oxyanion and was not attracted by a negatively charged surface (at pH <4, the surface 

is negatively charged). Therefore, the As(V) adsorption at the lower pH was low. At the pH 

higher than 7, the hydroxyl ions (OH-) dominated in the solution over As(V) oxyanions, and 

therefore, As(V) adsorption decreased after exceeding pH 7. This pattern of adsorption is 

supported by several other studies in the literature (Chakraborty et al., 2007; Sanyang et al., 

2016). 7R 0.06 hydrogel is now indicated as the RHBC hydrogel composite. 

 

3.4. Pre-swelling and As(V) adsorption 

There was approximately 20-30% of increment in As(V) adsorption with the fully 

swollen hydrogel over dry hydrogel (Figure S5). As discussed in Section 3.3, the fully swollen 

hydrogel provide sufficient active sites for H2AsO4
-
 and HAsO4

2-
 ions through electrostatic 

interactions. Therefore, pre-swelling can consider as a vital step on effective As(V) adsorption. 

 

3.5. Adsorption kinetics 

During first 7 h, the adsorption achieved its equilibrium with 39.6% (0.04 mg/g) of 

adsorption. At the beginning all the positively charged active sites are available and adsorption 

is fact. With continuing the adsorption, adsorption process reached the equilibrium stage with 

decreasing of available active sites. Table 2 shows the kinetic model parameters for each 

model. According to the  R
2
 values the bet fitted model is the pseudo-first-order suggesting 

non-dissociating molecular adsorption into the adsorbent (Figure 6). It can be suggested that 

the adsorption of As(V) into the RHBC hydrogel composite would be more inclined towards 

the physisorption mechanism, and that the adsorption process depended on the initial 

concentration of As(V). The goodness of fitting of experimental data to the pseudo-first-order 

non-linear model was further proven by the value of adsorption capacity evaluated by the 

pseudo-first-order model (0.04 mg/g), as it was similar to the experimental value (0.04 mg/g).   
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Figure 6 Pseudo-first order and pseudo-second order models 

on kinetic data 
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Table 2 Non-linear kinetic parameters of As(V) adsorption into RHBC hydrogel composite 

 

3.6. Adsorption isotherm 

Work on adsorption isotherm models with experimental data gives details on evaluating 

and designing the adsorption mechanism of a particular sorbent and sorbate interface. Table 3 

shows the isotherm parameters for each model.  

The best fitted models are Langmuir and Freundlich isotherm models with high R
2
 

values of 0.992 and 0.987, respectively (Figure 7). The Langmuir model describes a monolayer 

coverage, and quantitative interpretation of the solute phase distribution between the solution 

and the solid (Duman et al., 2019; Duman et al., 2020; Duman et al., 2022). With the RL values 

    Model Non-linear equation Description Isotherm 

parameters 

Value R
2

 

Pseudo-first order qt = qe[1 − e−K1t] K1 – the rate constant (min-1)  

qe, qt – sorption capacity at 

equilibrium and at time t, 

respectively (mg/g) 

K1 0.66765 0.96161 

qe 0.04126 

Pseudo-second order 
qt =

qe
2K2t

1 + K2tqe

 
K2 – the rate constant 

(g/mg/min)  

qe, qt – sorption capacity at 

equilibrium and at time t, 

respectively (mg/g) 

K2 23.4751 0.9432 

qe 0.04352 

Elovich qt = bIn(ab) + In(t) qt – sorption capacity at time t 

(mg/g) 

a – initial sorption rate 

(mg/g/min) 

b – desorption constant 

(g/mg) 

a 0.40696 0.77694 

b 185.9421 

Power function qt = b(tkf) qt – sorption capacity at time t 

(mg/g) 

b – power function constant 

kf – power function rate 

constant 

b 0.02462 0.70125 

kf 0.14629 

Parabolic qt = a + kp√t 

 

 

qt – sorption capacity at time t 

(mg/g) 

a – parabolic constant 

kp – parabolic rate constant 

a 0.02327 0.53663 

kp 0.00278 
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of less than 1 describe the adsorption of As(V) into the RHBC hydrogel composite is a 

favourable and feasible process.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 (a) Langmuir, Freundlich and Dubinin-Radushkevich adsorption isotherms of 

As(V) by RHBC hydrogel composite, (b) Separation factor (RL) obtained from the Langmuir 

isotherm model 

(a) (b) 
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Table 3 Non-linear isotherm parameters for As(V) adsorption into RHBC hydrogel composite 

 

 

3.7. Mechanisms for adsorption of As(V) into RHBC hydrogel  

The modeling data suggest As(V) adsorption is a physisorption mechanisms. Physical 

adsorption occurs by the forces of molar interactions including +- electron donor-acceptor 

interactions, porous diffusion and H-bonding via H-donor-acceptor interactions. Porous 

diffusion can be identified as the major mechanism as the hydrogel surface contained a porous 

structure as shown in Figure 2 and the hydrogel made a three-dimensional structure as it 

swelled in the aqueous media. The molecules that diffused through porous diffusion underwent 

further chemisorption and physisorption mechanisms since the swelled hydrogel opened more 

functional groups and more porous structures within the RHBC particles. The possible 

mechanisms for As(V) adsorption into RHBC hydrogel is illustrated in Figure 8. 

 

 

 

 

 

 

Model Non-linear equation Description Isotherm 

parameters 

Value R
2
 

Langmuir qads =  
qmaxKLCe

1+KLCe
   qads – the amount of adsorbate 

adsorbed per unit mass of 

adsorbent (mg/g) 

qmax – the maximum adsorption 

capacity (mg/g) 

KL – the Langmuir affinity 

parameter (L/mg) 

Ce – the equilibrium adsorbate 

aqueous phase concentration 

(mg/L) 

qmax 0.07471 0.99283 

KL 0.12296 

Freundlich qads = KFCe
n KF – the Freundlich affinity – 

capacity parameter 

((mg/g)/(mg/L)n) 

n – the Freundlich exponent  

KF 0.00788 0.9875 

n 0.84857 

Dubinin-

Radushkevich 
qads = qDexp (−BD [RTIn (1 + 1

Ce
⁄ )]

2

) 

qD
 – Monolayer adsorption 

capacity (mg/g) 

BD – mean free energy sorption 

(mol2/kJ) 

qD 0.02449 0.97797 

 BD 1.8971   
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3.8. Desorption and re-sorption of As(V) on RHBC hydrogel     

The capability of regeneration of an adsorption material is significant in decreasing the 

cost of production and enhancing sustainability. Recognition of a reliable method for 

desorption is one of the most important aspects of this phenomenon.  

Figure 9 (a) to (e) explains the desorption-resorption patterns of the RHBC hydrogel 

composite for one cycle. H2SO4 showed around 20-30% of desorption and resorption capacity 

with concentrations of 0.1 and 0.01 M. The 1 M H2SO4 shows 100% of desorption and zero 

resorption. Therefore, 1 M of H2SO4 could be a reason for the degradation of the RHBC 

hydrogel structure and all the adsorbed As(V) being released into the solution. CH3COOH 

showed around 20-31% desorption percentage while showing 0-21% of resorption capacity. 

The same as it is valid for H2SO4, and the best concentration range of CH3COOH was 0.1-0.01 

M.  

On the other hand, NaOH showed 20-31% of desorption capacity and 0-81% of 

resorption over various concentrations. Remarkably, 0.1 M NaOH showed 81% of resorption 

capacity for a shaking duration of 6 h and it was the highest resorption recorded over all other 

treatments. As a weak base, NaHCO3 showed 9-54% of desorption capacity but there was no 

significant resorption recorded and, therefore, NaHCO3 is not a suitable regeneration agent for 

the RHBC hydrogel composite. It should be noted that the pattern of desorption and resorption 

Figure 8 Graphical representation of possible mechanisms for As(V) adsorption 

into RHBC hydrogel composite 
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of NaHCO3 is almost the same as in the control study where distilled water was used as the 

desorption agent.  

The literature reveals that the desorption of metal ions requires acidic conditions 

(Weerasundara et al., 2020). However, in the present study, the most suitable was the alkaline 

condition. With the high pH levels of 0.1 M NaOH (12.19), the surface of the RHBC hydrogel 

became negatively charged and the adsorbed As(V) was released into the solution. 

Interestingly, after the desorption with 0.1 M NaOH, the adsorption capacity increased more 

than the initial adsorption capacity. Under the alkaline condition with the 0.1 M NaOH, the 

RHBC hydrogel composite went through a hydrolysis reaction. Hydrolysed hydrogels tend to 

change their swelling percentage significantly.  

For the polyacrylic acid the ionisation equilibrium constant (pKa) is around 4.2. 

Therefore, the hydrolysed acrylamide hydrogels swelled further at a pH value higher than 4.2 

(pKa). This increased swelling was achieved due to the electrostatic repulsion of the anionic 

carbonyl groups (Zhao et al., 2010). Therefore, 0.1 M NaOH further increased its adsorption 

capacity while showing significant desorption capacity on As(V) with the RHBC hydrogel 

composite.  

Figure S6 shows the images of the RHBC hydrogel composite, (a) dry hydrogel, (b) 

hydrogel swelled in distilled water for 12 h, and (c) after desorption treatment with 0.1 M 

NaOH. These figures illustrate the size difference of the same RHBC hydrogel composite and 

how it swelled after desorption treatment.  Figure 9(f) shows reusability of hydrogel with 0.1 

M NaOH. Even after three desorption cycles, the RHBC hydrogel composite showed a similar 

As(V) adsorption capacity as it did in the initial adsorption step. This fact demonstrates that 

the adsorption capacity is not limited to the values reported with the above experimental data, 

but was four or five times higher than the experimental maximum/equilibrium adsorption 

capacity. Therefore, the RHBC hydrogel composite can be re-used and recycled, enhancing the 

effectiveness of the process and, therefore, economic and environmental sustainably.  
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Figure 9 Desorption and resorption capacity for (a) H2SO4, (b) CH3COOH, 

(c) NaOH, (d) NaHCO3, (e) Distilled water, (f) Selected desorption method 

with four cycles 

(a) (b) 

(c) (d) 

(e) (f) 
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4. Conclusion 

Arsenic contaminated ground water systems may not be suitable to consume directly 

for purposes such as drinking water and irrigation water since those directly involve with 

environmental and human health. It is safe to check the arsenic levels of such water before 

using and apply remediation measures if required. Further, industrial wastewater released from 

mining and any arsenic related activities must undergo an arsenic removal process before being 

released into the environment. Considering this critical need, a RHBC hydrogel composite was 

synthesised with acrylamide hydrogel and RHBC to adsorb As(V) from aqueous solutions. The 

solution pH altered its adsorption. The range of pH 6-7 was favorable for As(V) adsorption 

with RHBC hydrogel. This is an advantageous factor of RHBC hydrogel because it is the pH 

range for most natural water and, as a result, RHBC can be used directly in As(V) contaminated 

natural water. Physisorption adsorption mechanisms involved for the adsorption of As(V) into 

RHBC hydrogel composite based on kinetic and isotherm data. The experimental data showed 

0.04 mg/g of adsorption capacity at a single adsorption cycle.    

The RHBC hydrogel composite is a sustainable solution for the treatment of As(V) in 

water. the reusability further enhances its capabilities and 0.1 M NaOH can use as a solution 

for the desorption of As(V) from the RHBC hydrogel composite and it brings the adsorption 

capacity towards 55%.  Use of RHBC hydrogels shows further advantages such as easy water-

adsorbent separation.  

The innovative aspects of the proposed hydrogel such as regeneration, re-use and easy 

separation from water make the material suitable for large-scale use. Further, since the 

adsorbed As(V) is not being released when treated with water, it allows the use of the RHBC 

hydrogel composite as a storage material for As(V) without harming the environment including 

ground and surface water resources. This emphasises the global importance of the RHBC 

hydrogel composite because it significantly reduces the amount of waste produced with the 

water purification process.  

The integration of acrylamide hydrogel with RHBC further expands the application 

range on contaminant removal since RHBC is a material that can be used for several other 

contaminants as well. This fact opens the way for further research for using of RHBC hydrogel 

composites as a removal agent for other contaminants simultaneously. 
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Figure S1 Percentage of swelling capacity for RHBC hydrogel (a) In 

distilled water (b) In NaCl solutions over the time 

(a) (b) 

Figure S2 Plot of pH vs pHi for salt 

addition method to determine the PZC 

of RHBC hydrogel composite 
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Figure S4 The best pH range (outlined with redline, pH 6-7) for As(V) 

adsorption with RHBC hydrogel composite 
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Figure S3 XRD pattern for RHBC hydrogel composite 
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Figure S5 As(V) adsorption capacity with the different 

RHBC hydrogel composite and the effect of pre-swelling 

on adsorption capacity 

(a) (b) (c) 

Figure S6 Images of RHBC hydrogel composite (a) Dry 

hydrogel, (b) Swelled in distilled water for 12 hours, (c) After 

desorption treatment with 0.1 M NaOH 
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3.3. Concluding Remarks 

A RHBC hydrogel was successfully developed as a composite of acrylamide hydrogel 

and RHBC to remove As(V) from water. The change in the solution pH affected the adsorption 

capacity. The highest adsorption was recorded in the range of pH 6-7. Within the pH 6-7 range, 

the hydrogel surface became positively charged due to the protonation of the -NH2 and -CO 

groups in the polymer chain, and the positive surface attracted H2AsO4
-
 and HAsO4

2-
 oxyanions. 

This is an advantageous factor of RHBC hydrogel because it is the pH range of most natural 

water and, as a result, the RHBC can be used directly in As(V) contaminated natural waters. 

At higher pH values the increased OH
-
 ions in the solution results a competition for positive 

adsorptions sites and decrease the As(V) adsorption. The use of swollen RHBC hydrogel for 

As(V) removal was more efficient than the direct use of dry hydrogel. The hydrogels are 3D 

structured which tends to increase pore volumes and the unit surface area in aqueous 

environments. Once the RHBC hydrogel composite is full swollen, it acts at its maximum 

capacity to adsorb As(V). The chemisorption and physisorption adsorption mechanisms have 

been proposed for the adsorption of As(V) into the RHBC hydrogel composite based on kinetic 

and isotherm data.   

The RHBC hydrogel composite can be considered a revolutionary solution for 

removing As(V) from water because of its availability for regeneration and re-use. 0.1 M 

NaOH is a solution suitable for the desorption of As(V) from the RHBC hydrogel composite 

and it further increases the adsorption capacity of RHBC hydrogel for As(V). Further, the 

RHBC hydrogel composite can be considered as a solution that overcomes the classic 

drawbacks of adsorbents such as adsorbent-water separation which hinders upscaling to large 

industrial scale. Furthermore, the RHBC hydrogel composite does not require additional 

energy (i.e., post filtration) to separate the adsorbent from water and, therefore, allows up-

scaling to large scale industrial applications.  

Considering the large-scale application, the RHBC hydrogel composite shows several 

advantageous characteristics. The material can be developed in any shape and any size. 

Therefore, according to the water purification system, the material can be synthesised. Further, 

the adsorption equilibrium time is 6-7 h, and this time period is reliable for most large-scale 

water purification systems. The innovative aspects of the proposed hydrogel such as 

regeneration, re-use and easy separation from water make it well suited to large-scale use. 

Further, since the adsorbed As(V) is not released when treated with water, the RHBC hydrogel 

composite can be used as a storage material for As(V) without harming the environment, 
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including ground and surface water resources. This makes the RHBC hydrogel composite 

important globally as it significantly reduces the amount of waste produced during the water 

purification process. When the hydrogel is dry, it can shrink to its original size which is about 

900% smaller than its swollen condition. Therefore, the disposal of hydrogel waste will not 

require large dumping facilities. 
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CHAPTER 4: PAPER 4 – SYNTHESIS OF RE-USABLE 

HYDROGEL COMPOSITE INTEGRATING SUGARCANE 

BAGASSE BIOCHAR FOR LARGE INDUSTRIAL TO 

HOUSEHOLD SCALE As(V) REMOVAL FROM AQUEOUS 

MEDIA AND COMPARISON WITH RICE-HULL BIOCHAR 

HYDROGEL COMPOSITE 

4.1. Introduction 

As safe drinking water is an increasingly scarce source, removal of contaminants from 

water is a challenging necessity. Water may contain many contaminants due to different 

anthropogenic and natural sources such as heavy metals, metalloids, phosphates, 

pharmaceuticals, chlorination disinfection by-products, pathogens etc. Arsenic (As) is one of 

the alarming contaminants which has both anthropogenic and natural sources of origin. Since 

the impacts of As consumption are critical to human health, the guideline value set by the WHO 

has been established as <10 g/L. In different parts of the world drinking water sources contain 

As contents higher than to WHO guideline. Therefore, removal techniques are necessary to 

ensure safe drinking water through the achievement this guideline.  

A modified polyacrylamide hydrogel was developed by incorporating sugarcane 

bagasse biochar (SUBC). Nine SUBC hydrogel composites were prepared based on pyrolysis 

temperatures and size fractions of the SUBC. The exhausted SUBC hydrogels were tested for 

their regeneration and re-use capability using different acids and bases. The best hydrogel for 

As(V) adsorption was 0.06 mm sized and pyrolysed under 700 °C SUBC containing hydrogel. 

The highest As(V) adsorption (15%) was at the pH range of 6-7. The swollen hydrogel showed 

higher As(V) adsorption than the dry hydrogel. The kinetic and isotherm models predicted 

physisorption and chemisorption mechanisms on the SUBC hydrogel composites. 0.1 M NaOH 

showed the best regeneration pattern with 43%, 81%, 14% and 30% of 1st, 2nd, 3rd and 4th 

adsorption, respectively. The material requires no post-treatment for adsorbent-water 

separation. The modification with the SUBC further expands the application capacity since the 

SUBC can remove other contaminants as well. 
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Abstract 

Adsorption is the most sustainable method of arsenic (V) (As(V)) removal from water. 

However, the adsorbents currently in use have common drawbacks: additional energy for 

adsorbent-water separation and no reusability. To remove As(V) from water while resolving 

these deficiencies, a modified material was developed by incorporating sugarcane bagasse 

biochar (SUBC) with a hydrogel. Nine different SUBC hydrogel composites were prepared 

based on different pyrolysis temperatures and size fractions of the SUBC. Equilibrium 

isotherms and kinetics data were obtained by adsorption experiments. The exhausted SUBC 

hydrogels were tested for regeneration and re-use capability using different acids and bases. 

The best hydrogel for As(V) adsorption was 0.06 mm sized and pyrolysed under 700 °C SUBC 

holding the hydrogel. The highest As(V) adsorption (15%) was at the pH range of 6-7. Within 

the pH 6-7 range, the hydrogel surface became positively charged due to protonation of the -

NH2 and -CO groups in the polymer chain where the positive surface attracted H2AsO4
-
 and 

HAsO4
2-

 oxyanions. The experimental kinetic data was well-fitted to the pseudo-second order 

(R
2
 0.97) and pseudo-first order (R

2
 0.91) models, while the Langmuir (R

2
 0.98), Dubinin-

Radushkevich (R
2
 0.97) and Freundlich (R

2
 0.96) isotherm models best described the isotherm 

data. The models predicted physisorption and chemisorption mechanisms on the SUBC 

hydrogel composites. 0.1 M NaOH showed the best regeneration pattern with 43%, 81%, 14% 

and 30% of 1st, 2nd, 3rd and 4th adsorption, respectively. Therefore, the SUBC hydrogel was 

efficient at As(V) removal with easy adsorbent-water separation and re-usable capabilities.  

 

Keywords: Arsenic(V), hydrogel, biochar, composite, adsorption 

 

1. Introduction 

Water plays the most crucial role for every single lifeform on Earth. For the human 

population, the availability of safe water is critical. The increasing influence of anthropogenic 

activities has raised the need to remove harmful contaminants from water to make it safe for 

human consumption and the environment. A number of methods to remove different 

contaminants from water have been studied, however their sustainability remains an issue in 

terms of economic and environmental sustainability. The adsorption method has shown 

preferable characteristics over most of the contaminant removal methods in terms of economic 

and environmental sustainability. However, most adsorbent materials show significant 

drawbacks such as additional energy demand on adsorbent-water separation after the 
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adsorption process. This additional energy demand makes the whole process less economically 

efficient. Therefore, it is important to consider easy water-adsorbent separation ability when 

developing adsorbent materials to remove the water contaminants. Hydrogel has been 

identified as an excellent solution.   

Hydrogels are crosslinked polymeric three-dimensional networks that can swell heavily 

in aqueous environments. Hydrogels can be formed from various natural polymers such as 

collagen, gelatine, fibrin, hyaluronic acid, heparin, alginates, pectin and chitosan (Peppas and 

Hoffman, 2020). Hydrogels can be classified in different ways such as those based on the 

method of preparation, ionic charges on the backbone polymers, and physicochemical 

structural features. Knowledge of the classification of hydrogels is important as it helps with 

the selection of monomer and crosslinker according to the proposed application. The use of 

hydrogels has been reported since 1940, and since then various sectors have utilised different 

types of hydrogels for a variety purposes. Some of these sectors are agriculture (as water 

retention granules), drug delivery, coal dewatering, artificial snow, food additives, 

pharmaceuticals, bio-medical applications, regenerative medicine and barrier materials (Asadi 

et al., 2021b; Liang et al., 2021; Mandal et al., 2020; Weerasundara et al., 2021a). The 

mechanical strength of the hydrogels is determined mainly by the amount of crosslinking 

within the polymeric chain. Hydrogels with less crosslinking density are prone to breakage and 

rich crosslinking limits the swelling/water retention capacity. These basic features are major 

factors in deciding the type of hydrogel for any particular purpose. 

The removal of contaminants from water using a hydrogel as an adsorbent has not been 

studied widely but has gained research interest in the last few years. The three-dimensional 

structure of hydrogels facilitates significant water retention capabilities leading to the use of 

hydrogels as a potential adsorbent for various contaminants. Metals, metalloids, organic and 

inorganic dyes and antibiotics have been studied with hydrogels for their removal for water. 

The functional groups of hydrogels are determined by the type of polymeric chain of hydrogels 

(Weerasundara et al., 2021a). When using hydrogels as adsorbents, the types of available 

functional groups are crucial factors to be considered.  

As they are open to modification such as magnetisation, the creation of hydrogel 

composites is another advantage of hydrogels that can make the hydrogel superior to most 

adsorbents. Hydrogel composites allow the integration of other adsorbents into the hydrogel 

structures to gain maximum adsorption capacity and enhance effectiveness at the same time. 

The use of low-cost biomaterials that can enhance the adsorption capacity of hydrogel, creating 

financial efficiencies whilst also making a pathway for the recycling of agricultural and/or 

117



 

 

industrial waste products. Starch, cellulose, lignin and biochar are some of the materials that 

have a potential application with hydrogel.  

Biochar has been identified as a low-cost biomaterial that shows significant adsorption 

capacity for numerous contaminants (Bandara et al., 2017; Herath et al., 2016; Mayakaduwa 

et al., 2016). The literature provides evidence that biochar can be made from different types of 

biomaterials such as sugar cane bagasse, rice hull, woody biomass, organic waste, sewage 

sludge, etc (Ji et al., 2022). The incorporation of biochar into hydrogels could, therefore, be an 

advantage for application range. A limited number of studies of hydrogel-biochar composites 

were found in the literature considering applications such as organic contaminant removal from 

water (Karakoyun et al., 2011), controlled release fertilisers (Das and Ghosh, 2022), metal ion 

adsorption (Akl et al., 2021; Sanyang et al., 2016; Simeng and Chen, 2018) and soil amendment 

(Zhang and Guan, 2022).   

There are many water contaminants due the variety of anthropogenic and natural 

sources such as heavy metals, metalloids, phosphates, pharmaceuticals, chlorination 

disinfection by-products and pathogens. Arsenic (As) is one of the serious contaminants which 

has both anthropogenic and natural sources of origin (Kumarathilaka et al., 2021a; 

Weerasundara et al., 2021c). Since the impacts of As consumption are critical to human health, 

the guideline value set by the World Health Organisation (WHO) has been established as <10 

g/L. In different parts of the world, the drinking water sources contain higher As contents 

(Bibi et al., 2017). Therefore, to achieve this guideline limit and ensure safe drinking water, As 

removal techniques are necessary.  

This study focused on the development of a novel composite hydrogel material based 

on poly(acrylamide) hydrogel with the incorporation of sugarcane bagasse biochar (SUBC), 

and determining and comparing the efficiency of this composite on As(V) adsorption. The 

hydrogels were synthesised by incorporating biochar produced under different pyrolysis 

temperatures and different particle sizes. Regeneration of the material with different methods 

and resorption capacity were also assessed.    

       

2. Experimental 

2.1. Preparation of biochar 

Dried sugarcane bagasse was obtained from Mackay Sugar Limited (Mackay, 

Queensland, Australia) to produce SUBC. The sugarcane bagasse was subjected to a slow 

pyrolysis process under continuous nitrogen flow (2 L/min) in a muffle furnace (CS2, RIO 
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GRANDE) at three different temperatures (500, 600 and 700 ℃) for 2 h holding time to 

produce SUBC. The heating rate of the pyrolysis process was set at 7 ℃/min. The produced 

SUBC was washed with 0.1 mol/L HCl for 6 h for de-mineralisation, and washed again with 

distilled water until a neutral pH was obtained. The filtered SUBC was dried in an oven 

(STERIDIUM) at 50 ℃ for 72 h. The obtained SUBC was grounded and sieved to make three 

different size fractions 1.18, 0.60 and 0.06 mm. In total, nine different SUBC types were 

obtained for the hydrogel composite preparation. 

 

2.2. Synthesis of hydrogel-SUBC composite 

For the preparation of hydrogel-SUBC composite (SUBC hydrogel), acrylamide was 

used as the monomer, N, N’-methylene bisacrylamide as the crosslinker, and ammonium 

persulfate as the initiator. The preparation of SUBC hydrogel was conducted following the 

method described in Sanyang et al. (2016). In brief, 1.0 g of acrylamide was dissolved in 1.0 

mL of distilled water. 0.6 g of SUBC and 0.001 g of N, N’-methylene bisacrylamide were 

added to the acrylamide solution. After the thorough mixing of the solution, 0.2 mL of 0.1 g 

aqueous solution of ammonium persulfate was added to initiate the polymerisation. The SUBC 

hydrogel precursor solution was immediately placed into 5 mm clear vinyl tubes and placed in 

an oven at 40 ºC. The SUBC hydrogel was kept in the oven to speed up the polymerisation and 

crosslinking process, thus avoiding biochar settling at the bottom of the vinyl tubes. After 30 

min, the straws were removed from the oven and kept at room temperature (25-30 ºC) for 24 h 

to complete the polymerisation.  

After 24 h, the prepared SUBC hydrogel was removed from the tubes and cut into 1 cm 

pieces. These cuttings were washed with distilled water several times to remove all un-reacted 

monomers and low molecular weight polymeric matter. Then, the washed SUBC hydrogel 

composites were dried in the air. The air-dried hydrogels were placed in a vacuum oven at 40 

°C for another 24 h and then placed into a desiccator until use. Nine different hydrogels were 

prepared based on pyrolysis temperature and particle size of the biochar. These samples were 

used to compare and optimise the adsorption capacity of the resulting hydrogel composites. 

Table 1 illustrates nine different SUBC. 
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Table 4 Different SUBC prepared based on pyrolysis temperature and particle size 

 Biochar particle size 

1.18 mm 0.60 mm 0.06 mm 

P
y

ro
ly

si
s 

te
m

p
er

a
tu

re
 500 ℃ 5R 1.18 SUBC 5R 0.60 SUBC 5R 0.06 SUBC 

600 ℃ 6R 1.18 SUBC 6R 0.60 SUBC 6R 0.06 SUBC 

700 ℃ 7R 1.18 SUBC 7R 0.60 SUBC 7R 0.06 SUBC 

 

2.3. Characterisation of sugarcane bagasse hydrogel biochar composite 

2.3.1. Swelling ratio 

The swelling behaviour was measured by placing the selected SUBC hydrogel 

composite in distilled water. The weight increase was measured periodically at room 

temperature until it became constant. Equation 1 was used to calculate the swelling ratio. 

 

 
Swelling % =

Wswollen − Wdry

Wdry
× 100 (1) 

 

where Wswollen and Wdry are the weight of the swollen and dry samples, respectively. 

 

2.3.2. Point of zero charge 

The point of zero charge of the selected SUBC hydrogel composite was measured with 

the salt addition method described by Bakatula et al. (2018). In brief, this method entailed a 

series of 15 mL centrifuge tubes 0.05 g of SUBC sample added to 10 mL of 0.1 M NaNO3 

solution. The pH was adjusted with 0.1 M HNO3 and 0.1 M NaOH as needed to obtain pH 

values of 2, 3, 4, 5, 6, 7, 8, 9 and 10 (± 0.1). The initial pH of each sample was denoted as pHi. 

The samples were shaken for 24 h in a shaker at room temperature at 200 rpm (Orbital shaker 

OM15, RATEK). After 24 h of shaking, the final pH (pHf) of each sample was measured. The 

point of zero charge was obtained from the plot of ΔpH (pHf – pHi) against pHi.  

 

2.3.3. Physical and chemical characterisation 

All physical and chemical characterisations were conducted for the SUBC hydrogel 

composite selected for further experiments. The selection procedure and criteria will be 

discussed in Section 3.3. Fourier Transform Infrared Spectroscopy (FTIR) analysis was used 

to investigate the functional groups that existed in the SUBC hydrogel, SUBC and 
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poly(acrylamide) hydrogel. The morphology of the SUBC hydrogel was characterised by 

scanning electron microscopy (JCM-6000, JEOL). The selected SUBC hydrogel was analysed 

by X-ray photoelectron spectrometer (Kratos Axis Ultra XPS, Centre for Microscopy and 

Microanalysis, The University of Queensland) to determine the chemical status of the surface 

functional groups. The powder X-ray diffraction patterns of the hydrogel were obtained by a 

Bruker Advance D8 X-ray Diffractometer equipped with a LynxEye detector, Cu tube and 

operated at 40 kV and 40 mA (Centre for Microscopy and Microanalysis, The University of 

Queensland). The conditions of the analysis were 15 rpm rotation, 10-80 degrees 2-theta (start 

and end angles), 0.02° increment, 1.13 s/step and 1 h 10 min scan time. The traces were 

processed using the Diffracplus Evaluation Package Release V5.1 and PDF-4 Release 2022.  

 

2.4.  Batch sorption experiments for SUBC hydrogel composite 

A stock solution (1000 mg/L) of As(V) was prepared by dissolving sodium arsenate 

dibasic heptahydrate (Na2HAsO4.H2O) in distilled water. This stock solution was used for the 

preparation of As(V) solutions at the required concentrations and the solutions were freshly 

prepared for each study. After every experiment, the samples were separated from hydrogels 

and the solutions were filtered through a glass fibre filtration technique (0.6 m), and the 

remaining As(V) concentrations were measured using inductively coupled plasma mass 

spectrometry (PerkinElmer NexIONTM 300X). Every analysis was conducted as triplicate and 

control experiments were conducted. The laboratory blank samples were prepared and tested. 

the standard and blank samples were tested in between every 12 samples to comply with 

Quality Assurance/Quality Control (QA/QC) measures. To assess the best pH of the solution, 

for optimum As(V) adsorption for nine different hydrogels, an adsorption edge experiment was 

conducted at 5 mg/L As(V) at different pHs from 4-10 for a biochar dosage of 1 g/L. The 

solutions with SUBC hydrogels were shaken at 100 rpm for 24 h at room temperature (25 ℃). 

At the same time, a control experiment was conducted with hydrogel but without biochar.  

To determine the optimum dosage for As(V) adsorption, the selected SUBC hydrogel 

from the edge experiment was shaken for 24 h in 5 mg/L of As(V) at different dosages from 1 

- 100 g/L. In this dosage experiment, SUBC hydrogels were used in two different ways: swelled 

and dry. For swelled SUBC hydrogels, the hydrogels were allowed to swell in distilled water 

for 24 h before As(V) adsorption. A 5 mg/L As(V) was used for kinetic experiments. Samples 

of the swollen hydrogels were taken at predetermined time intervals from 0.5 - 72 h. Batch 

isotherm studies were carried out in the As(V) concentration range of 0.025 - 7 mg/L. An 
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equilibrium time of 6 h was chosen based on the kinetic experiment. The amount of As(V) 

retained in the adsorbent phase was calculated using equation 2 (Mayakaduwa et al., 2016). 

 

 qe = [C0 − Ce]VM−1 (2) 

 

where qe is the As(V) amount adsorbed on SUBC hydrogel (mg/g), C0 and Ce are the initial 

and equilibrium As(V) concentrations (mg/L), V is the solution volume (L) and M is the 

hydrogel mass (g). 

 

2.5. Experimental data modeling 

Chemical kinetics describes possible reaction pathways as a function of reaction time 

to reach equilibrium. To investigate the mechanisms of adsorption processes, five different 

non-linear kinetic models, namely the pseudo-first order, pseudo-second order, Elovich, 

parabolic diffusion and power function, were applied to the experimental data. Adsorption 

equilibria generally provides fundamental physio-chemical mechanisms for predicting the 

applicability and stability of adsorption processes as a unit operation (Ho and McKay, 1998).  

The isotherm experimental data were analysed using four non-linear isotherm models 

(the Langmuir, Freundlich, Temkin and Dubinin-Radushkevich models) (Ho et al., 2002) 

which were selected because they are the most commonly used mathematical models used to 

describe the sorption kinetics and isotherms of metals and metalloids on sorbents. These kinetic 

models have been classified into two main types: reaction-based and diffusion-based models 

(Ho et al., 2002). While diffusion models are focused on the diffusive transport of metal ions 

from aqueous solutions into pore networks and active sites of the sorbent, reaction models 

describe interaction rates between sorbent and specific metal ions. Sorption isotherm models 

are used to explore how an adsorbate interacts with the adsorbent. Isotherm and kinetic 

modeling and statistical graphing were done with the Microcal Origin software (Version 6). 

 

2.6. Desorption and re-sorption experiment for exhausted hydrogel composites 

Desorption experiments were utilised to evaluate and verify the reusability of SUBC 

hydrogel. The desorption study was performed with H2SO4, CH3COOH, NaOH and NaHCO3 

with concentrations of 1, 0.1, 0.01 and 0.001 M for each acid/base. The As(V) adsorbed SUBC 

hydrogel was shaken in the abovementioned solutions for 6, 24 and 48 h. To test the re-sorption 

capabilities, hydrogel composites were then used for As(V) adsorption. The best desorption 
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and adsorption method was selected, and two more desorption and re-sorption cycles were 

conducted to determine the recycling capacity of the SUBC hydrogel composite.  

 

2.7.    Comparison of sugarcane bagasse biochar hydrogel composite with rice-hull 

biochar hydrogel composite 

The behaviour of As(V) adsorption of the SUBC hydrogel composite was compared 

with the results of rice-hull biochar hydrogel composite (RHBC hydrogel). The As(V) 

adsorption of the RHBC hydrogel has been studied and submitted for journal publication.  

 

3. Results and discussion 

3.1.  SUBC hydrogel composite synthesis 

Synthesis of the SUBC hydrogel underwent several steps: initiation, macro-radical 

generation, chain propagation and formation of the three-dimensional SUBC hydrogel. In the 

first step there should be free-radicals to generate monomer radicals for the formation of the 

polymeric chain. Here, we used ammonium persulfate as the free-radical generator. Under 

heating conditions, the ammonium persulfate was subjected to the decomposition and 

generation of sulfate anion radicals. These sulfate radicals hit first on hydroxyl groups of the 

SUBC and extract hydrogen and formed macro-radicals which are more active than the sulfate 

anion radicals. The macro-radicals reacted with the acrylamide monomers and generated 

acrylamide monomer radicals. Generated acrylamide monomer radicals became free-radical 

doners to neighbouring monomer molecules and with the continuation of the reaction, the 

polymeric chains formed. Simultaneously, the vinyl groups of N, N’-methylene bisacrylamide, 

the crosslinkers, reacted with the growing polymeric chains and connected the polymeric 

chains with each other. Each polymeric chain was connected to the SUBC from one end and 

the other end connected with N, N’-methylene bisacrylamide. Finally, the 3D SUBC hydrogel 

structure was formed (Ren et al., 2014; Tanan et al., 2019).  
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3.2. Characterisation of SUBC hydrogel composite 

3.2.1. Swelling behaviour of SUBC hydrogel composite 

One of the unique advantages of hydrogel is its high swelling capacity. In aqueous 

media, hydrogels can adsorb water and swell. Swelling capacity depends on the crosslinking 

density of the hydrogel. Compared to a low crosslinking density, the hydrogels with a high 

crosslinking density have a lower swelling capacity. When the crosslinking density is 

comparatively low, it allows the network chains to have larger-scale movements which 

facilitate more water adsorption. However, the lower crosslinking density weakens the 

mechanical strength of the hydrogel which means water adsorption can destroy the structure. 

Therefore, crosslinking density should be optimised according to the purpose of the hydrogel. 

The swelling capacity is important for contaminant removal because it directly effects the 

uptake of a given metal/metalloid.  

The selected hydrogel was the 700 °C 0.06 SUBC hydrogel (hydrogel biochar 

composite synthesised using SUBC produced at 700 °C and sieved through a 0.06 mm sieve). 

The selection procedure will be discussed with the sorption experiments in Section 3.3. Figure 

2 illustrates the swelling of a SUBC hydrogel at various time intervals ranging from 0.5 - 48 h 

at room temperature. The graph depicts a rapid increase in the swelling ratio up to 24 h when 

swelling equilibrium is reached without further significant increase. At equilibrium level, the 

SUBC hydrogel can adsorb water, increasing its weight by about 1050%. Even after 48 h, the 

Figure 1 Process of sugarcane bagasse biochar hydrogel synthesis 
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hydrogel did not dissociate, indicating that the cross-linking density was acceptable for the 

SUBC hydrogel to be used as an adsorbent for contaminant removal.  

One of the reasons for such a high swelling capacity is the SUBC hydrogel composite’s 

polymeric chain is made on acrylamide which is considered a highly hydrophilic polymer 

(Zhao et al., 2010). This water absorption occurs due to repulsion between the hydrophilic 

groups of the polymer hydrogel and osmotic pressure alteration (Nakhjiri et al., 2021). As 

depicted in Figure 1, the hydrogel network consists of a large amount of   ̶ NH2 functional 

groups which are hydrophilic. Since the group comes with the crosslinking agent, (N, N’-

methylene bisacrylamide) each junction of the three-dimensional structure consisted of the  ̶ 

NH2 group and, therefore, high water adsorption capacity is achieved (Sanyang et al., 2016).     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2. Point of zero charge for SUBC hydrogel composite 

The point of zero charge is the pH when the net charge of the surface becomes zero.  

The point of zero charge helps to determine how the surface charge changes with pH, and to 

give an idea of active surface functional groups at different pH values. When pH-point of zero 

charge < pH of the solution, the surface of the material will be negatively charged, whereas 

when the pH-point of zero charge > pH of the solution, the surface of the material will be 

positively charged (Herath et al., 2016). Figure 3 shows how the ΔpH changes with the pHi. 

Within the researched range of pH (2-10), all the plotted values are negative. However, at pH 

Figure 2 Percentage of swelling capacity 

for sugarcane bagasse biochar hydrogel 

composite in distilled water over the time 
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2 the plot value is almost zero. Therefore, when the solution pH is higher than 2, the surface 

charge of the SUBC hydrogel is negative.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3. Physical and chemical characterisation of SUBC hydrogel composite 

Figure 4 shows the scanning electron micrographs of the SUBC hydrogel and pure 

poly(acrylamide) hydrogel. Figure 4(a) shows that the surface of the SUBC hydrogel consisted 

of macroporous. This macroporous structure provided the solution with easy access to the 

hydrogel. Further, Figure 4(b) shows the cross-section of the hydrogel and that the hydrogels 

consisted of multiple layers which were interconnected to make the three-dimensional 

structure. The pure poly(acrylamide) hydrogel surface was a smooth surface and there was no 

visible porous structure under scanning electron micrographs.  

 

 

 

 

 

 

 

 

 

 

Figure 3 Plot of pH vs pHi for salt addition method to determine the 

point of zero charge of sugarcane bagasse biochar hydrogel composite 

Figure 4 Scanning electron micrographs images of sugarcane 

bagasse biochar hydrogel composite (a) - Surface, (b) - Cross-

section (c) Scanning electron micrographs image of pure 

poly(acrylamide) hydrogel (surface) 

(a) (b) (c) 
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The FTIR spectra of the SUBC, poly(acrylamide) hydrogel and SUBC hydrogel 

composite are shown in Figure 5. The SUBC hydrogel and poly(acrylamide) hydrogel showed 

vibration stretching of the -NH2 group from acrylamide at 3178 and 3170 cm-1, respectively. 

This functional group was the key advantage for SUBC hydrogel over SUBC for As(V) 

removal in the pH range of 4-7 and will be further discussed in Section 3.3. The combined 

stretching vibration of -CH and -CH2 was shown in both SUBC hydrogel and poly(acrylamide) 

hydrogel at 1419 and 2924 cm-1 respectively, representing the -CH and -CH2 groups in the 

polymeric chain which came from the acrylamide. The stretching vibration at 1651 cm-1 in both 

SUBC hydrogel and poly(acrylamide) hydrogel and 1743 cm-1 of SUBC represent the 

stretching vibration C=O functional group. Further, at 1589 cm-1, the SUBC hydrogel showed 

stretching vibration of the carbonyl group from both acrylamide and NH bending. The peaks 

at 1419 and 1411 cm-1 of SUBC hydrogel and poly(acrylamide) hydrogel respectively, 

represent the COO- stretching of the polymeric chain. The stretching vibration of the C-N 

group is represented by the 1651 cm-1 and 1319 cm-1 peaks of both SUBC hydrogel and 

poly(acrylamide) hydrogel respectively. The SUBC showed a peak at 1064 cm-1 representing 

the presence of oxygenated functional groups which could be the alcohol -OH group. This peak 

shifted to 1095 cm-1. The SUBC hydrogel composite and poly(acrylamide) hydrogel showed 

peaks at 447 cm-1 and 462 cm-1, respectively, which was attributed to the C-H out-of-plane 

deformation condensing smaller aromatic units into larger sheets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 FTIR spectra for (a) Sugarcane bagasse 

biochar (SUBC), (b) Poly(acrylamide) (P(AAm)) 

hydrogel, (c) Sugarcane bagasse biochar hydrogel 

composite (SUBC hydrogel composite) 

(a) 

(b) 

(c) 
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The powder X-ray diffraction patterns of the SUBC hydrogel composite are given in 

Figures 6 (a) and (b). Based on the powder X-ray diffraction graph, it can be understood that 

the SUBC hydrogel had mostly an amorphous structure. However, in the 2 angles of 22-23° 

area, a significant peak was found related to the silica (identified as SiO2) which originated 

from the SUBC (Figure 6(b)). Further, a small number of additional peaks at the 2 angle 

ranges of 20.5-21.0, 49.5-50.0 and 59.5-60.0° were identified as SiO2 (Figure 6(a)). In hydrogel 

synthesis, the SUBC bound to the polymeric chain through a free-radical reaction (Figure 1) 

and, as a result, the silica content bound to the polymeric chain and formed SUBC, as identified 

with powder X-ray diffraction pattern analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The wide-scan X-ray photoelectron spectrometer spectra of the SUBC hydrogel are 

shown in Figure 7(a). According to Figure 7, the predominant peaks observed in the SUBC 

hydrogel surface are Si2p, S2p, C1s, N1s and O1s. The binding energy for Si (2p) is between 

102.9 and 103.9 eV (Figure 7(f)). The literature shows that SiO2 has 103.5 eV of X-ray 

photoelectron spectrometer binding energy and, therefore, here it can be assumed that the form 

of Si in the SUBC hydrogel was SiO2 (Wagner et al., 2003). This assumption has also been 

confirmed by powder X-ray diffraction analysis with Si related peaks (Figure 6). The sugarcane 

bagasse ash contained 97% of silica by its weight, making Si a major compound (Norsuraya et 

al., 2016). Figure 7(e) shows a peak in the range of 165.9 and 171.9 eV which is related to S. 

It should have come from the ammonium persulfate which was the initiator of the process of 

(a) (b) 

Figure 6 Powder X-ray diffraction pattern for sugarcane bagasse biochar 

hydrogel composite (a) - Full spectra of the powder X-ray diffraction pattern, 

(b) - Separated section of the silica peak 
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hydrogel preparation. The peak related to C appears in the binding energy range of 281.9 and 

291.9 eV (Figure 7(b)). Considering the proposed structure in the formation of hydrogel (Figure 

1), few C types can be proposed for the above C binding energy range. The literature shows C-

C and C-H bonds at 285.0 eV and C=O at 287.8-288.3 eV (Beamson, 1992). A sharp N peak 

is found in the range of 369.9 and 402.9 eV (Figure 7(c)). Based on the proposed structure 

(Figure 1) these N peaks are N-(C=O)- and C-NH2. The literature demonstrates that N-(C=O)- 

can be found at 399.7 eV and C-NH2 at 399.4 eV (Beamson, 1992; Mohtasebi et al., 2016; 

Wagner et al., 2003). The C-NH2 and N-(C=O)- were the major contributors to the hydrogel 

structure which rendered the hydrogel surface a positively charged surface within the pH range 

of 4-7. Therefore, one of the innovative functions of the hydrogel composite was associated 

with the C-NH2 group. This is discussed further in Section 3.3. The O peak is found within the 

range of 528.9 and 536.9 eV (Figure 7(d)). This range refers to several O bonds bond types that 

the proposed hydrogel structure could explain. Moreover, O bonding in the SiO2 appears at the 

binding energy of 532.9 eV which can be explained by the X-ray photoelectron spectrometer 

O peak.   
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Figure 7 (a) The wide-scan X-ray photoelectron spectrometer spectra of the 

sugarcane bagasse biochar hydrogel composite, refined X-ray photoelectron 

spectrometer spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) S 2p, (f) Si 2p 

(a) (b) 

(c) (d) 

(e) (f) 
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3.3. Effect of pH on As(V) adsorption and selection of the best hydrogel type 

The effect of pH on the As(V) adsorption of nine different SUBC hydrogel types was 

investigated at various pH values ranging from 4-10 as depicted in Figure 8. Of the nine 

different hydrogel types, the highest adsorption rate is shown by 7S 0.06 hydrogel (Figure 8(i)) 

which was elected for continued experimentation as the best hydrogel type. It shows that with 

the increase in biochar pyrolysis temperature, the adsorption capacity increased. This is 

because, with the increased pyrolysis temperature, a high amount of volatile matter was 

discharged from the sugarcane bagasse. This created additional new microporous inside the 

SUBC, and the surface area of the SUBC also increased.  

Considering the size of the SUBC within the hydrogel, the smaller particles easily 

dispersed into the hydrogel structure while the hydrogel synthesis took place. During hydrogel 

synthesis, the residual content of the hydrogel was high in the 1.18 mm SUBC hydrogel, and 

the residual content minimum was 0.06 mm SUBC hydrogel. Therefore, when the particle size 

was 0.06 mm, the maximum SUBC content was expected to be within the hydrogel structure 

and the adsorption more efficient. Further, with the 0.06 mm SUBC particles, the unit surface 

area was higher than those of the 1.18 mm SUBC particles and the adsorption capacity was 

expected to be high with 0.06 mm SUBC hydrogel compared to the 1.18 mm SUBC hydrogel.  

Almost all the hydrogels showed the highest adsorption at the pH range of 6-7. At the 

acidic pH ranges, the H
+
 ions made the biochar surface highly protonated and positively 

charged (Wu et al., 2018). This positive surface charge was due to the protonation of ionisable 

functional groups such as   ̶ NH2 and   ̶ CO. The FTIR spectra showed that both the  ̶ NH2 and  

 ̶ CO groups were present and, therefore, protonation took place in the SUBC hydrogel. After 

protonation the -NH3
+
 and -COH

+
 groups converted the hydrogel surface into a positively 

charged surface. Both the NH2 and  ̶ CO groups were from the acrylamide which was the 

monomer (Figure 1). Therefore, the three-dimensional polymer structure contained NH2 and   ̶ 

CO groups in every monomer unit of the polymeric chain and their protonation made the entire 

hydrogel structure a positively charged surface.  When the pH was increasing (>2), the 

dominant As(V) species became H2AsO4
-
 (pH 2-7) and HAsO4

2-
 (pH 6-12), and those oxyanions 

could be easily adsorbed by a positively charged surface. Therefore, the adsorption was 

expected to be the maximum at the pH range of 6-7. Once the hydrogel was fully swollen, 

H2AsO4
-
 and HAsO4

2-
 ions diffused freely into the 3D network structure of the hydrogel through 

electrostatic interactions between the positively charged surface of the hydrogels and the 

negatively charged H2AsO4
-
 and HAsO4

2-
 ions. At the lower pH values (<2), the dominant As(V) 
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species was H3AsO4 which is not an oxyanion and is not able to be attracted by a negatively 

charged surface (at pH <4, the surface is negatively charged). Therefore, the As(V) adsorption 

at the lower pH was low. When the solution pH became higher than 7, the number of hydroxyl 

ions (OH
-
) in the solution increased, and those hydroxyl ions competed with the As(V) species 

for the adsorption sites, explaining why As(V) adsorption decreased after exceeding pH 7.  

Although the point of zero charge of the SUBC hydrogel was negative, the solution pH 

was crucial to the creation of a positive surface charge which facilitated As(V) adsorption. 

Therefore, the adsorption of As(V) into the SUBC hydrogel was solely dependent on the 

solution pH (7R 0.06 hydrogel is now indicated as the SUBC hydrogel). 
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Figure 8 As(V) adsorption patterns of nine different sugarcane bagasse biochar hydrogel 

composite types with initial pH (a) 5S 1.18 hydrogel, (b) 5S 0.60 hydrogel, (c) 5S 0.06 

hydrogel, (d) 6S 1.18 hydrogel, (e) 6S 0.60 hydrogel, (f) 6S 0.06 hydrogel, (g) 7S 1.18 

hydrogel, (h) 7S 0.60 hydrogel, (i) 7S 0.06 hydrogel 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

(i) 
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3.4. Effect of pre-swelling and SUBC hydrogel dosage on As(V) adsorption 

Figure 10 shows the effect of hydrogel pre-swelling on adsorption capacity. There was 

approximately 20-30% increment in As(V) adsorption when the SUBC hydrogel was fully 

swollen. Once this occurred, H2AsO4
-
 and HAsO4

2-
 ions diffused freely into the three-

dimensional network structure of the hydrogel through electrostatic interactions between the 

positively charged surface of the hydrogels and the negatively charged H2AsO4
-
 and HAsO4

2-
 

ions. Therefore, the swelling capacity and the pre-swelling also played a significant role in 

As(V) adsorption by the SUBC hydrogel.  

The effective adsorption and optimisation of an adsorbent greatly depends on the 

sorbent-sorbate ratio. The correct sorbent-sorbate ratio allows sufficient and effective 

adsorption sites for optimum As(V) removal while ensuring economic efficiency. Figure 11 

illustrates the changes of As(V) adsorption per 1 g of SUBC hydrogel composite with different 

dosages. According to Figure 11, the adsorption capacity for pre-swelled SUBC hydrogel 

composite was around 0.85 mg/g at 1 g/L, and when the dosage was 5 g/L the adsorption 

capacity was 0.27 mg/g which is a 0.58 mg/g difference. Between 5 and 10 g/L dosages, this 

difference was 0.05 mg/g and it decreased further with the rest of the dosages. Considering 

cost-effectiveness, the production cost for 5 g/L is 5 times higher than 1 g/L hydrogel, but the 

ratio for adsorption capacity is less than 5 times Therefore, the most efficient dosage is 1 g/L. 

 

 

 

pH range 
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Figure 9 The best pH range for As(V) adsorption (pH 6-7) with sugarcane bagasse 

biochar hydrogel composite 
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3.5. Adsorption kinetic 

Adsorption kinetics details the adsorption rate of a particular adsorbate and the duration 

of the sorption process to reach equilibrium. Moreover, adsorption kinetics is important for 

understanding adsorption reaction mechanisms. According to the kinetic graphs, within the 

first 24 h, the adsorption reached up to 44.3% (0.045 mg/g) and achieved equilibrium. This 

rapid adsorption in the first 24 h is due to the availability of the positively charged surface sites 

of the SUBC hydrogel. As the available sites were fully employed by As(V), the adsorption 

process entered the equilibrium stage.  

Figure 10 Effect of pre-swelling of 

hydrogel on adsorption capacity 

Figure 11 As(V) adsorption capacity with 

the different sugarcane bagasse biochar 

hydrogel composite dosages 
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To understand the adsorption mechanisms and the feasible rate-determining step of the 

adsorption process, the kinetic data were fitted to the mathematical kinetic models. In the 

pseudo-first-order model, the adsorption phenomenon was assumed to be non-dissociating 

molecular adsorption into the adsorbent. The pseudo-second-order model assumed chemical 

sorption involving valence forces through the sharing or exchange of electrons between the 

adsorbent and the adsorbate. The Elovich equation describes the kinetics of heterogeneous 

chemisorption, while the parabolic model indicates that diffusion control phenomena are rate-

limiting. The power function model is commonly used to describe homogeneous chemisorption 

kinetics (Mayakaduwa et al., 2016). The values of kinetic model parameters together with the 

correlation coefficient (R
2
) values are depicted in Table 2.  

Figure 12 shows the adsorption kinetics for the adsorption of As(V) into the SUBC 

hydrogel composite. The calculated R
2
 values indicate that the pseudo-second order is the best 

fit with the experimental data which suggests chemical sorption involving valence forces 

through the sharing or exchange of electrons between the adsorbent and the adsorbate (Figure 

12). It can be suggested that the adsorption of As(V) into the SUBC hydrogel would be more 

inclined towards the chemisorption mechanism. The goodness of fit of the experimental data 

to the pseudo-second-order non-linear model is further proven by the value of adsorption 

capacity evaluated by the pseudo-second-order model (0.045 mg/g) which is similar to the 

experimental value (0.045 mg/g). However, the pseudo-first order also fits with the 

experimental data with 0.91 of R
2
 and an almost similar equilibrium sorption capacity (Figure 

12). Therefore, a physisorption mechanism can also be integrated with the chemisorption 

mechanism in the As(V) adsorption process into the SUBC hydrogel.   

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Best fitted kinetic models on 

As(V) adsorption 
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Table 5 Non-linear kinetic parameters of As(V) adsorption into SUBC hydrogel composite 

 

3.6. Adsorption isotherm 

Work on adsorption isotherm models with experimental data gives details for 

evaluating and designing the adsorption mechanism of a particular sorbent and sorbate 

interface. Generally, isotherm mathematical models describe the relationship between the 

adsorbed amount of a particular substance by a unit weight of adsorbent and the remaining 

amount of adsorbate at equilibrium. In the present study, isotherm models by Langmuir, 

Freundlich, Dubinin-Radushkevich and Temkin were used to determine the adsorption 

mechanism. The Langmuir isotherm model assumes monolayer adsorption when adsorption 

    Model Non-linear equation Description Isotherm 

parameters 

Value R
2

 

Pseudo-first order qt = qe[1 − e−K1t] K1 – the rate constant (min-1)  

qe, qt – sorption capacity at 

equilibrium and at time t, 

respectively (mg/g) 

K1 0.91876 0.91212 

qe 0.04342 

Pseudo-second order 
qt =

qe
2K2t

1 + K2tqe

 
K2 – the rate constant 

(g/mg/min)  

qe, qt – sorption capacity at 

equilibrium and at time t, 

respectively (mg/g) 

K2 33.5334 0.97296 

qe 0.04578 

Elovich qt = bIn(ab) + In(t) qt – sorption capacity at time 

t (mg/g) 

a – initial sorption rate 

(mg/g/min) 

b – desorption constant 

(g/mg) 

a 2.90413 0.79594 

b 222.897 

Power function qt = b(tkf) qt – sorption capacity at time 

t (mg/g) 

b – power function constant 

kf – power function rate 

constant 

b 0.02985 0.7385 

kf 0.11128 

Parabolic qt = a + kp√t 

 

 

qt – sorption capacity at time 

t (mg/g) 

a – parabolic constant 

kp – parabolic rate constant 

a 0.02895 0.55503 

kp 0.00231 
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can only occur at a fixed number of definite localised sites that are identical and equivalent. 

The Freundlich isotherm model describes multilayer adsorption with non-uniform distribution 

of adsorption affinities over the heterogeneous surface (Foo and Hameed, 2010). The Dubinin-

Radushkevich model is a semiempirical equation in which the adsorption follows the 

mechanism of pore filling. This model assumes that a multilayer character, which involves Van 

der Waal’s forces, can be applied to the physical adsorption processes. The Temkin model 

describes a chemisorption process (Al-Ghouti and Da'ana, 2020).  

The isotherm parameters for each isotherm model are given in Table 3. Figure 13(a) 

shows the adsorption isotherms for the adsorption of As(V) into the SUBC hydrogel. The 

experimental data were best fitted with the Langmuir, Dubinin-Radushkevich and Freundlich 

isotherm models with high R
2
 values of 0.98, 0.97 and 0.96, respectively (Figure 13). The 

Langmuir model describes a monolayer coverage, indicating that each site can be held by one 

adsorbate molecule on a homogeneous substrate. This Langmuir model describes a quantitative 

interpretation of the solute phase distribution between the solution and the solid and a 

chemisorption mechanism. The separation factor (RL), which is based on Langmuir parameters, 

can be used to determine the favourability of the As(V)-SUBC hydrogel adsorption system. 

The relationship between the calculated RL and the initial concentration of As(V) is shown in 

Figure 13(b). The RL values were less than 1 for all concentrations of As(V), indicating that 

the adsorption of As(V) into the SUBC hydrogel is a favourable and feasible process.  The 

Dubinin-Radushkevich model showed R
2
 of 0.97, indicating that the adsorption process also 

involved the pore filling mechanism. Swelled hydrogel is a porous structure and within the 

hydrogel the SUBC also consisted of a porous structure, confirming that the As(V) adsorption 

into the SUBC hydrogel facilitates a pore-filing mechanism. According to the Freundlich 

model, multilayer adsorption occurs on a heterogeneous surface. This further implies that the 

As(V) was adsorbed into the SUBC hydrogel controls by the physisorption mechanism. The 

parameter n of the Freundlich model equation was valued at 0.8 which is less than 1, indicating 

that the adsorption process of As(V) is a favourable process.  
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Table 6 Non-linear isotherm parameters for As(V) adsorption into SUBC hydrogel composite 

 

 

 

 

Model Non-linear equation Description Isotherm 

parameters 

Value R
2
 

Langmuir qads =  
qmaxKLCe

1+KLCe
   qads – the amount of 

adsorbate adsorbed per unit 

mass of adsorbent (mg/g) 

qmax – the maximum 

adsorption capacity (mg/g) 

KL – the Langmuir affinity 

parameter (L/mg) 

Ce – the equilibrium 

adsorbate aqueous phase 

concentration (mg/L) 

qmax 0.08708 0.98002 

KL 0.27385 

Freundlich qads = KFCe
n KF – the Freundlich affinity 

– capacity parameter 

((mg/g)/(mg/L)n) 

n – the Freundlich exponent  

KF 0.01716 0.96599 

n 0.77028 

Dubinin-

Radushkevich 
qads = qDexp (−BD [RTIn (1 + 1

Ce
⁄ )]

2

) 

qD
 – Monolayer adsorption 

capacity (mg/g) 

BD – mean free energy 

sorption (mol2/kJ) 

qD 0.04175 0.97974 

BD 1.27515   

Figure 13 (a) Langmuir, Freundlich and Dubinin-Radushkevich adsorption 

isotherms of As(V) by sugarcane bagasse biochar hydrogel composite, (b) 

Separation factor (RL) obtained from the Langmuir isotherm model 

(

b) a) 
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3.7. Possible mechanisms for As(V) adsorption into SUBC hydrogel composite 

Both isotherm and kinetic modeling data suggest that the As(V) adsorption into the 

SUBC hydrogel was associated with both physisorption and chemisorption mechanisms. 

Physical adsorption was mainly caused by the forces of molar interactions including + - 

electron donor-acceptor interactions and porous diffusion, as well as H-bonding via H-donor-

acceptor interactions. The porous diffusion can be identified as the major mechanism as the 

hydrogel surface held a porous structure as shown in Figure 4, and the hydrogel made a three-

dimensional structure as it swelled in the aqueous media. The molecules that are diffused 

through porous diffusion later underwent further chemisorption and physisorption mechanisms 

as the swelled hydrogel opened more functional groups and more porous structures within the 

SUBC particles.  

 

3.8. Desorption and re-sorption of As(V) into SUBC hydrogel     

The capability of regeneration of an adsorption material is significant for decreasing 

the cost of production and enhancing sustainability. Recognition of a reliable method for 

desorption is one of the most important aspects of this phenomenon. In the present study 

different acid and base solutions with different concentrations were used to find and select the 

best method for desorption of adsorbed As(V) from the hydrogel. Further, the resorption 

capabilities were studied with several adsorption-desorption cycles.  

Figure 14 (a)-(e) explains the desorption and resorption capacities of the SUBC 

hydrogel with different desorption methods for one cycle. The 1 M H2SO4 showed 100% of 

desorption from the adsorbed amount, however the resorption was zero. Therefore, 1 M of 

H2SO4 degraded the SUBC hydrogel structure and all the adsorbed As(V) was released into the 

solution. With 0.1 M H2SO4, the desorption capacities were around 25-35% while the 

resorption capacity varied around 20-30%. The 0.01 M H2SO4 showed 15-25% of desorption 

capacity and 35-45% of resorption capacity. The maximum resorption capacity of H2SO4 

showed with 0.001 M which was 40-50%. However, the desorption capacity for 0.001 M 

H2SO4 was 10-15%. With CH3COOH, the 0.1-0.001 M showed 10-20% of desorption capacity 

and 35-45% of resorption capacity. The best concentration for NaOH was 0.1 M and it showed 

30-40% desorption capacity and >80% resorption capacity. 1 M NaHCO3 showed same 

behaviour as 1 M H2SO4 where desorption was 100% but there was no resorption. 0.1, 0.01 

and 0.001 M NaHCO3 showed 10-35% of desorption capacity and 3-40% resorption capacity.  
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The literature explains that acidic conditions are preferable factors for the desorption of 

metal ions such as Pb, Cu and Fe from hydrogels (Weerasundara et al., 2021a). However, in 

the present study, the most suitable condition was alkaline. With the high pH levels of 0.1 M 

NaOH (12.19), the surface of the SUBC hydrogel becomes negatively charged and the 

adsorbed As(V) was, therefore, released into the solution. Interestingly, after desorption with 

0.1 M NaOH, the adsorption capacity was increased to more than the initial adsorption 

capacity. Under the alkaline condition with the 0.1 M NaOH, the SUBC hydrogel went through 

a hydrolysis reaction. The hydrolysed hydrogels tended to change their swelling ratio 

remarkably. The ionisation equilibrium constant (pKa) of polyacrylic acid was approximately 

4.2. Therefore, the hydrolysed poly(acrylamide) hydrogels were further swollen at a pH value 

higher than 4.2 (pKa). This increased swelling was achieved due to the electrostatic repulsion 

of the anionic carbonyl groups (̶ CO) (Zhao et al., 2010). Therefore, 0.1 M NaOH further 

increased its adsorption capacity while showing significant desorption capacity on As(V) with 

the SUBC hydrogel.  

Figure 15 shows images of the SUBC hydrogel (a) dry hydrogel, and (b) after 

desorption treatment with 0.1 M NaOH. These figures prove the size difference of the same 

SUBC hydrogel and how it swelled after desorption treatment. Figure 14(f) shows the 

adsorption, desorption and resorption with 0.1 M NaOH treatment for four cycles. Even after 

three desorption cycles, the SUBC hydrogel shows around 35% As(V) adsorption capacity. 

This significant feature reveals that the adsorption capacity of the SUBC hydrogel was not 

limited to the values reported with one adsorption cycle, but was four or five times higher than 

the experimental maximum/equilibrium adsorption capacity. The adsorption values with 0.1 M 

NaOH are as follows: 0.04, 0.08, 0.01 and 0.03 for 1st, 2nd, 3rd and 4th adsorption cycles, 

respectively. Thus, the total adsorption capacity of the SUBC hydrogel for four adsorption 

cycles was 0.16 mg/g. Therefore, the SUBC hydrogel can be re-used and recycled for As(V) 

adsorption, enhancing the effectiveness of the process and its economic and environmental 

sustainability. 
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Figure 14 Desorption and resorption capacity for (a) H2SO4, (b) CH3COOH, 

(c) NaOH, (d) NaHCO3, (e) Distilled water, (f) Selected desorption method 

and desorption-resorption capacities with four cycles 

(c) 

(b) 

(d) 

(a) 

(e)  (f)  
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3.9. Comparison of sugarcane bagasse biochar hydrogel composite with rice-hull 

biochar hydrogel composite on As(V) adsorption 

Table 4 depicts the conditions and results of both SUBC and RHBC hydrogel on As(V) 

adsorption. The preparation method was same for both hydrogel composites. The only 

difference was the biochar type. The data shows that the biochar type did not result in 

significant differences on As(V) adsorption since the two hydrogel composites showed no 

significant difference in overall activity. However, both the biochar integrated hydrogels 

showed enhanced As(V) adsorption capacities compared to the pure poly(acrylamide) 

hydrogel.  

The pore filling mechanism was one of the identified physisorption mechanisms for 

both the rice-hull biochar and SUBC. Figure 4(c) shows that the pure poly(acrylamide) 

hydrogel did not have a well-developed porous structure, unlike the rice-hull biochar (Figure 

S1) and SUBC (Figure 4(a), (b)) hydrogel composites. This was the major reason for the 

significantly elevated As(V) adsorption capacities of both the rice-hull biochar and SUBC 

hydrogel composites compared to pure poly(acrylamide) hydrogel. The biochar itself showed 

a hydrophobic nature. However, after integration of poly(acrylamide) hydrogel at the pH 6-7 

range, the surface of the composite showed positive surface charge. As a result, and despite the 

hydrophobic nature of biochar, the SUBC hydrogel adsorbed As(V) oxyanions in the aqueous 

media. At this point the porous structure of biochar played a significant role in absorbing As(V) 

oxyanions via porous diffusion. 

Figure 15 Images of sugarcane 

bagasse biochar hydrogel 

composite (a) Dry hydrogel, (b) 

After desorption treatment with 

0.1 M NaOH 
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Table 4 Comparison between sugarcane bagasse biochar and rice-hull biochar hydrogel 

composites 

 

 

4. Conclusion 

Sugarcane bagasse biochar hydrogel was successfully developed as a composite of the 

poly(acrylamide) hydrogel and SUBC to remove As(V) from water. The change in the solution 

pH affected the adsorption capacity. The highest adsorption was recorded in the range of pH 

6-7. This is an advantageous factor of SUBC hydrogel because it is the pH range for most 

natural water and, therefore, SUBC can be used directly in As(V) contaminated natural water.  

The use of swollen SUBC hydrogel for As(V) removal was more efficient than the 

direct use of dry hydrogel. The hydrogels are three-dimension structured, and this tended to 

increase pore volumes and the unit surface area in the aqueous environments. Once the SUBC 

hydrogel became fully swollen, it acted with its maximum capacity to adsorb As(V). 

Chemisorption and physisorption adsorption mechanisms have been proposed for the 

adsorption of As(V) into SUBC hydrogel based on kinetic and isotherm data.   

The SUBC hydrogel can be considered a revolutionary and innovative solution for 

removing As(V) from water because of its availability for regeneration and re-use. 0.1 M 

NaOH was found to be a successful solution for the desorption of As(V) from the SUBC 

hydrogel and it further increased the adsorption capacity of the SUBC hydrogel for As(V).  

Further, the SUBC hydrogel can be considered as a solution to overcome classic drawbacks of 

adsorbents such as adsorbent-water separation which hinders upscaling to a large industrial 

Condition/results SUBC hydrogel composite RHBC hydrogel composite 

Biochar pyrolysed temperature and size fraction of best composite 700 ℃, 0.06 mm 700 ℃, 0.06 mm 

Swelling capacity 900% 1100% 

Best pH range for As(V) adsorption 6-7 6-7 

Best dosage for As(V) adsorption 1 g/L 1 g/L 

Dry or swelled condition for maximum As(V) adsorption Swelled condition Swelled condition 

Equilibrium time for As(V) adsorption 7 h 24 h 

Maximum adsorption capacity 0.08 mg/g 0.07 mg/g 

Equilibrium adsorption concentration 0.04 mg/g 0.04 mg/g 

Mechanisms involved As(V) adsorption 
Physisorption and 

chemisorption 

Physisorption and 

chemisorption 

Best method for As(V) desorption 0.1 M NaOH 0.1 M NaOH 

Total adsorbed As(V) amount with 4 adsorption cycles 0.16 mg/g 0.16 g/g 
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scale. Sugarcane bagasse biochar hydrogel composite does not require additional energy (e.g., 

post filtration) to separate the adsorbent from the water, and so allows up-scaling to industrial 

large-scale application. The innovative aspects of the proposed hydrogel such as regeneration, 

re-use, and easy separation from water allow the material to be used for large-scale use. Further, 

since the adsorbed As(V) is not released when treated with water, it allows the use of SUBC 

hydrogel as a storage material for As(V) without harming the environment including ground 

and surface water resources. This makes it of global importance. The comparison of rice-hull 

biochar and SUBC hydrogel showed that there is no significant difference on A(V) adsorption. 

There are further research opportunities related to the optimisation of adsorption 

capacity and its use at field scale in different aspects such as water filters, surface water bodies, 

water purification processes, etc. The integration of poly(acrylamide) hydrogel with SUBC 

expands the application range for contaminant removal as SUBC is a material that can also be 

used for several other contaminants. This opens the way for further research on the use of 

SUBC hydrogel as a removal agent for other contaminants. Therefore, this research opens a 

way to further innovative approaches on contaminant removal in aqueous media. 
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4.3. Concluding remarks 

Sugarcane bagasse biochar hydrogel was a successful answer to the classic drawbacks 

of traditional adsorbent materials as the hydrogel does not require additional energy to separate 

from water after the treatment. Further, the same hydrogel can be regenerated and re-used for 

As(V) removal several times. The As(V) adsorption by SUBC hydrogel was pH dependent 

where the highest adsorption was recorded in the range of pH 6-7. Within the pH 6-7 range, 

the hydrogel surface became positively charged due to protonation of the -NH2 and -CO groups 

in the polymer chain, and the positive surface attracted As(V) oxyanions. This is an 

advantageous factor because it is also the pH range for most natural water and, as a result, 

SUBC can be used directly in As(V) contaminated natural water. The use of swelled SUBC 

hydrogel for As(V) removal was found to be more efficient than the direct use of dry hydrogel. 

The hydrogels are three-dimension structured, and this tended to increase pore volumes and 

the unit surface area in the aqueous environments. Once the SUBC hydrogel became fully 

swollen, it acted with its maximum capacity to adsorb As(V). The chemisorption and 

physisorption adsorption mechanisms that have been proposed for the adsorption of As(V) into 

SUBC hydrogel is based on kinetic and isotherm data.  
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CHAPTER 5: PAPER 5 – ASSESSMENT AND OPTIMISATION 

OF As(V) ADSORPTION ON HYDROGEL COMPOSITE 

INTEGRATING CHITOSAN-POLYVINYL ALCOHOL AND 

Fe3O4 NANOPARTICLES AND EVALUATION OF THEIR 

REGENERATION AND RE-USABLE CAPABILITIES IN 

AQUEOUS MEDIA  

5.1. Introduction 

Fe3O4 nanoparticles incorporated with modified chitosan-polyvinyl alcohol hydrogel 

was developed for As(V) removal in water. This hydrogel does not dissolve or dissociate in 

water so an additional filtration step is not necessary to separate the hydrogel from water. Four 

chitosan-Fe3O4 (ChFe) hydrogel types were developed based on chitosan:Fe3O4 ratios of 1:0, 

1:1, 1:0.5 and 1:0.25. Batch sorption experiments were conducted with different pH, dosages, 

kinetics and isotherms. The exhausted ChFe hydrogels were evaluated for their regeneration 

and re-use capability with different acids and bases. The hydrogel showed reusability features 

that enable it to overcome one of the common drawbacks of traditional adsorbents.  
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5.3. Concluding remarks 

A modified chitosan hydrogel was developed through the integration with Fe3O4 

nanoparticles to remove As(V) from water. In addition to efficient As(V) removal, two major 

objectives were considered for the ChFe hydrogel composite. First, easy removal of adsorbent 

from water after the As(V) removal without high-tech or energy requirements. Second, 

reusability to minimise the waste load. The material preparation was successful, and the 

solution pH affected the adsorption capacity. The highest adsorption was recorded at pH 4 and, 

with this increment of solution pH, the adsorption capacity declined. Swollen ChFe hydrogel 

was more efficient for As(V) removal than dry hydrogel. The chemisorption adsorption 

mechanisms have been proposed for the adsorption of As(V) into the ChFe hydrogel composite 

based on kinetic and isotherm data. 0.1 M CH3COOH is a successful solution for the 

regeneration of the ChFe hydrogel composite, and it further increases the adsorption capacity 

of the ChFe hydrogel composite for As(V).   
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CHAPTER 6: PAPER 6 – Cu(II)-LOADED CHITOSAN-

POLYVINYL ALCOHOL AND Fe3O4 NANOPARTICLE 

INTEGRATED HYDROGEL COMPOSITE FOR ENHANCED 

AND EFFICIENT As(V) ADSORPTION 

6.1. Introduction 

Use of metal ions to remove As in water has gained interest due to their high As 

adsorption capacities. A chitosan-PVA hydrogel was integrated with Fe3O4 nanoparticles, and 

the material showed successful As(V) removal capacities. However, the material is still open 

for more modification since there are several functional groups that provide binding agents for 

more metal ions. Cu(II) is a strong Lewis-acid and several works of literature have been 

reported on the use of Cu(II) ions to modify the adsorbent materials to enhance the As 

adsorption capacity. Considering this the ChFe hydrogel composite was incorporated with 

Cu(II) ions to achieve further enhanced As(V) removal in water. The loaded Cu(II) ions could 

bind with -NH2 groups of the chitosan structure and hold three hydroxyl groups. Each of these 

hydroxyl groups provided an active site for As(V) sorption. Therefore, each Cu bound site 

within the hydrogel structure created three potential binding sites for As(V). 
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Abstract 

To further enhance the arsenic (V) (As(V)) adsorption capacity from water, a modified 

chitosan Fe3O4 nanoparticles (ChFe) hydrogel was re-modified by loading Cu(II) ions onto the 

chitosan structure. Kinetic and isotherm batch sorption experiments, and regeneration and re-

use experiments were then undertaken. The Cu(II) loaded chitosan Fe3O4 nanoparticles (ChFe-

Cu) hydrogel showed 6.8 mg/g adsorption capacity at the initial adsorption cycle. The 

adsorption was pH dependant, and the highest adsorption was in the range of pH 3-4. The 

adsorption capacity gradually decreased with an increasing solution pH. Within the pH 4 range, 

the hydrogel surface became positively charged due to protonation of the -NH2 and -OH groups 

in the polymer chain, and the positive surface attracted H2AsO4
-
 and HAsO4

2-
 oxyanions. The 

experimental kinetic and isotherm data suggest a chemisorption mechanism onto a 

heterogeneous surface. The Cu(II) loading enhanced the As(V) adsorption capacity by 

increasing the active sites for As(V). The loaded Cu(II) ions bound with the chitosan structure’s 

-NH2 groups and held three hydroxyl groups. Each of these hydroxyl groups provided an active 

site for As(V) sorption. Electrostatic attractions with -NH3
+
 and -OH2

+
, ligand-exchange inner-

sphere complexes formation and bidentate corner-sharing (
2
C) and bidentate edge-sharing (

2
E) 

trimetric surface complexes formation has been proposed as the adsorption mechanism of 

As(V) into ChFe-Cu hydrogel. 0.1 M CH3COOH was used for the regeneration of the ChFe-

Cu hydrogel, and it offered a successful re-usable capability where the second to fourth 

adsorption showed 50% (3.4 mg/g) of As(V) removal in each cycle. The cumulative adsorption 

capacity of ChFe-Cu hydrogel composite for four adsorption cycles was 17 mg/g. This 

modified hydrogel composite expanded its adsorption horisons with an innovative aspect. 

Since the Cu(II) loading did not adversely affect on As(V) adsorption, the ChFe hydrogel can 

be used for adsorption of Cu(II) and then, without further processing, be used for As(V) 

adsorption in water. The overall process overcomes the classic drawbacks of traditional 

adsorbent materials with significant adsorption capacity, easy water-adsorption separation, 

very tiny size when dried making storage and disposal easy, reusability, and ability to remove 

several contaminants simultaneously or separately. This fact will enhance the environmental 

and economical sustainability giving the material global advantage in terms of water safety.   

 

Keywords: Arsenic(V), hydrogel, Cu(II), chitosan, Fe3O4, nanoparticles, adsorption 
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1. Introduction 

Adsorption is a well-known method for the removal of contaminants from water. It is 

an operation involving a liquid and solid phase. In the liquid phase, the dissolved contaminants 

are transferred to the solid phase, creating the adsorbent. Adsorption has been considered an 

effective method for water purification over the last decades due to several advantages such as 

low cost, high efficiency, easy operation, easy implementation, and the availability of various 

materials as potential adsorbents. Adsorption has potential application over a vast range (ng/L 

to mg/L). However, most adsorbent materials have several drawbacks such as requiring 

additional energy to separate the adsorbate from water after the adsorption process, inability to 

be regenerated or re-used, and the failure of a single adsorbent to remove more than one 

contaminant. Therefore, to achieve sustainable outcomes, the adsorbent materials should 

overcome the abovementioned drawbacks in an efficient manner.      

Arsenic (As) in water originates from a variety of sources: geochemical reactions, 

industrial waste discharges and agricultural use of As-containing pesticides (Bundschuh et al., 

2022; Kumarathilaka et al., 2020). Arsenic can be found in water in different oxidation states 

such as +5, +3, 0 and -3 with the influence of different redox conditions (Bundschuh et al., 

2021; Weerasundara et al., 2021). A significant interest in As arises due to its carcinogenic 

nature. Acute and chronic As poisoning has been reported in several parts of the world requiring 

potential mitigation methods (Kumarathilaka et al., 2021d; Morales-Simfors and Bundschuh, 

2021). Arsenic removal by adsorption has gained significant interest over the last decades. 

Efficient As removal by adsorption depends on various factors such as pH, availability of 

functional groups for chemical adsorption, surface characteristics for physical and chemical 

adsorptions, cost of production, cost of operation, the requirement of additional adsorbent-

water separation techniques etc. However, simultaneous optimisation of all these factors is a 

challenging or even impossible task. Despite this, if the type of material used as the adsorbent 

is available for modification, the above task can be achieved. 

In water, As can be found as H3AsO4, H2AsO4
-
, HAsO4

2-
, H3AsO3, H2AsO3

-
, and HAsO3

2-

. Since most of these are oxyanions, Lewis-Acid-Base interactions and electrostatic interactions 

can be easily employed as adsorption mechanisms if there are compatible functional groups. 

As(V) oxyanions can be considered strong anionic ligands (Lewis-base) that can be removed 

through both Lewis-acid and electrostatic interactions. Therefore, to enhance the As(V) 

removal capacity of a potential adsorbent, the above interaction can be used to modify the 

hydrogel. 
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Metal ions are considered to be Lewis-acids that can be used to modify any adsorbent 

to achieve enhanced As(V) removal if the adsorbent material is available for modification. 

Fe(III) and Cu(II) have been used to remove As(V) from water through adsorption 

(Kumarathilaka et al., 2021b; Yan et al., 2018). According to the Irving Williams order, Cu(II) 

is a much stronger Lewis-acid than Fe(III) (An et al., 2005). Several works of literature have 

reported the use of Cu(II) ions to modify adsorbent materials to enhance As adsorption capacity 

(An et al., 2010; An et al., 2005; Luan et al., 2019; Ramana and Sengupta, 1992; Wu et al., 

2019; Wu et al., 2018; Yamani et al., 2016; Zhao and Sengupta, 1998).  

Chitosan is a well-known organic waste product from the shellfish industry. Its unique 

molecular characteristics and bio-degradable nature have led to use as an adsorbent in different 

ways. Chitosan-based hydrogel is one of the most promising ways to remove several 

contaminants including As (Weerasundara et al., 2021). The presence of amide groups and 

hydroxyl groups in the chitosan structure make it a favourable material for As(V) adsorption. 

In our previous study, we developed and modified a chitosan based hydrogel with the 

integration of Fe3O4 nanoparticles (ChFe hydrogel composite) to remove As(V) from water. 

Our study showed around 15 mg/g adsorption capacity over five adsorption cycles 

(Weerasundara et al., 2022). 

The present study focuses on the re-modification of the modified ChFe hydrogel 

composite by loading Cu(II) to further increase the adsorption capacity. The ChFe hydrogel 

has an amide group which has nitrogen as an electron doner atom. The Cu(II) ions interact with 

this nitrogen atom in the amide group and a Cu(II) integrated ChFe hydrogel composite was 

obtained. As nitrogen atoms are predominantly in their free base form at pH>3, the positive 

charges of loaded Cu(II) ions are still available to interact with anions in the aqueous phase. 

Moreover, since only a fraction of the copper’s six coordination bonding sites is consumed for 

binding copper to the polymer surface, the immobilised Cu(II) ions remain capable of 

complexing with target ligands from the aqueous phase. Considering this as the null hypothesis: 

the Cu(II) loaded ChFe hydrogel composite (ChFe-Cu) hydrogel was synthesised and 

optimised for As(V) adsorption in aqueous media. The present study focused on the synthesis 

of a novel material as well as the possibility of overcoming the classic drawbacks of traditional 

adsorbent materials. This adsorbate will facilitate easy water-adsorption separation after 

completion of the adsorption process to a very tiny size when dried which makes for easy 

storage and disposal, reusability, and the ability to remove several contaminants 

simultaneously or separately.   
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2. Materials and Methods  

2.1. Materials 

FeCl3.6H2O, FeCl2.4H2O, trisodium citrate, chitosan (from shrimp shells, ≥75% 

deacetylated), poly-vinyl alcohol (PVA) and Cu(II) acetate monohydrate were purchased from 

Sigma-Aldrich Pty Ltd. A stock solution (1000 mg/L) of As(V) was prepared by dissolving 

sodium arsenate dibasic heptahydrate (Na2HAsO4.H2O) in distilled water. This stock solution 

was used for the preparation of the As(V) solutions with required concentrations, and the 

solutions were freshly prepared for each study. 

 

2.2. Laboratory analysis 

After every experiment, samples were separated from the hydrogels and the solutions 

were filtered through a glass fibre filtration technique (0.6 m), and the remaining As(V) 

concentrations were measured using Inductively Coupled Plasma Mass Spectrometry (ICP-

MS) (PerkinElmer NexIONTM 300X). Calibration blanks, laboratory reagent blanks and 

calibration standards were measured as part of the quality assurance and quality control 

measures. Experiments were conducted and analysed in triplicates. Calibration curves were set 

up and ensured that the residual mean square (R
2
) was greater than or equal to 0.98. The 

calibration blank was de-ionised distilled water used to prepare the calibration standards. 

 

2.3. Preparation of Fe3O4 nanoparticles 

The Fe3O4 nanoparticle preparation was done according to the method described in Yan 

et al. (2017). In brief, 5.4 g of FeCl3.6H2O was dissolved in <10 mL of distilled water. 2.0 g of 

FeCl2.4H2O was also dissolved in <10 mL of distilled water separately. After a complete 

dissolve, two solutions were mixed and made the final volume as 25 mL with distilled water. 

Then N2 was purged through the solution for 5 min to remove the dissolved O2 from the 

solution. While continuing the N2 purging, 2.0 g of trisodium citrate was added to the solution 

to stabilise the precipitation within the solution. 12.5 mL of aqueous ammonia was added to 

the solution drop by drop under vigorous mechanical stirring and N2 purging. N2 purging and 

stirring continued for the next 3 h. After 3 h, the solution was dialysed with 14 mm dialysis 

tubing in deionised water to remove the impurity ions. This solution was frozen at minus 70 ℃ 

for about 72 h (Snijders Evosafe, VF-620) and dried in a freeze dryer (Martin Christ, Alpha 2-

4 LDPlus). The final Fe3O4 nanoparticle products were stored in airtight containers until use.   
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2.4. Synthesis of ChFe-Cu hydrogel composite 

The synthesis of the ChFe-Cu hydrogel composite was undertaken based on the 

methods described in Jin and Bai (2002), Wu et al. (2019) and Yamani et al. (2016), and the 

procedures were combined and slightly modified. First, Cu(II) acetate was dissolved in 100 

mL of acetic acid (w/w). The weight ratio was selected as 1:20 chitosan:Cu(II) ions. After 

dissolving completely, 4.2 g of chitosan flakes was added into the solution. The solution was 

placed in a thermostatic water bath shaker at 120 rpm and 60 ℃ for 12 h. After 12 h, if the 

solution still had raw chitosan, shaking was continued for another 6 h. 100 mL of PVA solution 

was prepared by dissolving 8.5 g of PVA using a magnetic stirrer at 800 rpm and 70 ℃. The 

chitosan-Cu and PVA solutions were then mixed on a magnetic stirrer at 800 rpm, 70 ℃. 2.1 

g of Fe3O4 nanoparticles were added to the gel blend and shaking continued for 48 h at 800 

rpm and 70 ℃. After 48 h, the solution was stirred again for another 48 h at room temperature. 

This solution was then introduced dropwise to a solution of 0.1 M NaOH in methanol while 

shaking in a mechanical shaker to form the hydrogel beads. The shaking continued for another 

30 mins after the hydrogel beads’ formation. The hydrogel beads were then separated from the 

NaOH-methanol solution and allowed to partially air-dry. The hydrogel beads were thoroughly 

washed in distilled water until a neutral pH was obtained. The washed hydrogel beads were 

air-dried for 24 h and stored in an airtight container until use.          

  

2.5. Characterisation of ChFe-Cu hydrogel composite 

2.5.1. Swelling percentage 

The swelling percentage was measured by immersing the ChFe-Cu hydrogel in distilled 

water, and the weight increase was recorded at room temperature. The first measurement was 

recorded at 0.5 h and then once an hour until 6 h. Then the weight was recorded once every 24 

h until the weight gain became nearly constant. The percentage of swelling was calculated 

using equation 1. 

 

 
Swelling % =

Wswollen − Wdry

Wdry
× 100 (1) 

 

where Wswollen and Wdry are the weight of the swollen and dry samples, respectively. 
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2.5.2. Point of zero charge 

To determine the point of zero charge (PZC) of the ChFe-Cu hydrogel composite the 

salt-addition method was employed. The 0.05 g of ChFe-Cu hydrogel composite sample was 

introduced to 10 mL of 0.1 M NaNO3 solution. Separate samples were prepared for each pH 

and the pH of the samples was adjusted as 2, 3, 4, 5, 6, 7, 8, 9 and 10 (± 0.1) using 0.1 M HNO3 

and 0.1 M NaOH solutions. Samples were shaken for 24 h in a shaker at room temperature at 

200 rpm (Orbital shaker OM15, RATEK). Initial pH (pHi) and the final pH (pHf) were 

measured and the PZC was obtained from the plot of ΔpH (pHf – pHi) against pHi
  (Bakatula 

et al., 2018).      

 

2.5.3. Physical and chemical characterisation 

Fourier Transform Infrared Spectroscopy (FTIR) analysis, Scanning Electron 

Microscopy (SEM) (JCM-6000, JEOL) analysis, X-ray Photoelectron Spectrometer (XPS) 

analysis (Kratos Axis Ultra XPS, Centre for Microscopy and Microanalysis, The University of 

Queensland) were conducted for the identification of functional groups, chemical status and 

surface morphology of the ChFe-Cu hydrogel composite.   

 

2.6. Batch sorption experiments for ChFe-Cu hydrogel composite 

Kinetic and isotherm experiments were conducted. For kinetic experiments a 5 mg/L 

As(V) was used at 1 g/L ChFe-Cu dosage and the samples were taken at predetermined time 

intervals from 0.5 - 72 h. Batch isotherm studies were carried out in the As(V) concentration 

range of 0.025 - 7 mg/L. An equilibrium time of 24 h was chosen based on the kinetic 

experiment. The amount of As(V) retained in the adsorbent phase was calculated using 

equation 2 (Mayakaduwa et al., 2016). 

 

 qe = [C0 − Ce]VM−1 (2) 

 

where qe is the As(V) amount adsorbed on ChFe-Cu hydrogel (mg/g), C0 and Ce are the initial 

and equilibrium As(V) concentrations (mg/L), V is the solution volume (L) and M is the 

hydrogel mass (g). 

 

2.7. Experimental data modeling 

For the kinetic data, five different non-linear kinetic models, namely the pseudo-first 

order, pseudo-second order, Elovich, parabolic diffusion and power function, were applied. 
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Kinetic models give ideas about the rate limiting factors of the adsorption process as well as 

the mechanism. In an adsorption process there are three basic steps. The first step is the external 

mass transfer of the adsorbate to the external surface of the adsorbent. Then the internal 

diffusion occurs on the sorption sites, and finally, the adsorption occurs (Largitte and Pasquier, 

2016). With the surface characteristics, availability of functional groups and types of the 

adsorbate, the adsorption rate is determined. Therefore, with the adsorption rate of a particular 

adsorbent, the adsorption mechanism can be decided. And for that, the above models and their 

mathematical equations are used (Wang and Guo, 2020).  

In the pseudo-first order, it is assumed that adsorption occurs on the adsorbent surface 

as a monolayer adsorption process. Therefore, the basic and rate limiting step is the external 

mass transfer or internal diffusion. Therefore, the pseudo-first order describes the physisorption 

mechanism between the adsorbate and the adsorbent (Li, 1999). In the pseudo-second order 

the adsorption occurred with external mass transfer, internal diffusion and adsorption into 

active sites. Therefore, the amount of active cites decides the rate of the adsorption process. 

Therefore, the adsorption into active sites is the rate controlling step. With that, the pseudo-

second order assumes that the adsorption process is a chemical sorption process where the 

valance forces are involved through sharing or exchanging of electrons between the adsorbent 

and the adsorbate. The Elovich model describes the chemical adsorption mechanism onto a 

heterogeneous adsorbent. Further, the model assumes that the activation energy increases with 

adsorption time. The parabolic diffusion model is used to decide whether the rate limiting factor 

is a diffusion-controlled step. The power function describes a homogeneous chemisorption 

mechanism.  

The adsorption isotherms describe how the adsorbates in water interact with adsorbent 

material and help to explain the adsorption mechanisms. The Langmuir adsorption isotherm 

model assumes monolayer adsorption which means the adsorption occurs in a single layer with 

one molecule of thickness. Further, the Langmuir model explains that adsorption occurs at a 

fixed number of adsorption sites. These adsorption sites are identical to one another, and no 

lateral interactions are formed. The Freundlich isotherm model is used to describe a multilayer 

adsorption process onto a heterogeneous surface with a chemisorption mechanism (Foo and 

Hameed, 2010). The Dubinin-Radushkevich model is a semiempirical equation in which the 

adsorption of this model follows the mechanism of pore filling. This model assumes that a 

multilayer character, which involves Van der Waal’s forces, can be applied to the physical 

adsorption processes (Al-Ghouti and Da'ana, 2020). Isotherm and kinetic modeling and 

statistical graphing were done with the Microcal Origin software (Version 6). 
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2.8. Desorption and re-sorption experiment for exhausted hydrogel composites 

The ChFe-Cu hydrogel samples that were used for As(V) adsorption then underwent 

four adsorption-desorption experiments with a 0.1 M CH3COOH (shaken for 6 h) solution to 

assess the recyclability and reusability of ChFe-Cu hydrogel composite.  

 

3. Results and discussion 

3.1. ChFe-Cu hydrogel composite synthesis and proposed structure 

The synthesis of the ChFe hydrogel and the structure formation is well described in our 

previous work (Weerasundara et al., 2022). Briefly, ChFe-Cu synthesis occurs through a gel 

blending process. In the hydrogel the chitosan acts as the backbone of the structure. The PVA 

binds with chitosan via -OH groups and the PVA acts as the binding agent or a crosslinker of 

the 3D structure of the hydrogel. The Fe3O4 nanoparticles bind through -OH bonds and Fe-NH2 

bonds to the hydrogel structure.  

The novel component in the ChFe-Cu hydrogel composite is Cu(II) which generally 

binds with the chitosan via the Lewis-acid-based interaction. The functional group-containing 

nitrogen as electron donor atoms is employed as the metal hosting site. Since the nitrogen atoms 

are predominantly in their free base form (at pH>3) the positive charges of loaded Cu(II) ions 

remain available to interact with anions in the aqueous phase. Moreover, since only a fraction 

of the copper’s six coordination bonding sites is consumed to bind it to the polymer surface, 

the immobilised Cu(II) ions remain capable of complexing with target ligands from the aqueous 

phase. Consequently, the Cu(II) loaded ChFe-Cu hydrogel composite can interact with As(V) 

oxyanions in the water through concurrent Lewis-acid-base interaction and electrostatic 

interactions. Further, the Cu(II) can connect two parallel chitosan chains together through -

NH2 functional groups and act as a cross-linker (Lü et al., 2008). The proposed structure of the 

ChFe-Cu hydrogel composite is illustrated in Figure 1. 

 

 

 

 

 

 

 

 

 Figure 1 Proposed structure of ChFe-Cu hydrogel composite 
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3.2. Characterisation of ChFe-Cu hydrogel composite 

3.2.1. Swelling behaviour of ChFe-Cu hydrogel composite 

A significant characteristic behaviour of hydrogels is their ability to swell in the 

presence of water and shrink when drying. The factors affecting this feature are the 

hydrophilicity of the hydrogel backbone and cross-link density. The swelling capacity directly 

affects the As(V) adsorption on the ChFe-Cu hydrogel as the availability of the functional 

groups within the hydrogel depends on the swelling capacity of the hydrogel. Figure 2(a) 

illustrates the swelling percentage of the ChFe-Cu hydrogel composite. There is a rapid 

increase in swelling up to 6 h. After 6 h the swelling percentage increases at a slow rate and, 

when it comes to 48 h, it is in its maximum swollen status.  

The maximum swollen percentage of ChFe-Cu hydrogel composite is around 263%. 

To compare the changes, Figure 2(b) illustrates the swelling capacity of ChFe hydrogel 

composite and pure chitosan hydrogel composite (Weerasundara et al., 2022). The maximum 

swelling percentages of ChFe hydrogel composite and pure chitosan hydrogel are 482 and 

293% respectively. This shows that the ChFe-Cu hydrogel has a lower swelling percentage 

compared to both the ChFe hydrogel composite and pure hydrogel. This is due to the cross-

linking effect of the Cu(II) ions between the parallel chitosan chains of the ChFe-Cu hydrogel. 

This means the cross-link density of ChFe-Cu hydrogel composite is higher than the ChFe 

hydrogel composite. Generally, the increasing cross-link density decreases the swelling 

capacity and may be effect on adsorption capacity. However, here the Cu(II) acts not only as a 

cross-linker, but also as a possible binding site for the As(V) oxyanions. Therefore, the lower 

swelling capacity can be expected but the adsorption capacity may not be affected in the same 

way. This fact can be confirmed with the adsorption experiments in the following sections 

(Sections 3.3 and 3.4).     

 

 

 

 

 

    

 

 

 

 

(a) (b) 

Figure 2 (a) Swelling percentage of ChFe-Cu hydrogel 

composite over the time, (b) Swelling percentage of ChFe 

hydrogel composite and pure chitosan hydrogel 

(Weerasundara et al., 2022) 
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3.2.2. Point of zero charge for ChFe-Cu hydrogel composite 

Depending on the pH of the solution, the surface of the absorbent material can bear net 

negative, net positive, or no charge. Adsorption of the As(V) occurred via As(V) oxyanions 

and, therefore, it is important to know when the adsorbent material holds a net positive charge. 

The PZC is a pH dependant measurement, and it indicates the pH value that is required to give 

a zero net surface charge. And when the pHPZC < pH of the solution, the surface of the material 

will be negatively charged, whereas when the pHPZC > pH of the solution, the surface of the 

material will be positively charged (Herath et al., 2016). Figure 3 shows that when the solution 

pH is at 6, the net surface charge of the ChFe-Cu hydrogel is zero. Therefore, when the solution 

pH is higher than 6, the surface charge of the ChFe-Cu hydrogel is negative and at a higher 

solution pH than 6, and the surface charge of the ChFe-Cu hydrogel composite is positive. 

Considering the As(V) adsorption, the best pH range is <6 since the As(V) adsorption occurs 

through H2AsO4
-
 and HAsO4

2-
 oxyanions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3. Physical and chemical characterisation of ChFe-Cu hydrogel composite 

The macrographs and SEM micrographs of the ChFe-Cu hydrogel composite are shown 

in Figure 4. The ChFe-Cu hydrogel has a rough outer surface. This surface morphology shows 

a significant difference to the surface morphology of ChFe hydrogel composite (Weerasundara 

et al., 2022). The surface roughness increased to a greater extent with Cu(II) loading. The 

Cu(II) loading has been affected on the cross-linking of the ChFe-Cu hydrogel composite and 

Figure 3 Plot of ∆pH vs pHi for salt addition 

method to determine the PZC of ChFe-Cu 

hydrogel composite 
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this is a reason for increasing the roughness of the surface. The increased cross-link density 

may cause a shrinking effect of the hydrogel and make the rough surface.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The FTIR spectra of the ChFe-Cu hydrogel composite is shown in Figure 5(a). For 

comparison, Figure 5(b) shows the FTIR spectra of the ChFe hydrogel composite and pure 

chitosan hydrogel (Weerasundara et al., 2022). As can be seen in Figure 5(a), the broad 

absorption band at 3278 cm-1 is attributed to the stretching vibration of -OH groups in the 

chitosan and PVA. The absorption peak at 2908 cm-1 in the ChFe-Cu hydrogel composite 

describe -CH3 groups in the chitosan and PVA. This peak shows reduced band intensity 

compared to ChFe hydrogel. The absorption peak at 1705 cm-1 in the ChFe-Cu hydrogel 

composite is assigned to the C-H bending vibration and amide C=O stretching vibration in the 

chitosan. The absorption peak at 1643 cm-1 in the ChFe-Cu hydrogel composite belongs to the 

N-H bending in chitosan. This peak also showed significant band reduction compared to the 

ChFe hydrogel. The -NH3 groups are the binding sites for Cu(II) and, therefore, most of the -

NH2 groups are employed by Cu(II). The amide II bands of chitosan which is C-N stretching 

coupled to N-H bending can be found around 1550 cm-1 in the ChFe-Cu hydrogel composite. 

The absorption peak at 1411 cm-1 in the ChFe-Cu hydrogel composite is attributed to the C-N 

bending in the chitosan. The peak around 1373 cm-1 in the ChFe-Cu hydrogel composite 

describes the O-H bending in PVA. The peaks at 1311 cm-1 in the ChFe-Cu hydrogel composite 

represent the stretching of aromatic amine in the chitosan structure. The C-O-C group in the 

ChFe-Cu hydrogel composite can be seen at 1018 cm-1. A peak at 894 cm-1 appeared in the 

Figure 4 (a) Image of ChFe-Cu hydrogel composites, 

(b)-(d) SEM images of ChFe-Cu hydrogel composite 

(a) (b) 

(c) (d) 
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ChFe-Cu hydrogel composite which can be attributed to the amide ring stretching in the 

chitosan. Small absorption peaks at 825 cm-1 in the ChFe-Cu hydrogel composite belong to the 

free -NH2 in the chitosan. This peak is not clear in the ChFe-Cu hydrogel composite as it 

contains fewer free -NH2 groups compared to the ChFe and pure chitosan hydrogel. There is a 

peak assigned to 570 cm-1 in ChFe-Cu hydrogel composite which is attributed to the Fe-O bond 

of the Fe3O4 nanoparticles.  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

Figure 5 (a) FTIR spectra of ChFe-Cu hydrogel composite, (b) FTIR spectra 

of pure chitosan hydrogel and ChFe hydrogel composite (Weerasundara et al., 

2022) 

(b) 
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The wide-scan XPS spectra of the ChFe-Cu hydrogel composite and the elemental 

percentages are shown in Figure 6(a). The peaks found in the ChFe-Cu hydrogel composite 

surface are C1s, N1s O1s and Cu2p (Figure 6(b)-(e)). The peak related to C1s appears in the 

binding energy range of 281.9 and 291.9 eV (Figure 6(b)). Considering the proposed structure 

of the ChFe-Cu hydrogel composite, a few C types can be proposed for the above C binding 

energy range: C-C and C-H bonds and C=O. The N 1s peak found at the binding energy 400 

eV range (Figure 6(c)). This is attributed to the N atom in the R-NH2 group of the chitosan. 

The O peak was found within the range of 529 and 535 eV (Figure 6(d)). This range refers to 

C-OH of PVA and chitosan and Fe-O of Fe3O4 nanoparticles. The Cu2p peak in the range of 

900-950 eV (Figure 6(e)) confirms the Cu loading into the hydrogel composite. The 

composition of Cu(II) in the ChFe-Cu hydrogel is 3.41%.      
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3.3. Effect of pH on As(V) adsorption 

pH is one of the crucial factors in As adsorption as the speciation of As is highly 

dependent on the solution pH and the redox potential. The ChFe hydrogel composite showed 

pH dependent characteristics on As(V) adsorption and, at the range of pH 4-5, the maximum 

adsorption was recorded while the adsorption declined with the increasing solution pH. Figure 

7 shows the behaviour of As(V) adsorption into the ChFe-Cu hydrogel composite with different 

Figure 6 (a) The wide-scan XPS spectra of the ChFe-Cu hydrogel composite, 

refined XPS spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) Cu 2p 

(a) 

(b) (c) 

(d) (e) 
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solution pH. The pattern of the As(V) adsorption on to the ChFe-Cu hydrogel composite is 

same as that of the ChFe hydrogel composite, where the maximum adsorption is at the range 

of pH 4-5. This pH dependent adsorption feature can be explained with PZC and the available 

As(V) oxyanions in the particular pH range. At the pH range of 2-7 the dominant As(V) 

oxyanion is H2ASO4
-
. Since the available As(V) species is negatively charged, it can be 

adsorbed through a positively charged surface. Figure 3 shows that pHPZC for the ChFe-Cu 

hydrogel composite is 6 and, therefore, a positive surface charge can be expected at pH <6. At 

the pH range of 4-5, the surface charge is positive, and it is at full capacity for adsorption of 

As(V), therefore a maximum adsorption can be expected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Adsorption kinetics 

The kinetic data and the non-linear curve fittings are shown in Figure 8. The kinetic 

data shows that until 6 h the adsorption of As(V) into the ChFe-Cu hydrogel composite has a 

rapid rate and gained 4.86 mg/g (97%) of As(V) adsorption. After 6 h the adsorption showed 

no significant difference as it reached the equilibrium stage, and at the maximum adsorption it 

showed 4.92 mg/g (98%) of As(V) adsorption at 72 h.  

To understand the adsorption mechanisms and the feasible rate-determining step of the 

adsorption process, the kinetic data were fitted to the mathematical kinetic models: pseudo 

first-order, pseudo second order, Elovich, parabolic diffusion and power function. The values 

of the kinetic model parameters together with the correlation coefficient (R
2
) values are 

Figure 7 Effect of solution pH on As(V) 

adsorption into ChFe-Cu hydrogel 

composite 
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depicted in Table 1. The calculated R
2
 values (0.97) indicate that the pseudo second order is 

the best fit with experimental data which suggests chemisorption mechanism. The goodness of 

fit of the experimental data to the pseudo-second-order non-linear model is further proven by 

the value of adsorption capacity evaluated by the pseudo-second-order model (4.82 mg/g), as 

it is similar to the experimental value (4.86 mg/g).  It can be suggested that adsorption can 

occur through external mass transfer, internal diffusion, and finally, adsorption into active sites.  

Figure 8 shows a rapid adsorption up to 6 h, followed by equilibrium because all the 

active sites of the ChFe-Cu hydrogel by As(V) oxyanions are employed. According to the 

proposed structure there are several kinds of active site that can be employed by As(V) 

oxyanions such as protonated -OH and -NH2 sites, Cu(II) sites and Fe3O4 sites. 

 

 

 

 

 

    

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Best fitted kinetic models on 

As(V) adsorption into the ChFe-Cu 

hydrogel composite 
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Table 1 Non-linear kinetic parameters of As(V) adsorption into a ChFe-Cu hydrogel 

composite 

 

 

3.5. Adsorption isotherm 

Work on adsorption isotherm models with experimental data provides details for 

designing and evaluating the adsorption mechanism of a particular sorbent and sorbate 

interface. The isotherm parameters for each isotherm model are given in Table 2. Figure 9 

shows the adsorption isotherms for the adsorption of As(V) into the ChFe-Cu hydrogel 

composite. The experimental data were best fitted with the Freundlich isotherm model with 

Model Non-linear equation Description Isotherm 

parameters 

Value R
2

 

Pseudo-first order qt = qe[1 − e−K1t] K1 – the rate constant (min-1)  

qe, qt – sorption capacity at 

equilibrium and at time t, 

respectively (mg/g) 

K1 0.79097 0.95 

qe 4.82161 

Pseudo-second order 
qt =

qe
2K2t

1 + K2tqe

 
K2 – the rate constant 

(g/mg/min)  

qe, qt – sorption capacity at 

equilibrium and at time t, 

respectively (mg/g) 

K2 0.25204 0.97 

qe 5.15734 

Elovich qt = bIn(ab) + In(t) qt – sorption capacity at time 

t (mg/g) 

a – initial sorption rate 

(mg/g/min) 

b – desorption constant 

(g/mg) 

a 198.9244 0.74 

b 1.84666 

Power function qt = b(tkf) qt – sorption capacity at time 

t (mg/g) 

b – power function constant 

kf – power function rate 

constant 

b 3.34136 0.66 

kf 0.11506 

Parabolic qt = a + kp√t 

 

 

qt – sorption capacity at time 

t (mg/g) 

a – parabolic constant 

kp – parabolic rate constant 

a 3.31478 0.45 

kp 0.25608 
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high R
2
 values of 0.97 (Figure 9). The Freundlich model describes a multilayer adsorption that 

occurs on a heterogeneous surface. The proposed structure shows that the Fe3O4 nanoparticles 

are immersed into the hydrogel structure rather than being attached to the outer surface. The 

chemical and physical characterisation data indicates that the ChFe-Cu hydrogel is contained 

with -OH, -NH2, Fe and Cu related functional groups which can be described as the active sites 

responsible for As(V) oxyanion adsorption. The data matches with the kinetic modeling which 

describes the heterogeneous chemisorption mechanism. The parameter n of the Freundlich 

model equation is valued at 0.56 which is less than 1, and this indicates that the adsorption 

process of As(V) into ChFe-Cu hydrogel composite is a favourable process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Freundlich and Dubinin-

Radushkevich isotherm model fitting for 

ChFe-Cu hydrogel composite on As(V) 

adsorption 
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Table 2 Non-linear isotherm parameters for As(V) adsorption into a ChFe-Cu hydrogel 

composite 

 

 

3.6. Possible mechanisms for As(V) adsorption into ChFe-Cu hydrogel composite 

Both isotherm and kinetic modeling data suggested that the As(V) adsorption into the 

ChFe-Cu hydrogel composite is associated with the chemisorption mechanism. The chemical 

and physical characterisation data on the ChFe-Cu hydrogel composite further support the 

chemisorption mechanism proposal demonstrating that there are several kinds of functional 

groups that can attract As(V) oxyanions. The possible mechanisms can be identified as 

electrostatic interactions, Lewis-acid-base interactions, inner-sphere ligand exchange complex 

formation, bidentate corner-sharing (
2
C) and bidentate edge-sharing (

2
E) trimetric surface 

complex formation.  In the pH range, which is lower than the PZC, the -NH2 and -OH groups 

in the PVA and chitosan become protonated, making the surface of the hydrogel more positive. 

At the protonated state the negatively charged H2AsO4
-
 and HAsO4

2-
 ions create electrostatic 

attractions with -NH3
+
 and -OH2

+
. The Fe3O4 nanoparticles form ligand-exchange inner-sphere 

complexes and bidentate corner-sharing (
2
C) and bidentate edge-sharing (

2
E) trimetric surface 

complexes with the H2AsO4
-
 and HAsO4

2-
 ions. With the ligand-exchange inner-sphere complex 

Model Non-linear equation Description Isotherm 

parameters 

Value R
2
 

Langmuir qads =  
qmaxKLCe

1+KLCe
   qads – the amount of 

adsorbate adsorbed per unit 

mass of adsorbent (mg/g) 

qmax – the maximum 

adsorption capacity (mg/g) 

KL – the Langmuir affinity 

parameter (L/mg) 

Ce – the equilibrium 

adsorbate aqueous phase 

concentration (mg/L) 

qmax 5.81524 0.95 

KL 0.17174 

Freundlich qads = KFCe
n KF – the Freundlich affinity 

– capacity parameter 

((mg/g)/(mg/L)n) 

n – the Freundlich exponent  

KF 1.04231 0.97 

n 0.56775 

Dubinin-

Radushkevich 
qads = qDexp (−BD [RTIn (1 + 1

Ce
⁄ )]

2

) 

qD
 – Monolayer adsorption 

capacity (mg/g) 

BD – mean free energy 

sorption (mol2/kJ) 

qD 1.82659 0.97 

 BD 4.44x10-8   
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formation, the -OH
-
 groups in Fe3O4 become protonated and form -OH2

+
 and are then replaced 

with the H2AsO4
-
 and HAsO4

2-
 ions. The Cu(II) ions interact with the As(V) oxyanions via both 

Lewis-acid-base interactions and electrostatic interactions. It should be noted that the Lewis-

acid-base interactions further enhance the electrostatic interactions between Cu(II) ions and 

As(V) oxyanions due to short distanced inner-sphere complex formation and these short 

distance complexes enhance the electrostatic interactions (An et al., 2005).  

 

3.7. Desorption and re-sorption of As(V) on ChFe-Cu hydrogel     

From the viewpoint of cost-effectiveness and environmental sustainability, it is 

beneficial if an adsorbent material can be regenerated and re-used. Multiple re-uses will reduce 

the production cost as well as the amount of waste generation. In our earlier study 

(Weerasundara et al., 2022), a reliable method was identified (0.1 M CH3COOH for 6 h shaking 

duration) for regeneration of the ChFe hydrogel composite, and in the present study the same 

method was used for assessing the regeneration capability of the ChFe-Cu hydrogel composite 

and its potential for re-use.  

Figure 10 shows the adsorption, desorption, and resorption of the ChFe-Cu hydrogel 

composite with 0.1 M CH3COOH treatment for four cycles. The adsorption capacities were 

4.9, 2.5, 2.5, and 2.5 mg/g from first to fourth adsorption cycles, respectively. During the 

adsorption process the solution pH tended to increase, and the final pH was in the range of 5-

6. Therefore, during the adsorption process the surface charge of the ChFe-Cu hydrogel shifted 

towards negative or weak positive status. With that, the affinity towards As(V) became weak, 

and it can be assumed that all of the adsorption sites had not been employed for As(V). This is 

the reason that even with insignificant desorption capacity, the adsorption in second, third and 

fourth cycles showed constant resorption capacities. Maintaining a constant pH level 

throughout the whole adsorption process may facilitate higher adsorption capacity than 4.9 

mg/g during the first cycle, but pH maintenance will make the adsorption process more 

expensive and complex. Therefore, in practical situations, maintaining a constant pH to achieve 

enhanced adsorption capacity is not efficient practice. However, the re-usable feature reveals 

that the ChFe-Cu hydrogel composite has a cumulative adsorption capacity. The adsorption 

values with 0.1 M CH3COOH are as follows: 6.8, 3.4, 3.4 and 3.4 mg/g for 1st, 2nd, 3rd and 4th 

adsorption cycles respectively. Thus, the total adsorption capacity of the ChFe-Cu hydrogel 

composite for four adsorption cycles is 17 mg/g. Therefore, the ChFe-Cu hydrogel composite 
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can be re-used and recycled for As(V) adsorption, enhancing the effectiveness of the process 

and, therefore, its economic and environmental sustainability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.8. Comparison of ChFe-Cu hydrogel composite with ChFe hydrogel composite on 

As(V) adsorption 

Table 3 depicts the conditions and results of both the ChFe-Cu and ChFe hydrogel 

composites on As(V) adsorption. The basic preparation method was the same for both hydrogel 

composites. The only difference was that the ChFe-Cu hydrogel composite was loaded with 

Cu(II) ions. The data show that Cu(II) loading significantly decreased the swelling percentage 

of the ChFe-Cu hydrogel. The Cu(II) acted as a crosslinker between chitosan chains, and this 

limited the mobility of the hydrogel complex due to increased crosslinking density. Despite 

this, the adsorption capacity was significantly increased with the ChFe-Cu hydrogel, and there 

was a 4.6 mg/g difference compared to the ChFe hydrogel composite. Similar adsorption 

mechanisms were involved in both hydrogel composites, however the number of active sites 

was higher in the ChFe-Cu hydrogel than in the ChFe hydrogel composite. The reason behind 

the increased active sites number is that the loading of Cu(II) into chitosan makes more -OH 

sites for As(V) adsorption. 

 

 

 

 

Figure 10 Reusable capacities of ChFe-Cu 

hydrogel composite over four adsorption cycles            
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Table 3 Comparison between ChFe-Cu and ChFe hydrogel composites 

 

 

4. Conclusion 

The ChFe-Cu hydrogel was developed as a composite of the Cu(II) loaded chitosan-

PVA hydrogel and Fe3O4 nanoparticles to remove As(V) from water. The Cu(II) loading was 

achieved by a Lewis-acid-base interaction between Cu(II) ions and -NH2 ions in the chitosan 

structure. The change in the solution pH affected the adsorption capacity. The highest 

adsorption was recorded in the range of pH 4-5 and, with an increment of solution pH, the 

adsorption capacity declined. Within the pH 3-6 range, the hydrogel surface became positively 

charged due to protonation of the -NH2 and -OH groups in the hydrogel composite, and the 

positive surface attracted H2AsO4
-
 and HAsO4

2-
 oxyanions. Further, within pH 3-6, the Fe3O4 

nanoparticles formed inner and outer surface complexes with H2AsO4
-
 and HAsO4

2-
 oxyanions 

and adsorbed As(V). The Cu(II) created more binding sites for As(V) oxyanions since the 

Cu(II) contained three -OH groups. With the presence of these functional groups, both kinetic 

and isotherm modeling suggest the chemisorption adsorption mechanisms for the adsorption 

of As(V) into the ChFe-Cu hydrogel composite.   

The ChFe-Cu hydrogel composite is available for regeneration and re-use. 0.1 M 

CH3COOH is a successful solution for regeneration of the ChFe-Cu hydrogel composite. 

Further, the ChFe-Cu hydrogel composite can be considered as a solution to overcome the 

characteristic drawbacks of adsorbents such as adsorbent-water separation which hinders 

upscaling to a large industrial scale. The ChFe-Cu hydrogel composite does not require 

additional energy (i.e., post filtration) to separate the adsorbent from water and, as a result, 

allows up-scaling to industrial large-scale applications. The innovative aspects of the proposed 

hydrogel such as regeneration, re-use and easy separation from water allow large-scale 

Condition/results ChFe-Cu hydrogel 

composite 

ChFe hydrogel 

composite 

   

Swelling capacity 263 % 482 % 

Best pH range for As(V) adsorption < 6 <6.6 

Equlibrium time for As(V) adsorption 6 h 6 h 

Maximum adsorption capacity (First adsorption cycle) 6.8 mg/g 2.2 mg/g 

Mechanisms involved As(V) adsorption chemisorption chemisorption 

Total adsorbed As(V) amount with 4 adsorption cycles 17 mg/g 15.1 mg/g 
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application of the material. This emphasises the global importance of the ChFe-Cu hydrogel 

composite.  

There are further research opportunities for optimising adsorption capacity and its use 

at the field scale in different aspects such as water filters and water purification processes. The 

ability of Cu(II) to load onto the ChFe hydrogel composite further expands the application 

range for contaminant removal. The possibility exists to use ChFe hydrogel for Cu(II) ion 

removal, and then use it for As(V) removal from water. The adsorption of Cu(II) from Cu 

contaminated water will facilitate the Cu loading onto the ChFe hydrogel composite, and the 

Cu adsorbed ChFe hydrogel composite can then be used for As(V) removal. However, a 

detailed experiment is required to conduct to assess the potential. This will further enhance the 

sustainability of the material by supporting environmentally friendly aspects and decreasing 

the amount of waste products.  
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6.3. Concluding remarks 

The Fe3O4 integrated chitosan hydrogel was developed for As(V) removal from water. 

In this study the hydrogel was further modified with Cu(II) ions to introduce more As 

adsorption sites to the ChFe hydrogel. With modification, the Cu(II) ions attached with Fe3O4 

nanoparticles and created three more As adsorption sites with each Cu(II) ion. Here, the 

chitosan hydrogel was loaded with two different metal ions to enhance the As(V) adsorption. 

As with the ChFe hydrogel, the ChFe-Cu hydrogel can also be re-used several times. At the 

first adsorption, the ChFe-Cu hydrogel showed a three-fold increase in As(V) adsorption 

capacity compared to the ChFe hydrogel. This further confirms that enhanced adsorption has 

occurred due to the binding site that was created through Cu(II) ions.   
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CHAPTER 7: PAPER 7 – ASSESSMENT OF As(III) 

REMOVAL FROM WATER WITH BIOCHAR HYDROGEL 

COMPOSITES WHICH WERE SUCCESSFUL IN As(V) 

REMOVAL FROM WATER AND OVERCAME THE CLASSIC 

DRAWBACKS OF ADSORBENT MATERIALS 

7.1. Introduction 

Over 200 million people worldwide have been reported at risk of arsenic poisoning 

from drinking water. Lung, kidney, liver, and skin cancers are common health conditions 

associated with chronic arsenic exposure. In aquatic environments, inorganic arsenic species 

can be found as As(III)  and As(V). This arsenic speciation is determined by pH and redox 

potential. Alkaline (pH > 7.5) and reduced conditions are favourable for As(III), while acidic 

and oxidised conditions are favourable for As(V). The As(III) is known to be 60 times more 

toxic than As(V), and highly toxic compared to organic arsenic species (Kumarathilaka et al., 

2019). It is also more mobile than As(V).  

As(III) removal has been a significant research topic over the last few decades. Several 

removal methods have been used: nano-filtration, lime softening, coagulation/flocculation, 

electrochemical techniques, chemical precipitation, ion exchange and membrane separation. 

However, when used alone, these methods have several disadvantages such as a significant 

amount of waste generation, high production and processing cost, additional pre- and post-

treatment needs, and high energy requirements. Taking these factors into account, the 

abovementioned methods cannot be considered efficient and sustainable methods for As(III) 

removal.  

This study focused on two major aspects. First, the synthesis of potential, low cost and 

novel material to remove As(III) from aqueous media. Second, to overcome the classic 

drawbacks of adsorption methods by achieving low or no energy requirements on water-

adsorbent separation after the adsorption and to enhance the sustainability by regeneration and 

re-used of the material.    
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Abstract 

Rice-hull biochar hydrogel composite (RHBC hydrogel) and sugarcane bagasse biochar 

hydrogel composite (SUBC hydrogel) were successfully synthesised and their capacity for 

arsenic (III) (As(III)) adsorption was assessed. The As(III) adsorption into RHBC and SUBC 

hydrogels was pH dependent and the solution pH affected both adsorbent and adsorbate 

functions. Non-linear kinetic and isotherm modeling on the experimental data revealed that 

both physisorption and chemisorption mechanisms are involved in As(IIII) adsorption into 

RHBC and SUBC hydrogels. Based on the surface morphology identified with scan electron 

microscopy analysis, pore filling is proposed as the physisorption mechanism while the 

monodentate complexation is proposed as the chemisorption mechanism. The surface charge 

of the RHBC and SUBC hydrogels was negative when the solution pH was > 2 based on the 

point of zero charge analysis. When the solution pH was < 9, the available As(III) compound 

was HAsO2 which is a neutral compound. With these conditions, the hydrogels’ -OH groups 

formed monodentate complexes with HAsO2; the only functional group available in the RHBC 

and SUBC surfaces that can attract As(III) in the solution. The data shows that, at the 

equilibrium state, the adsorption capacities of RHBC and SUBC hydrogels in a single 

adsorption cycle were 0.03 and 0.05 mg/g respectively. The hydrogels can be regenerated with 

0.1 M NaOH and re-used in up to two adsorption cycles. The cumulative adsorption capacities 

for two adsorption cycles were 0.16 mg/g for both the RHBC and SUBC hydrogels. RHBC and 

SUBC hydrogel adsorption capacities were lower for As(III) compared to arsenic (V) (As(V)). 

However, the hydrogels can be used to adsorb both As(III) and As(V) simultaneously as there 

is no competition on adsorption sites. The As(V) adsorption occurred via -CO and -NH2, and 

the As(III) adsorption occurred via -OH groups. Both RHBC and SUBC hydrogels were 

successful in terms of overcoming the classic drawbacks of traditional adsorptive materials due 

to their reusability and easy water-adsorbent separation feature. Further, after adsorption, the 

hydrogels shrink in dry conditions and, thus, reduce the amount of waste produced in the 

As(III) removal process. Therefore, the RHBC and SUBC can be considered for large-scale 

water purification systems because of their sustainable and environmentally friendly 

characteristics.     

  

Keywords: Arsenic (III), adsorption, hydrogel, biochar, recycle 
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1. Introduction 

Arsenic is a metalloid which can be found naturally in the Earth’s crust and, due to 

natural weathering processes, it is a prominent geogenic groundwater contaminant (Amen et 

al., 2020; Bundschuh et al., 2021; Kumarathilaka et al., 2021c). Industrialisation and 

urbanisation have triggered many anthropogenic sources of arsenic in the environment such as 

mining, coal ash disposal, pesticide application, wood preservation and metallurgy (Bundschuh 

et al., 2022; Kumarathilaka et al., 2018b; Martinson and Reddy, 2009).  

Worldwide, over 200 million people have been reported at risk of arsenic poisoning via 

ingestion; mainly through drinking water. Lung, kidney, liver and skin cancers are common 

health conditions associated with chronic arsenic exposure (Kumarathilaka et al., 2021d; Li et 

al., 2022). Other than carcinogenic impacts, various chronic diseases such as papillary and 

cortical necrosis, diabetes mellitus, cardiovascular diseases, skin lesions, cirrhosis, melanosis 

and black foot disease have been identified as impacts of arsenic contamination.  

In aquatic environments, inorganic arsenic species can be found as arsenic (III) (As(III)) 

and arsenic (V) (As(V)) (Kumarathilaka et al., 2020; Martinson and Reddy, 2009). This arsenic 

speciation is decided by the pH and redox potential. Alkaline (pH > 7.5) and reduced conditions 

are favourable for As(III), while acidic and oxidised conditions are favourable for As(V). 

As(III) is known to be 60 times more toxic than As(V). As(III) is highly toxic compared to 

organic arsenic species. Further, As(III) is more mobile than As(V) (Mensah et al., 2022). 

Therefore, the removal of As(III) from water requires greater attention. 

Due to its toxicity and solubility, As(III) removal has been a significant research topic 

over the last few decades. Several As(III) removal methods have been in use: nano-filtration, 

lime softening, coagulation/flocculation, electrochemical techniques, chemical precipitation, 

ion exchange and membrane separation (Vithanage et al., 2019; Weerasundara et al., 2021). 

However, these methods have several disadvantages such as a significant amount of waste 

generation, high production and processing cost, additional pre- and post-treatment needs, and 

high energy requirements. The adsorption method can be identified as overcoming one or more 

of these disadvantages.  

The adsorption method is comparatively cheap, and it does not need significant amounts 

of energy or processing technologies. Therefore, the adsorption method can be identified as a 

user-friendly method. CuO nanoparticles, biochar, clay minerals, siderite, magnetite, TiO2 

nanocrystals and metal-organic frameworks are a few of the many adsorbents that can be found 

in the literature addressing adsorbent materials for As(III) removal (Ahmed et al., 2021; Guo 
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et al., 2007; Manning and Goldberg, 1997; Martinson and Reddy, 2009; Ohe et al., 2005; Zhang 

et al., 2019).  

Even though the general concept of adsorption provides an advantage in terms of low 

cost, low energy requirements and user-friendliness, adsorption itself also has several 

disadvantages. The biochar and nanoparticles like materials are difficult to separate from water 

after adsorption completion, and require additional energy which increases the cost and 

complexity of the overall process and hinders upscaling to an industrial scale. Further, once 

adsorption is complete, the adsorbent has no re-use capability, thus reducing its economic and 

environmental sustainability.  

Considering these facts, the present study focused on two major aspects. First, the 

synthesis of potential, low cost and novel material to remove As(III) from aqueous media. 

Second, overcome the classic drawbacks of adsorption methods by achieving low or no energy 

requirements on water-adsorbent separation after the adsorption, and enhance sustainability by 

regeneration and re-use of the material. Moreover, waste generation will be reduced by reusing 

the material.  

Biochar has been identified as a low cost and easily accessible material for contaminant 

removal. It is a potential adsorptive material for As(III) removal due to the presence of 

favourable functional groups that attract As(III). However, due to its hydrophobic nature, using 

biochar by itself hinders the adsorption of As(III) in water. The present study focuses on 

embedding biochar particles into a hydrophilic hydrogel structure, opening up the biochar’s 

functional groups to adsorb As(III) in the aqueous environment. The hydrogels themselves are 

emerging materials in contaminant removal from water. The hydrogel structure is not only used 

for biochar embedding, but also to enhance the adsorption capacity (Weerasundara et al., 

2021b). With this goal, we have selected a poly acrylamide hydrogel (PAAm hydrogel) as the 

hydrogel structure.  

The most fundamental advantages of using a hydrogel for contaminant removal from 

aqueous media is its non-destructive three-dimensional structure and its swelling and de-

swelling capacity in the presence of water and dry conditions, respectively (Weerasundara et 

al., 2021b). This feature facilitates easy water-adsorbent separation with reduced additional 

energy demand.  

The present study focused on two different biochar hydrogel composites, rice-hull 

biochar hydrogel composite (RHBC hydrogel) and sugar cane bagasse biochar hydrogel 

composite (SUBC hydrogel), for removal of As(III) from aqueous media. They showed 

significant adsorption impacts on As(V) adsorption.               
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2. Materials and Methods  

2.1. Preparation of biochar and hydrogel biochar composites 

Rice-hull biochar and sugarcane bagasse biochar were used for the synthesis of the 

RHBC hydrogel and SUBC hydrogel respectively. A complete and detailed procedure for 

synthesis of biochar and hydrogels is explained in our previous studies. In brief, the rice-hull 

and sugarcane bagasse biochar were produced using a slow pyrolysis method with the 

following program: 7 ℃/min heating rate, 2 h holding time at 700 ℃ under continuous nitrogen 

flow of 2 L/min. The prepared biochar was demineralised with 0.1 mol/L HCl, and the dried 

biochar was ground and sieved through a 0.06 mm mesh. For hydrogel synthesis, a 1.0 mL of 

acrylamide (1.0 g) solution was mixed with 0.6 g of biochar and 0.001 g of N, N’-methylene 

bis-acrylamide. In the next step, 0.2 mL of ammonium persulfate (0.1 g) was added and mixed. 

The solutions were placed in 5 mm vinyl tubes and kept at 40 ℃ for 30 mins. The tubes were 

kept at room temperature for another 24 h and the hydrogel samples were obtained.    

   

2.2. Basic characterisation of RHBC and SUBC hydrogels 

The physical and chemical characterisations and methods are described and discussed 

in detail, and can be found in our previous studies. A brief discussion can be found in the 

Results and discussion section (Section 3.1). 

 

2.3. Laboratory analysis and batch sorption studies  

A 1000 mg/L As(III) in 2% HCl high purity standard solution (purchased from Sigma 

Aldrich Pvt Ltd) was used for the preparation of the As(III) experimental and calibration 

standard solutions. Fresh solutions were prepared for each study. After each experiment, the 

total arsenic concentrations were measured using Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) (PerkinElmer NexIONTM 300X). All the experiments were 

conducted in triplicate.  

As part of the quality assurance and quality control measures, control experiments were 

conducted for each study. Further, calibration blanks and laboratory reagent blanks were 

measured. Calibration curves were set up and it was ensured that the residual mean square (R
2
) 

was greater than or equal to 0.98. The calibration standards were measured once for each of 

the twelve samples as a quality assurance and quality control measure.  

For all experiments, the hydrogel dosage of 1 g/L was used. This dosage was selected 

from the previous studies of RHBC and SUBC hydrogels on As(V) removal from water as the 
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1 g/L was effective in terms of cost of production and As(V) adsorption. For pH edge 

experiments, kinetic experiments and adsorption/re-sorption studies 5 g/L of As(III) solutions 

were used.        

To determine the effect of pH on As(III) adsorption into the RHBC and SUBC 

hydrogels, pH edge experiments were conducted separately within the pH range of 4 to 10. The 

selected pH range from the pH edge experiments was used as the initial pH for kinetic, isotherm 

and adsorption/resorption studies. The kinetic studies were conducted for both the RHBC and 

SUBC hydrogels to determine the equilibrium duration, rate limiting factor and potential 

adsorption mechanisms. In the kinetic study, samples were removed at predetermined time 

intervals from 0.5 - 48 h. The isotherm studies were conducted with different initial As(III) 

concentrations within the range of 0.025 - 7 mg/L. An equilibrium time of 6 h was chosen 

based on the kinetic experiment. The amount of total arsenic retained in the adsorbent phase 

was calculated using equation 1 (Mayakaduwa et al., 2016). 

 

 qe = [C0 − Ce]VM−1 (2) 

 

where qe is the As(III) amount adsorbed on the RHBC and SUBC hydrogels separately (mg/g), 

Co and Ce are the initial and equilibrium arsenic concentrations (mg/L), V is the solution 

volume (L) and M is the hydrogel mass (g). 

    

2.4. Experimental data modeling and graphing 

The kinetic and isotherm data modeling and statistical graphing were done with the 

Microcal Origin software (Version 6). Five non-linear kinetic models of pseudo-first order, 

pseudo-second order, Elovich, parabolic diffusion and power function were tested for modeling 

the adsorption kinetics of RHBC and SUBC on As(III) adsorption from an aqueous solution. 

The non-linear modeling was considered to be a better technique over linear modeling 

considering the realistic parameters, which means the non-linear models do not assume the data 

is independent.  

Pseudo-first-order and pseudo-second-order are the most employed kinetic models to 

describe solid-liquid phase adsorptions (Benjelloun et al., 2021). Pseudo-first order describes 

the physisorption mechanism between adsorbate and adsorbent (Li, 1999). The pseudo-second 

order assumes that the adsorption process is a chemical sorption process where the valance 

forces are involved through the sharing or exchanging of electrons between adsorbent and 

adsorbate. The Elovich model describes the chemical adsorption mechanism into a 
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heterogeneous adsorbent. The parabolic diffusion model is used to decide whether the rate 

limiting factor is diffusion-controlled step. The power function describes a homogeneous 

chemisorption mechanism.  

Adsorption isotherms describe the way adsorbates interact with adsorbents. Therefore, 

isotherm modeling is essential to optimise the use of adsorbents on any kind of adsorbates. In 

the present study, to identify the adsorption mechanisms, three isotherm models were used: 

Langmuir, Freundlich and Dubinin-Radushkevich. The Langmuir isotherm model assumes 

monolayer adsorption. The Freundlich isotherm model is used to describe a multilayer 

adsorption process into a heterogeneous surface with a chemisorption mechanism (Foo and 

Hameed, 2010). The Dubinin-Radushkevich model describes the mechanism of pore filling 

with a multilayer character (Al-Ghouti and Da'ana, 2020).  

 

2.5. Desorption and resorption experiment on RHBC and SUBC hydrogels 

The adsorption, desorption and resorption experiments were conducted to study the re-

use capacities of the RHBC and SUBC hydrogels. With our previous studies on As(V) removal, 

the 0.1 NaOH was identified as a reliable method for efficient desorption of As(V) from both 

the RHBC and SUBC hydrogel composites. Based on the results of those studies, the same 

desorption method was also used for As(III). In total, three adsorption cycles were conducted 

to assess reusability. 

 

3. Results and discussion 

3.1. RHBC and SUBC hydrogel synthesis and characterisation 

The synthesis of the RHBC and SUBC hydrogels and the structure formation is well 

described in our previous works. Both hydrogels were synthesised by grafting 

copolymerisation. The synthesis procedure consisted of four major steps: initiation, macro-

radical generation, chain propagation and development of a three-dimensional structure by 

crosslinking of polyacrylamide chains. The maximum swelling capacities of the RHBC and 

SUBC hydrogels were 900 and 1050%, respectively. The equilibrium duration needed to 

achieve these swelling capacities were 7 and 24 h, respectively. The difference of swelling 

capacity is directly related to the hydrophilicity/hydrophobicity of the biochar.  

The literature shows that the hydrophobicity of the biochar is directly related to the 

amount of carboxylic groups presence in the biochar (Mao et al., 2019). The carboxylic groups 

enhance the hydrophobicity of the biochar. The FTIR analysis of the rice-hull biochar and 

sugarcane bagasse biochar shows in the rice-hull biochar as a visible carboxylic group peak 

201



 

 

but not in the sugarcane bagasse biochar (Figures S1 and S2). Therefore, the difference of 

swelling capacity between the RHBC and SUBC hydrogels can be understood with an FTIR 

analysis. The point of zero charge (PZC) analysis showed that both the RHBC and SUBC 

hydrogels have a negative surface charge in the range of 2 < pH (Figures S3 and S4).  

The FTIR spectra of RHBC and SUBC hydrogel composites show that both hydrogel 

types have similar functional groups. The XRD pattern analysis showed that both the RHBC 

and SUBC hydrogels contain silica, and that the SUBC hydrogels contain a higher amount of 

silica compared to the RHBC hydrogel (Figures S5 and S6). The wide-scan XPS spectra of 

both the RHBC and SUBC hydrogels showed the predominant peaks of Si2p, S2p, C1s, N1s 

and O1s with similar patterns, and a similar chemical composition of the surface functional 

groups (Figures S7 and S8). This supports the FTIR analysis as well. 

 

3.2. Effect of pH on As(III) adsorption into RHBC and SUBC hydrogels  

The effects of pH on As(III) adsorption into RHBC and SUBC hydrogels are illustrated 

in Figure 1. For both hydrogel composites, the best pH range for adsorption can be identified 

as 6-7.5 where only neutral As(III) species (HAsO2) can be found. The PZC analysis indicates 

that the surface charge of both RHBC and SUBC hydrogel is negative within the entire 

experimental pH range (Figures S3 and S4). However, it has been identified that, in the pH 

range of 4-7, the surface can have positive ions due to the protonation of -NH2 and -CO 

ionisable functional groups. This protonation is an advantage for As(V) adsorption but not for 

As(III) adsorption as there are no As(III) oxyanions available below pH 9.2 (Li et al., 2010). 

Therefore, electrostatic interactions cannot be employed for As(III) adsorption on to RHBC 

and SUBC hydrogels. Under these conditions, As(III) removal can only take place through -

OH groups via the formation of monodentate complexes. The presence of -OH functional 

groups on both the RHBC and SUBC hydrogels can be confirmed with FTIR spectra of both 

hydrogels. The stretching vibrations at 3741.90 cm-1 on both the RHBC and SUBC hydrogel 

composites represents the -OH groups. HAsO2 can only be found within the pH range of 6-7.5, 

and this is the reason for elevated As(III) adsorption within the pH 6-7.5.   
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3.3. Adsorption kinetics 

The kinetic data and the best fitted non-linear kinetic models on the RHBC and SUBC 

hydrogels are illustrated in Figures 2 (a) and (b), respectively. The kinetic data for both 

hydrogels show that, within the first 6 h, adsorption occurred at a rapidly increasing rate and, 

following that, the increasing rate was slow. At the equilibrium state, the RHBC hydrogel 

achieved 0.031 mg/g As(III) adsorption, and for the SUBC hydrogel it was 0.05 mg/g. 

Regarding non-linear curve fitting, the values of kinetic model parameters and correlation 

coefficient (R
2
) values on the RHBC and SUBC hydrogels are depicted in Table 1. The kinetic 

data of the RHBC hydrogel showed a best fit with the Elovich model, with an R
2
 value of 0.90.  

The Elovich model describes the heterogeneous chemisorption kinetics on adsorbents. 

Considering the SUBC hydrogel, the best fitted model was the power function with a R
2
 value 

of 0.97 which describes the homogeneous chemisorption kinetics. This supports the 

phenomena that was explained with the pH study (Section 3.2). The surface charge of the 

RHBC and SUBC hydrogels are negative and the available As(III) compound is neutral. 

Therefore, electrostatic interactions are impossible. The -OH groups of the hydrogels can form 

monodentate complexes with HAsO2. Kinetic, FTIR and pH studies strongly supported the 

phenomena and, therefore, it can be confirmed the chemisorption mechanism is prominent in 

As(III) adsorption into RHBC and SUBC hydrogels.   

 

 

 

Figure 1 Effect of pH on As(III) adsorption into RHBC 

and SUBC hydrogels 
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Figure 2 Kinetic data and the best fitting kinetic models on (a) RHBC 

hydrogel, (b) SUBC hydrogel 

(b) (a) 
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3.4. Adsorption isotherm 

The isotherm parameters of the RHBC and SUBC hydrogels for three different non-

linear isotherm models are given in Table 2. Figures 3 (a) and (b) show the best-fitted 

adsorption isotherms for the adsorption of As(III) into the RHBC and SUBC hydrogels, 

respectively.  

According to the model parameters, the RHBC hydrogel is best fitted with the 

Langmuir isotherm model, with a R
2
 value of 0.99. The model parameters and the best-fitted 

model further confirm and explain the chemisorption mechanism of As(III) adsorption into the 

RHBC hydrogel. Further, the Langmuir model assumes monolayer adsorption where 

adsorption can only occur at a fixed number of definite localised sites that are identical and 

equivalent. As(III) adsorption can only occur with complexation with -OH functional groups 

and, as a result, adsorption sites can be found with a fixed number, and they are identical and 

equivalent. Thus, the chemosorption mechanism can be strongly proposed for As(III) 

adsorption into the RHBC hydrogel. Further, the Freundlich model (R
2
 0.98) also shows good 

fitting parameters that explain heterogeneous multilayer adsorption with physisorption 

mechanisms. The surface morphology of the RHBC hydrogel (Figure S9) explains that the 

RHBC hydrogel has a porous outer and inner structure. Therefore, a pore filling mechanism 

can be a part of the As(III) adsorption process for the RHBC hydrogel.  

Regarding the SUBC hydrogel, the best-fitted isotherm model is the Freundlich model 

(R
2
 0.96) which explains heterogeneous multilayer adsorption with a physisorption 

mechanism. Considering the surface morphology of the hydrogel (Figure S10), pore filling can 

be proposed as the physisorption mechanism that facilitates the diffusion of As(III) into the 

hydrogel structure. The Langmuir model also shows a good fit with the experimental data with 

an R2 value of 0.96. Therefore, it confirms the monolayer chemisorption mechanism of As(III) 

into the SUBC hydrogel through monodentate complex formation. 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 3 Isotherm data and best fitted isotherm models on (a) 

RHBC hydrogel and (b) SUBC hydrogel 
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3.5. Desorption and re-sorption of As(V) on RHBC and SUBC hydrogel     

One of the major objectives of the present study was overcoming the classic drawbacks 

of the adsorption method such as additional energy requirements on water-adsorbent separation 

and unavailability for re-use. The re-use of adsorptive materials can reduce waste generation. 

As a result, production and processing costs can be reduced; enhancing financial efficiency. In 

previous studies of RHBC and SUBC hydrogels on As(V) removal, 0.1 M NaOH was identified 

as a reliable method for regeneration of these particular hydrogels, thus facilitating their re-use.  

Figure 3 shows the adsorption, desorption and resorption capacities of RHBC and 

SUBC hydrogels over three cycles. One of the identical characteristics of the regeneration of 

RHBC and SUBC hydrogels with 0.1 M NaOH is enhancement of the adsorption capacities of 

the hydrogel in the second cycle. When the hydrogel is treated with 0.1 M NaOH, the Na
+
 ions, 

they can retain the hydrogel surface and diffuse into the hydrogel structure. The 0.1 M NaOH 

can replace -NH2 groups with Na
+
 of the hydrogel structure and form strongly ionisable 

carboxylic acid groups These Na
+
 ions create electrostatic repulsive effects between As(III) 

oxyanions. This increases the surface pH of the hydrogel up to the range of pH 11-12. With 

that, in the next cycle it can activate the H2AsO
3-

 oxyanions and the electrostatic repulsive 

effects between H2AsO
3-

 oxyanions, and the hydrogel negative surface increases the adsorption 

capacity of the hydrogel.  

Furthermore, the alkalinity of 0.1 M NaOH with the RHBC hydrogel leads to the 

adsorption increasing by 20%, and with SUBC hydrogel it is a 45% increment. However, when 

it reaches the third cycle, the adsorption capacity is decreased significantly in the RHBC 

hydrogel and in SUBC hydrogel the adsorption is zero. Therefore, with the proposed 0.1 M 

NaOH regeneration method, the hydrogel can only be used for two cycles of As(III) removal. 

 

 

 

 

 

 

 

 

 

 Figure 4 Adsorption and desorption capacities of (a) RHBC 

hydrogel, (b) SUBC hydrogel 

(a) (b) 
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3.6. Comparison of As(III) removal with As(V) removal by RHBC and SUBC 

hydrogels 

The solution pH and the redox potential decides the availability of As form in the water. 

Therefore, the two forms of same metalloid act in different ways in terms of adsorption. As a 

result, most adsorptive materials are not effective for simultaneous As(III) and As(V) removal, 

and most show a low adsorption capacity for As(III) compared to As(V) (Deng et al., 2008; 

Goh et al., 2009; Li et al., 2010). The adsorptive materials used in the present study have been 

used for As(V), and Table 3 depicts the comparison of As(III) and As(V) adsorption by the 

RHBC and SUBC hydrogels.  

Regarding As(V) removal, two kinds of functional groups are involved: -NH2 and -CO 

groups. For As(III) removal, only -OH groups are available for attracting the As(III) 

compounds. The protonated surface facilitates As(V) adsorption since oxyanions are available 

for binding with protonated functional groups. However, regarding As(III), when the solution 

pH is < 9, only the neutral HAsO2 form can be found and, therefore, the affinity towards As(III) 

is comparatively low in both the RHBC and SUBC hydrogels compared to those of  As(V).  

The regeneration and re-use of RHBC and SUBC hydrogels on As(III) is less effective 

compared to As(V). As(V) shows significant adsorption capabilities for four adsorption cycles, 

and the cumulative adsorption capacity is 0.16 mg/g for both RHBC and SUBC hydrogels. 

However, regarding As(III) adsorption, reusability is limited to two adsorption cycles and the 

cumulative As(III) adsorptions were 0.08 and 0.13 mg/g into RHBC and SUBC hydrogel 

respectively.     

 

Table 3 Comparison between As(III) and As(V) removal with RHBC and SUBC hydrogels  

 

Condition/results 

RHBC hydrogel SUBC hydrogel 

As(III) As(V) As(III) As(V) 

Optimum pH range 6-7.5 6-7 6-7.5 6-7 

Best fitted kinetic model Elovich Pseudo-first order Power-function Pseudo-second order 

Best fitted isotherm model Langmuir Langmuir Langmuir Langmuir 

Mechanisms involved in 

adsorption 

monodentate 

complex formation 

Electrostatic interaction, 

porous diffusion, H-bonding 

monodentate 

complex formation 

Electrostatic interaction, 

porous diffusion, H-bonding 

     

Cumulative arsenic 

adsorption 

0.08 mg/g 0.16 mg/g 0.13 mg/g 0.16 g/g 
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4. Conclusion 

The biochar-hydrogel composites were successfully synthesised and showed efficient 

removal and re-usable capacities for As(V). In the present study, the two different biochar-

hydrogel composites known as RHBC and SUBC hydrogels were assessed for their capacity 

for As(III) removal. In terms of toxicity, As(III) is more concerning than As(V). Just as the 

As(V) the As(III) adsorption was pH dependent; the pH 6-7.5 range was identified as the 

optimum pH range. The kinetic and isotherm experiments proved the chemisorption and 

physisorption mechanisms of As(III) adsorption into the RHBC and SUBC hydrogels. The 

porous structure facilitated porous diffusion of As(III) into the RHBC and SUBC hydrogels.  

Regarding the chemisorption mechanism, the only possible mechanism was 

monodentate complexation of the -OH groups of the hydrogels with HAsO2. The surface 

protonation in both the RHBC and SUBC hydrogels with the change of solution pH facilitated 

As(V) adsorption into the RHBC and SUBC hydrogels. But, regarding As(III) adsorption on 

the protonated surface, this is not possible. At the pH levels of less than 9 the neutral HAsO2 

exists and only the -OH groups can attract HAsO2 which limit the As(III) adsorption into the 

RHBC and SUBC hydrogels.  

The RHBC and SUBC hydrogels are available for re-use in terms of As(III) adsorption. 

However, this is limited to only two cycles which results in low As(III) adsorption capacity. 

When compared to As(V) adsorption, As(III) adsorption into both the RHBC and SUBC 

hydrogels was low. However, the adsorption can be enhanced if a self-oxidisation process is 

implanted into the RHBC and SUBC hydrogels. Hence, further research opportunities are open 

with RHBC and SUBC hydrogels to enhance the removal capacities of As(III).  

Most importantly, the RHBC and SUBC hydrogels can be used for simultaneous 

removal of As(III) and As(V) as the optimum pH range is the same for both. Moreover, the 

two arsenic species do not compete for adsorptive sites as As(III) and As(V) binding sites are 

different from each another. The RHBC and SUBC hydrogels do not dissociate in the water 

and, after the adsorption process, the hydrogels can simply be removed from water without any 

particles or colour remaining. After employment in the adsorption process, the hydrogels shrink 

with dry conditions. Further, the RHBC and SUBC hydrogels can also be applied to the large-

scale water purification process with its re-usable and easy separation characteristics. 
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Figure S1 FTIR spectra for (a) RHBC hydrogel composite, (b) 

RHBC, (c) Acrylamide hydrogel without RHBC  

(a) 

(b) 

(c) 
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Figure S2 FTIR spectra for (a) SUBC, (b) Acrylamide 

hydrogel, (c) SUBC hydrogel composite  

(a) 

(b) 

(c) 

Figure S1 Plot of pH vs pHi for salt 

addition method to determine the PZC 

of RHBC hydrogel composite  
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Figure S4 Plot of pH vs pHi for salt 

addition method to determine the 

PZC of SUBC hydrogel composite 

Figure S5 XRD pattern for RHBC 

hydrogel composite 

(a) (b) 

Figure S6 XRD pattern for SUBC hydrogel composite (a) Full spectra of the 

XRD pattern, (b) Separated section of the Silica peak  
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Figure S2 XPS spectra of RHBC hydrogel composite (a) The wide-scan XPS 

spectra, refined XPS spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) S 2p, (f) Si 2p 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure S8 (a) The wide-scan XPS spectra of the SUBC hydrogel composite, 

refined XPS spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) S 2p, (f) Si 2p 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure S9 SEM images of RHBC hydrogel composite (a), (b), 

(c) Surface (d) Inside a pore  

(a) (b) 

(c) (d) 

(a) (b) 

Figure S10 SEM images of SUBC hydrogel composite (a) Surface, (b) 

Cross-section (c) SEM image of pure acrylamide hydrogel (surface)  

(c) 
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7.3. Concluding remarks 

This study conducted to assess the As(III) removal capabilities of RHBC and SUBC 

hydrogels. The kinetic and isotherm experiments proved the chemisorption and physisorption 

mechanisms of As(III) adsorption into RHBC and SUBC hydrogels. The RHBC and SUBC 

hydrogels were available for re-use in terms of As(III) adsorption. However, this is limited 

only to two cycles which results in low As(III) adsorption capacity. Considering As(V), both 

hydrogel composites showed efficient adsorption capacities for five adsorption cycles. When 

compared to As(V) adsorption, the As(III) adsorption onto both RHBC and SUBC hydrogels 

was low. However, adsorption can be enhanced if a self-oxidization process is implanted into 

the RHBC and SUBC hydrogels. Hence, further modifications of both hydrogel composites are 

required before they can be considered as a successful method to remove As(III). Most 

importantly, the RHBC and SUBC hydrogels can be used for simultaneous removal of As(III) 

and As(V) as the optimum pH range is the same for both. Moreover, the two arsenic species 

do not compete for adsorptive sites as their binding sites are different from each another.     
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CHAPTER 8: DISCUSSION AND CONCLUSION 

 

This chapter represents a comprehensive overview of the key findings of this PhD 

research project and provides recommendations for future research directions. 

8.1. Discussion and Conclusions 

This PhD research project initially investigated the current knowledge and research 

gaps in the field of As removal from water. Those research gaps and our new insights have 

been used to design and implement science-based, cost-effective, practically employable, 

easily separable, recyclable, re-useable and sustainable materials to remove As from water to 

meet the demands of the WHO safe water guideline. 

As contamination of water has been a serious issue for a long period of time and a 

number of decontamination methods are available in literature. However, an efficient and 

reliable de-contamination method has not been found. The adsorption technique can be used as 

a low-cost method, but significant associated drawbacks remain. Most of the effective 

adsorbent materials are in powder form or form small particles which can easily disperse into 

the water. Further, these materials tend to change the colour of water. Although existing 

materials are efficient in As removal, the most concerning issue raised is after treatment when 

the adsorbent must be separated from the water. Separating the powder or particles containing 

materials such as biochar and nanoparticles from water requires high energy, high-tech 

procedures and expertise knowledge. This adds additional cost to the water treatment 

system/process. Further, most of these materials are not available for re-use, and after one 

treatment cycle the adsorbent must be discarded. This creates a huge amount of waste material 

which, again, increases the cost of the treatment process.  

Taking these important and unresolved facts, this PhD study focused on the 

development of materials to remove As from water while facilitating easy adsorbent-water 

separation and reusability. The findings of this study provide new insights to the contaminant 

removal processes from aqueous media. The study focused on two types of hydrogel materials 

with BC and Fe3O4 nanoparticles. Regarding BC, two types of hydrogels were developed with 

different BC types: RHBC and SUBC. The BC hydrogels were developed as acrylamide 

hydrogels. Considering three different pyrolysis temperatures and three different sizes 

fractions, nine different BCs were developed from the RHBC and SUBC. Finally, nine 

hydrogels were synthesised from each BC type. Both RHBC and SUBC hydrogels were 

successfully developed and assessed for As(V) and As(III) removal from water.  
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Regarding As(V) removal, the best hydrogel types were 700 ℃ and 0.06 mm size BC 

containing RHBC and SUBC hydrogels. Both RHBC and SUBC hydrogels showed the pH 

dependent nature of As(V) removal where the best pH for As(V) removal was the 6-7 range. 

In both the RHBC and SUBC hydrogels in the 6-7 pH range, the -NH2 and -CO groups in the 

polymeric chain tended to protonate and the surface of the hydrogels became positively 

charged. This positively charged surface facilitated adsorption of the As(V) oxyanions, H2AsO4
-
 

and HAsO4
2-

.  

Both isotherm and kinetic modeling data for the RHBC and SUBC hydrogel composites 

suggests that As(V) adsorption is associated with physisorption and chemisorption 

mechanisms. Physical adsorption is mainly caused by the forces of molar interactions including 

+- electron donor-acceptor interactions, porous diffusion and H-bonding via H-donor-

acceptor interactions. The porous diffusion can be identified as the major mechanism as the 

hydrogel surface contains a porous structure and hydrogels make three-dimensional structures 

as they swell in aqueous media. The molecules that diffused through porous diffusion later 

undergo further chemisorption and physisorption mechanisms as the swollen hydrogel opens 

more functional groups and more porous structures within the RHBC and SUBC particles.  

The best pH range for adsorption was found to be 6-7.5 where only the neutral As(III) 

species (HAsO2) can be found. The kinetic and isotherm experiments proved the chemisorption 

and physisorption mechanisms for As(III) adsorption into RHBC and SUBC hydrogels. The 

porous structure facilitates the porous diffusion of As(III) into RHBC and SUBC hydrogels. 

Regarding the chemisorption mechanism, the only possible mechanism is the monodentate 

complexation of the -OH groups of the hydrogels with HAsO2. With pH levels less than 9, the 

only As(III) species exists as neutral HAsO2, and it only attaches with -OH groups which limit 

As(III) adsorption into RHBC and SUBC hydrogels.  

When compared to As(V) adsorption, As(III) adsorption was low into both the RHBC 

and SUBC hydrogels. However, adsorption can be enhanced if a self-oxidisation process is 

implanted into the RHBC and SUBC hydrogels. Hence, further research opportunities are 

available to consider the enhancement of RHBC and SUBC hydrogels’ As(III) removal 

capacity. Most importantly, RHBC and SUBC hydrogels can be used for simultaneous removal 

of both As(III) and As(V) as the optimum pH range is the same for both As(III) and As(V). 

Moreover, the two arsenic species do not compete for adsorptive sites as their binding sites are 

different from each other’s.  
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RHBC and SUBC hydrogel composites can be considered a revolutionary solution for 

removing As(V) and As(III) from water because of their availability for regeneration and re-

use. 0.1 M NaOH is a successful solution for the desorption of As(V) and As(III) from the 

RHBC hydrogel composite, and it further increases the adsorption capacity of the RHBC 

hydrogel for As(V). The RHBC and SUBC hydrogels do not dissociate in water and, after the 

adsorption process, the hydrogels can be removed from water without any particles or colour 

remaining. After use in the adsorption process, the hydrogels shrink again in the dry conditions. 

Furthermore, as a result of their re-usable and easy separation characteristics, RHBC and SUBC 

hydrogels can also be used in large-scale water purification processes.    

Regarding Fe3O4 nanoparticles-based hydrogel, it was synthesised modifying a 

chitosan hydrogel. The ChFe hydrogel also showed pH dependent characteristics on As(V) 

removal and the best pH range for As(V) removal was pH 4-5. Within the pH 3-6.6 range, the 

hydrogel surface became positively charged due to protonation of the -NH2 and -OH groups in 

the chitosan and PVA, and the positive surface attracted H2AsO4
-
 and HAsO4

2-
 oxyanions. 

Further, within pH 3-6.6, the Fe3O4 nanoparticles formed inner and outer surface complexes 

with H2AsO4
-
 and HAsO4

2-
 oxyanions and so adsorbed As(V).  

Chemisorption adsorption mechanisms have been proposed for the adsorption of As(V) 

into the ChFe hydrogel composite based on kinetic and isotherm data. The ChFe hydrogel was 

further modified with Cu(II) ions to create more adsorption sites for the As(V). The 

modification did not change the best pH range for As(V) adsorption. Both isotherm and kinetic 

modeling data suggest that the As(V) adsorption into the ChFe-Cu hydrogel composite is 

associated with the chemisorption mechanism. The chemical and physical characterisation data 

on the ChFe-Cu hydrogel composite further support the chemisorption mechanism proposal 

showing that there are several kinds of functional groups that attract As(V) oxyanions. These 

possible mechanisms are electrostatic interactions, Lewis-acid-base interactions, inner-sphere 

ligand exchange complex formation, bidentate corner-sharing (
2
C) and bidentate edge-sharing 

(
2
E) trimetric surface complex formation. 0.1 M CH3COOH provided a successful solution for 

the regeneration of the ChFe and ChFe-Cu hydrogel composites and it further increased the 

adsorption capacity for As(V). Further, the ChFe and ChFe-Cu hydrogel composite can be 

considered as a solution to overcome classic drawbacks of adsorbents such as adsorbent-water 

separation which prevents upscaling to a large industrial scale.        
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8.2. Recommendations 

This PhD research project successfully investigated easily separable and re-usable 

hydrogel materials for As removal from water. The following research recommendations are 

made: 

 

1. Conduct field level studies before applying the materials in treatment plants 

2. Conduct adsorption studies for other potential contaminants to determine their 

suitability for use as adsorbent materials for a mix of contaminants 

3. Conduct fixed-bed column experiments to determine the effect of flowrate of water on 

adsorption rate and capacity 

4. Conduct an economic feasibility analysis to evaluate the applicability of the studied 

materials into commercial level and/or large-scale application. 
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Graphical abstracts of published articles 

  

Figure A1 The graphical abstract of article I: Hydrogels: Novel materials for 

contaminant removal in water – A review. 

Figure A2 The graphical abstract of article V: Assessment and optimisation of As(V) 

adsorption on hydrogel composite integrating chitosan-polyvinyl alcohol and Fe3O4 

nanoparticles and evaluation of their regeneration and reusable capabilities in aqueous 

media 
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